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Abstract: Seizures are common in newborn infants with hypoxic-ischemic encephalopathy and
are highly associated with adverse neurodevelopmental outcomes. The impact of seizure activity
on the developing brain and the most effective way to manage these seizures remain surprisingly
poorly understood, particularly in the era of therapeutic hypothermia. Critically, the extent to
which seizures exacerbate brain injury or merely reflect the underlying evolution of injury is unclear.
Current anticonvulsants, such as phenobarbital and phenytoin have poor efficacy and preclinical
studies suggest that most anticonvulsants are associated with adverse effects on the developing
brain. Levetiracetam seems to have less potential neurotoxic effects than other anticonvulsants but
may not be more effective. Given that therapeutic hypothermia itself has significant anticonvulsant
effects, randomized controlled trials of anticonvulsants combined with therapeutic hypothermia,
are required to properly determine the safety and efficacy of these drugs. Small clinical studies
suggest that prophylactic phenobarbital administration may improve neurodevelopmental outcomes
compared to delayed administration; however, larger high-quality studies are required to confirm
this. In conclusion, there is a distinct lack of high-quality evidence for whether and to what extent
neonatal seizures exacerbate brain damage after hypoxia-ischemia and how best to manage them in
the era of therapeutic hypothermia.
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1. Neonatal Seizures after Hypoxic-Ischemic Encephalopathy
Loss of oxygen (hypoxia) and blood supply (ischemia) to the brain can occur before,
during or shortly after birth. Moderate to severe hypoxic-ischemic encephalopathy (HIE)
occurs in ~1 to 3/1000 live births in developed nations and can lead to death, or in
survivors, brain damage with lifelong disability, including cerebral palsy and epilepsy [1].
Induced mild “therapeutic” hypothermia (cooling) is now established to significantly
improve survival without disability, but many infants still survive with disability despite
treatment [2]. There are many unanswered questions about how to manage infants during
therapeutic hypothermia, particularly whether add-on anticonvulsant therapy is necessary
or beneficial [3].
Seizures are common in newborn infants with HIE. For example, in a study of electroencephalographic (EEG) monitoring in 47 neonates with HIE, 62% had seizures [4].
Seizure burden is consistently associated with both brain injury and adverse neurodevelopmental outcome [5,6]. However, the direction of causality is unclear, and the consequences
of seizure activity for the developing brain and the most effective way to manage these
seizures remain surprisingly poorly understood. Although seizures in the neonate are
largely regarded as a neurologic emergency requiring prompt management, in practice

Int. J. Mol. Sci. 2021, 22, 7121. https://doi.org/10.3390/ijms22137121

https://www.mdpi.com/journal/ijms

Int. J. Mol. Sci. 2021, 22, 7121

2 of 14

there is little evidence supporting a beneficial effect of anticonvulsants and there is concerning preclinical evidence that many anticonvulsants may have neurotoxic effects on
the developing brain [7]. Furthermore, it is not clear how the relative benefits and risks
of anticonvulsants have changed in the era of therapeutic hypothermia [7]. Thus, optimal
management of seizures remains controversial.
2. The Biology of Neonatal Seizures
The mechanisms of seizures in the neonate appear to be different in many ways to
those in the adult or even during childhood. The majority of neonatal seizures occur
as a transient response to acute cerebral pathology and are most commonly associated
with HIE (38%), ischemic stroke (18%) and intracranial hemorrhage (11%) [8]. In infants
with HIE, seizures usually start hours after birth, their intensity reflects the severity of
underlying cerebral injury and they tend to resolve over hours to days irrespective of
seizure management [4].
Biologically, there are differences in neurotransmitter function during development
that may increase the susceptibility of the immature brain to seizures compared to adults
and have the potential to affect the efficacy of anticonvulsants. Early in development,
gamma-aminobutyric acid (GABA) receptors may respond to stimulation with excitation,
rather than the inhibition observed in the adult [9]. This difference is due to a high
intracellular Cl- concentration resulting from high Na-K-2Cl (NKCC1) expression, which
mediates Cl- entry and low K-Cl cotransporter KCC2 expression, which mediates Cl- exit
from cells [10,11]. Following the upregulation of the potassium-chloride co-transporter
KCC2 during the early postnatal period, Cl- can be extruded from cells and therefore GABA
and glycine become inhibitory. This relative increase in excitability is important for the
development of neural circuitry, but likely increases susceptibility to seizures [12]. Further,
there is evidence in juvenile rats that hypoxia-ischemia late in gestation reduced neuronal
KCC2 expression, impairing hippocampal CA3 inhibitory tone [13]. Impaired GABAergic
signaling after hypoxia-ischemia may lower the seizure threshold, contributing to reduced
efficacy of GABAergic agonists such as phenobarbital in neonates.
Moreover, the immature brain has a greater density of calcium permeable, GluR2subunit-deficient AMPA receptors, which contribute to a lower threshold for seizures, and
expression of NMDA glutamate receptor subunits (GluN) such as GluN2B, which promote
prolonged excitatory post-synaptic potentials and GluN3A [14]. Further, hypoxia-ischemia
can change the expression of NMDA receptor subunits, therefore promoting seizures in the
developing brain [15].
These biological differences in the neonatal brain compared to the adult are still being
explored, but they may have consequences for the initiation and propagation of seizure
activity as well as the efficacy and long-term neurodevelopmental effects of anticonvulsants.
Thus, it is vital to better understand the pathophysiology of neonatal seizures and develop
and test anticonvulsant protocols specifically in neonates, and not rely on evidence from
studies in adults.
3. Do Seizures Exacerbate Brain Damage after HIE?
Understanding whether seizures independently contribute to brain damage after HIE,
or merely reflect the underlying evolution of injury resulting from a period of hypoxiaischemia is crucial for determining how aggressively seizures should be managed. The
effects of seizure activity on the severity of brain damage after HIE are complex and poorly
understood, with much conflicting evidence. Much of this uncertainty stems from the
inherent difficulty in trying to detangle the direct effects of seizures on brain injury from
indirect effects mediated by the severity of the underlying hypoxic-ischemic injury that
triggered the seizures in the first place.
There is some, limited clinical evidence that seizures may exacerbate injury in infants
with HIE. A clinical magnetic resonance spectroscopy study suggested that seizures were
associated with a mismatch in oxygen supply and demand, such that increased seizure
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burden was associated with elevated lactate and reduced NAA/choline ratio, a marker
of neuronal injury [16]. This seems to indicate that the severity of seizures in human
newborns with HIE is independently associated with brain injury [16]. Consistent with
this hypothesis, a small prospective study found that infants with clinical seizures had
worse motor and cognitive outcomes after controlling for injury severity seen on magnetic
resonance imaging (MRI) 5 days after birth [17], and further, that greater seizure severity
was associated with worse motor and cognitive outcomes. More recently, two small, randomized trials of management of clinical vs. EEG-proven seizures have suggested that
higher seizure burden is associated with greater brain injury and worse neurodevelopmental outcomes [18,19]. Although these data seem to suggest that higher seizure burden may
be harmful, the effect of greater management during EEG monitoring in these studies on
seizures was not statistically significant. Recently, a study of predictive models for death
and neurodevelopmental impairment for infants with HIE, found that seizures were not
independently predictive of outcome, due to collinearity with injury severity [20]. More
generally, the clinical impact of a mild to moderate seizure burden is still unclear and the
threshold that should prompt management in routine clinical care is unknown.
A limitation of these studies is that imaging reflects a single time point, while seizures
reflect a dynamic, evolving process. Critically, these studies are not able to determine
the direction of causality. That is to say, it is possible that more severe underlying injury
could have reduced NAA expression [16], and increased both seizure burden and risk of
adverse neurodevelopmental outcome. Supporting this hypothesis, a secondary analysis
of the National Institute of Child Health and Human Development (NICHD) whole body
hypothermia trial found that after adjusting for treatment group and the severity of HIE,
there was no significant association between clinical seizures and death, or moderate or
severe disability or lower Bayley Mental Development Index score at 18 months of life [21].
Acknowledging that this was a post hoc analysis, these data suggest the hypothesis that
among infants with HIE, the mortality and morbidity often attributed to seizures could be
better explained by the underlying severity of encephalopathy.
There has also been speculation that neonatal seizures prime the brain for later development of epilepsy. In rodents, neonatal seizures are associated with long-lasting
changes including reduced neurogenesis, sprouting of mossy fibers, and altered cell firing, as previously reviewed [22]. Clinically, in a study of 92 term infants with HIE, there
was a significant association between neonatal seizures and subsequent development of
epilepsy [23]. However, this association was no longer significant after adjusting for the
severity of HIE, such that only the presence of severe HIE was independently associated
with the later development of epilepsy [23]. Supporting this hypothesis, there is evidence
from a cohort study of reduced rates of epilepsy in infancy and childhood after treatment
of HIE with therapeutic hypothermia [24].
4. The Physiology of Seizures
The most likely way that seizures could exacerbate brain injury is by excessively
increasing local brain metabolism leading to tissue hypoxia and other metabolic deficits.
In normal, well-oxygenated adult rats, gas flurothyl-induced status epilepticus was associated with localized neuronal necrosis after as little as 30 min (Table 1) [25]. Subsequent
studies have shown that the severity of neuronal injury after induced status epilepticus
is highly affected by brain maturity, and the extent of injury is rather variable between
models. Although some models of induced neonatal seizures are associated with significant damage [26], others are associated with rather mild injury [27], with subtle or even
no long-term effects on social behavior or cognition [28,29]. Interestingly, exposure to
infection/inflammation may be an important factor that greatly increases seizure induced
damage in postnatal day (P)7 and P14 rat pups [27].
Some of this heterogeneity in experimental studies may reflect the specific pattern of
seizures. There is evidence, for example, that large amplitude but discrete seizures may not
significantly compromise tissue oxygenation, emphasizing that not all seizures are the same.
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In near-term fetal sheep exposed to asphyxia induced by 10 min of complete umbilical
cord occlusion, seizures that lasted less than 3.5 min in duration were not associated with
altered tissue PO2 , as measured by laser Doppler on the parietal cortex [30]. However,
seizures lasting longer than 3.5 min were associated with a small but significant fall in
tissue PO2 , which plateaued in association with a delayed increase in carotid artery blood
flow. Although these findings suggest a mismatch between oxygen supply and demand
occurs during seizures longer than 3.5 min, this mismatch was relatively mild, with no
further exacerbation with increasing seizure length [30].
If seizures did cause brain injury after hypoxia-ischemia, then it follows that preventing seizures should prevent the development of injury. However, blockade of the
NMDA receptor using the highly selective non-competitive glutamate receptor antagonist,
dizocilpine, between 6 and 24 h after global cerebral ischemia in the near-term fetal sheep
suppressed brain activity and completely prevented post-ischemic seizure activity. Despite
this, it was not associated with any improvement in the neuronal loss in the parietal cortex,
the most severely affected region in this paradigm [31]. There was a small reduction in
neuronal loss in less severely affected regions, such as the hippocampus and lateral cortex,
suggesting that seizures may play a role in exacerbating cell death in regions outside of the
primary injury, although it is possible that the effect was due to the direct anti-excitotoxic
effect of dizocilpine. Similarly, in P7 rats, neonatal stroke was associated with both high
amplitude EEG spikes during ischemia and stereotypic seizures after reperfusion [32].
Administration of either phenobarbital or levetiracetam suppressed the high amplitude
spikes and phenobarbital delayed the onset of seizures, but neither reduced the volume
of infarction. These data strongly suggest that preventing or at least suppressing seizures
does not prevent bulk neuronal cell death after hypoxia-ischemia but may reduce cell death
in mildly affected regions, at least in the normothermic brain.
Consistent with this, in neonatal piglets exposed to moderate to severe hypoxiaischemia, although energy metabolism was disturbed in both grey and white matter, likely
due to mitochondrial dysfunction secondary to evolving hypoxic-ischemic brain injury,
seizure activity did not appear to exacerbate injury [33]. Further, in P7 rats, increasing
seizure burden after neonatal stroke with a lithium-pilocarpine-induced status epilepticus
did not increase infarct volume [32]. Further, in normal P10 rats, seizures induced by
injection of the excitotoxin kainic acid induced clinical and electrographic seizures lasting
a mean of 282 min, but did not cause brain injury after either 3 or 20 days recovery [34]. In
this study, mild hypoxia-ischemia for 30 min was associated with moderate neuropathological injury but no electrographic seizures. Kainic acid injection after hypoxia-ischemia
induced superimposed seizures and mildly increased neuronal loss in the hippocampus.
Critically, however, these induced seizures were associated with a small increase in brain
temperature—and preventing this hyperthermia abolished the increase in neuronal necrosis up to 20 days after hypoxia-ischemia [35]. Thus, induced seizures per se may not
significantly increase brain injury after hypoxia-ischemia and a significant part of any
injurious effect may be mediated by hyperthermia, consistent with the association of
pyrexia with greater brain injury and adverse neurodevelopmental outcomes in multiple
preclinical studies and clinical trials of babies with neonatal encephalopathy [36,37]. These
data strongly suggest that seizures were largely bystanders to the overall evolving injury
rather than a major contributing factor.
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Table 1. Summary of preclinical studies.
Study Aim

Seizures and
brain injury

Phenobarbital
efficacy
Phenobarbital
neuroprotection

Anticonvulsant
adverse
effects

Animal Species
and Age

Study Outcomes

Reference

Adult rat

Gas flurothyl-induced status epilepticus was associated with neuronal
necrosis.

[25]

P7 rat

High-dose lithium and pilocarpine induced status epilepticus was associated
with widespread brain injury.

[26]

P7 and P14 rat

High-dose lithium and pilocarpine induced status epilepticus was associated
with selective hippocampal damage which was exacerbated with
lipopolysaccharide pretreatment.

[27]

P9

Pilocarpine-induced status epilepticus at P9 was associated with impaired
social behavior at P60.

[28]

Neonatal rat

Single episode of pilocarpine-induced status epilepticus at neonatal age was
not associated with impaired cognitive function assessed at P60 to P63.

[29]

Near-term fetal
sheep

Post-asphyxial seizures lasting longer than 3.5 min resulted in a drop in
tissue PO2 , but there was no further exacerbation with longer seizures.

[30]

Near-term fetal
sheep

NMDA receptor blockade with dizocilpine at 6–24 h after global cerebral
ischemia prevented seizures, improved neuronal survival in the lateral
cortex and hippocampus but not the parietal cortex (most injured area).

[31]

P7 rat

Phenobarbital or levetiracetam suppressed high amplitude spikes after
neonatal stroke, but this did not reduce brain infarction volume.

[32]

Neonatal piglet

Seizure activity did not increase cerebral lactate or lactate/pyruvate ratio
above the increased levels seen after hypoxia-ischemia, therefore unlikely to
exacerbate injury.

[33]

P10 rat

Kainic acid-induced seizures alone were not associated with brain injury, but
the combination of hypoxia-ischemia and kainic acid increased hippocampal
injury.

[34]

P10 rat

Preventing hyperthermia during seizures induced by hypoxia-ischemia plus
kainic acid, reduced brain injury compared spontaneously hyperthermic
animals.

[35]

P11

Phenobarbital suppressed seizures when administered before, but not after
hypoxia-ischemia.

[38]

P7 rat

Early administration of phenobarbital with hypothermia after
hypoxia-ischemia was associated with better sensorimotor performance,
lower neuropathology scores and reduced infarct volume compared to
hypothermia alone.

[39]

P10 rat

Early administration of phenobarbital with hypothermia after
hypoxia-ischemia was associated with improved motor outcome and brain
injury.

[40]

Neonatal
macaques

Phenobarbital infusion followed by midazolam administration was
associated with widespread apoptosis, which was exacerbated with longer
exposure. Further injury continued to evolve over time.

[41]

P4 rat

Phenobarbital administration was associated with reduced proliferation,
reduced expression of neuronal markers and transcription factors, and
neurotrophins.

[42]

P0-P30 rat

Administration of phenytoin, phenobarbital, diazepam, clonazepam,
vigabatrin or valproate all independently induced widespread neuronal
apoptosis, which was dose-dependent.

[43]

P7 or P10 rat

Administration of either phenobarbital, phenytoin or lamotrigine but not
levetiracetam was associated with impaired striatal synaptic development
between P10 and P18.

[44]

P7 rat

Levetiracetam administration did not induce cell death in the brain.

[45]
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5. Anticonvulsants for the Management of Neonatal Seizures
A further consideration is that even if in principle it was desirable to use anticonvulsants, currently available therapies are notably ineffective (Table 2). A widely recommended
first-line drug for neonatal seizures is the barbiturate, phenobarbital, which acts by increasing chloride currents through GABA receptors, increasing neuroinhibition [46]. If
this does not provide effective seizure control, second-line agents such as phenytoin and
levetiracetam, and third-line interventions (e.g., midazolam infusions) may be needed [46].
However, these anticonvulsants have poor efficacy, likely in part due to the differences
between the pathophysiology of adult and neonatal seizures. In a randomized controlled
trial of 59 neonates with seizures, phenobarbital or phenytoin were effective in controlling
seizures in less than half the infants [47]. Consistent with this, in a recent prospective study
of 611 preterm and term neonates presenting with seizures, 63% failed to respond to an
initial loading dose of phenobarbital [48]. The neonates that were most likely to respond to
phenobarbital were those with mild seizures or seizures that were already decreasing in
severity before administration. The evidence for a beneficial effect of anti-seizure drugs in
neonates is so limited that a 2007 Cochrane review concluded that “anticonvulsant therapy
to term infants in the immediate period following perinatal asphyxia cannot be recommended for
routine clinical practice, other than in the treatment of prolonged or frequent clinical seizures” [49].
Similarly, a recent systematic review has confirmed that there is still a distinct lack of
evidence to guide the use of anticonvulsants for neonatal seizures [50]. Despite this lack of
evidence, aggressive treatment of neonatal seizures remains routine clinical practice.
The desire to find more effective and safer neonatal anticonvulsants has supported
studies of newer anticonvulsants. A leading candidate is the novel anticonvulsant, levetiracetam, either as a potential add-on treatment or as first-line treatment for neonatal
seizures. Levetiracetam works by modulating synaptic neurotransmitter release through
binding to the synaptic vesicle (SV) protein SV2A, with greatest effect in rapidly discharging neurons [51]. However, the evidence for the efficacy of levetiracetam as a first-line
treatment for reducing neonatal seizures is mixed, with some studies suggesting that it is
not any more effective, and may in fact be substantially worse, than routinely used first-line
agents such as phenobarbital.
A small retrospective study of 23 neonates with seizures who received levetiracetam
showed a greater than 50% seizure reduction in only 35% (8/23) of patients in the cohort [52]. Similarly, levetiracetam monotherapy provided seizure control in 47% of patients
in a small retrospective study of 36 neonates [53]. By contrast, a small one-blind prospective study in term neonates with seizures, randomized to phenobarbital or levetiracetam,
showed a significant improvement in tone and posture at one month follow-up in the
levetiracetam group but no information was presented on the efficacy of each drug to
reduce seizure activity [54]. In a recent open label randomized controlled trial of 100
neonates presenting with clinical seizures, seizures stopped in 86% of those randomized
to levetiracetam and 62% to phenobarbital (p < 0.01) [55]. A recent systematic review of
levetiracetam as a first-line treatment of neonatal seizures concluded that levetiracetam and
phenobarbital were equally effective for seizure control. However, overall, levetiracetam
seemed to be associated with a lower risk of adverse events [56].
In a recent phase IIb randomized controlled trial (NEOLEV trial), neonates received
either phenobarbital or levetiracetam as first-line treatment for neonatal seizures from any
cause [57]. 80% of patients who received phenobarbital, but only 28% of patients who
received levetiracetam, remained seizure free for 24 h. Sub-analysis of HIE patients treated
with hypothermia showed that 90% of those who received phenobarbital but only 35% of
those who received levetiracetam had 24 h seizure cessation. Interestingly, the efficacy of
phenobarbital was very high in this study, likely relating to their use of continuous EEG
monitoring and a real-time response to seizure detection [58]. This suggests that early
administration of phenobarbital may be more effective than later administration.
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Table 2. Summary of clinical studies of anticonvulsant therapy.
Study Type

Study Outcome

Number of
Participants

Reference

Observational

High seizure burden in babies with HIE were associated
with abnormal outcome, with or without hypothermia.

47

[4]

Observational

HIE infants treated with hypothermia with clinical seizures
had more extensive injury on MRI scans and delayed
neurodevelopment at 18–24 months.

97

[5]

Observational

High seizure burden and persistent abnormal aEEG
background in HIE infants treated with hypothermia was
associated with poor prognosis.

30

[6]

Observational

High seizure burden was associated with higher mortality
and abnormal neurological exam at discharge in infants with
HIE, ischemic stroke or intracranial hemorrhage.

426

[8]

Observational

Seizure severity in newborns with perinatal asphyxia was
independently associated with brain injury.

90

[16]

Observational

Clinical seizures were are associated with worse
neurodevelopmental outcome, independent of
hypoxic-ischemic injury severity.

77

[17]

Observational

Clinical seizures were not associated with death, disability or
lower developmental scores after adjusting for HIE severity.

208

[21]

Observational

Seizures were not independently predictive of outcome, due
to collinearity with HIE severity.

486

[20]

RCT

EEG monitoring for treatment of electrographic seizures in
HIE infants was associated with a reduction in seizure
burden. Higher seizure burden is associated with more
severe brain injury and lower neurodevelopment scores at 18
to 24 months.

69

[18]

RCT

Trend for reduction in seizure duration when treating
electrographic seizures. Seizure duration is associated with
severity of brain injury.

42

[19]

HIE and
epilepsy

Observational

Infants with severe but not moderate HIE were associated
with developing epilepsy at 24 months.

92

[23]

Hypothermia
treatment and
epilepsy

Observational

Reduced rates of epilepsy up to 8 years of age in cohort
treated with hypothermia for HIE.

151

[24]

Observational

Subclinical seizures were more common in preterm infants.
63% of preterm and term infants with seizures failed to
respond to phenobarbital.

611

[48]

RCT

Phenobarbital was associated with a 27% reduction in
incidence of seizures for neonates with severe asphyxia.

31

[59]

RCT

Either phenobarbital or phenytoin controlled seizures in less
than half of the neonates.

59

[47]

Effectiveness
of
levetiracetam

Observational

Levetiracetam was associated with reducing 50% of seizures
in 35% of infants.

23

[52]

Observational

Levetiracetam monotherapy provided seizure control in 47%
of infants.

36

[53]

Phenobarbital
vs.
levetiracetam
efficacy

RCT

Improvement in tone and posture of infants treated with
levetiracetam but not phenobarbital.

30

[54]

RCT

First-line levetiracetam achieved better seizure control than
phenobarbital for neonatal seizures.

100

[55]

Study Aim

Seizures and
outcome

Treating
electrographic
and clinical
seizures, or
clinical
seizures only

Phenobarbital
efficacy

Phenobarbital
vs. phenytoin
efficacy
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Table 2. Cont.
Study Aim

Hypothermia
efficacy for
seizures

Bumetanide
efficacy

Anticonvulsant
adverse
effects

Study Type

Study Outcome

Number of
Participants

Reference

RCT

First-line phenobarbital treatment was more effective than
levetiracetam for neonatal seizures.

85

[57]

Observational

Hypothermia reduced seizure burden for neonates with
moderate HIE.

107

[60]

Observational

Hypothermia reduced seizures for infants with HIE at 6
months follow up.

56

[61]

Observational

0/5 neonates with stroke treated with hypothermia had
seizures, compared to 7/10 who were not treated with
hypothermia.

15

[62]

Observational

Neonates born in a tertiary cooling center had fewer seizures
and improved seizure-free survival compared to those born
in a non-cooling center without active therapeutic
hypothermia.

5059

[63]

RCT

Bumetanide add-on to phenobarbital for treatment of
neonatal seizures did not improve seizure control and
increased the risk of hearing loss.

30

[64]

Phenobarbital plus bumetanide for treatment of seizures in
neonates with HIE showed reduced seizure burden
compared to phenobarbital plus placebo.

53

[65]

Observational

Phenobarbital for the treatment of febrile seizures is
associated with lower language/verbal scores at school age,
and did not reduce the rate of seizure reoccurrences.

139

[66]

Observational

Anticonvulsant use for infants with moderate/severe HIE
were independently associated with death/disability at 18
months.

208

[67]

6. Should We Try to Prevent Seizures?
There is a lack of evidence that phenobarbital or any other anticonvulsant improves
outcomes after neonatal seizures have already started. However, there is some clinical
and preclinical evidence that prophylactic phenobarbital administration, that is to say
administered before the appearance of seizure activity, may be beneficial [68]. Any benefit
could be mediated by improved seizure control as phenobarbital suppressed seizures
when administered before, but not after hypoxia-ischemia in P11 rats (Table 1) [38]. Although brain injury was not assessed in this study [38], there is intriguing evidence that
phenobarbital may have neuroprotective effects independent of its anticonvulsant properties. For example, a small prospective study, conducted in the pre-hypothermia era,
found that prophylactic high-dose phenobarbital administration (40 mg/kg) was associated with improved neurological outcome at three years of age, despite only showing a
27% reduction in seizures compared to neonates who received phenobarbital after seizures
had started [59]. Further supporting the efficacy of prophylactic phenobarbital, a recent
Cochrane review of prophylactic barbiturates (8/9 studies used phenobarbital) for infants
with perinatal HIE [68], found that prophylactic barbiturate therapy reduced the risk of
seizures after hypoxia-ischemia, with no reduction in mortality. However, there was little
data on long-term outcomes. They concluded that “the results of the current review support
the use of prophylactic barbiturate therapy as a promising area of research” although they could
not recommend routine clinical use at this stage due to the low quality of evidence.
The potential for early but not later administration of phenobarbital to be neuroprotective, likely relates to the well-characterized progressive evolution of hypoxic-ischemic
brain injury (Figure 1) [3]. During the period of hypoxia-ischemia itself, there is often only
limited cell death. Many brain cells partially or even completely recover after reperfusion,
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in a latent phase that lasts approximately 6 h after hypoxia-ischemia, only to undergo
secondary deterioration as shown by delayed onset of seizures, cell swelling and bulk cell
death from 6–72 h after hypoxia-ischemia [3]. It is now well established that therapeutic
hypothermia needs to be started during this latent phase, before the onset of seizures (and
secondary cell death), in order to be effective [69]. This suggests that when phenobarbital
is administered after the onset of seizures (i.e., during the secondary phase), the window
of opportunity for neuroprotection has already closed and so phenobarbital can only act
as an anticonvulsant. It is plausible but unproven that administration of prophylactic
phenobarbital during the latent phase, corresponding with the established window of
opportunity for therapeutic hypothermia [69], may offer direct neuroprotection, and so
reduce secondary cell death, leading to fewer seizures.
There is some evidence to suggest that early phenobarbital can augment the beneficial
effects of therapeutic hypothermia. In P7 rats exposed to hypoxia-ischemia induced by single carotid artery ligation and inhalation hypoxia, phenobarbital augmented hypothermic
neuroprotection [39]. Similarly, in P10 rat pups, Krishna et al. also found augmentation
of hypothermic neuroprotection with prophylactic phenobarbital subjected to unilateral
hypoxia-ischemia [40]. Although these studies are limited by the use of sub-optimal durations of hypothermia (3 to 4 h instead of the 72 h in established clinical protocols), they
support the concept that prophylactic phenobarbital administration may have additive
neuroprotective effects with therapeutic hypothermia. Strikingly, there no large animal,
translational studies to date have tested whether there is benefit from combined treatment
with prophylactic phenobarbital and hypothermia.

Figure 1. Flow diagram showing the phases of injury including hypoxia-ischemia, the latent phase, the secondary phase
and the tertiary phase leading to the development of brain injury. Intervention during the latent phase with therapeutic
hypothermia or prophylactic phenobarbital has the potential to reduce the development of brain injury as well as the
occurrence of seizures. Intervention during the secondary phase with anticonvulsants such as phenobarbital, phenytoin,
levetiracetam and midazolam may reduce seizure activity but their effects on long-term outcome are not clear.
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7. Therapeutic Hypothermia and Seizures
There is increasing clinical and preclinical evidence that therapeutic hypothermia per
se reduces seizure activity in addition to its long-term neuroprotective effects. A study of
107 neonates with HIE showed that although hypothermia did not reduce the number of
neonates with seizures, it was associated with a significant reduction in seizure burden in
neonates with moderate, but not severe, HIE (Table 2) [60]. Further, a retrospective study
of 56 neonates treated with therapeutic hypothermia for HIE showed that treatment with
hypothermia was associated with a significant reduction in seizures within 6 months of
discharge [61]. A recent retrospective cohort study of 5059 infants showed that those born in
a tertiary cooling center had fewer seizures and improved seizure-free survival compared to
those born in a non-cooling center without active therapeutic hypothermia [63]. Consistent
with these findings, in a cohort study of 15 neonates with isolated focal ischemic stroke, 0/5
children treated with hypothermia had seizures compared to 7/10 who were not treated
with hypothermia [62]. It is likely that the effect of hypothermia on seizures reflects both
direct suppression of epileptiform activity combined with indirect effects mediated by
stabilizing cell survival [70].
By contrast, a clinical pilot study of 14 neonates with HIE who were administered the
loop diuretic bumetanide, which activates both renal and cerebral NKCC1, in conjunction
with therapeutic hypothermia and phenobarbital was terminated early due to lack of
prespecified efficacy and the finding that 3 infants developed hearing loss likely related to
oto-toxicity, leading to an unacceptable risk to benefit ratio [64]. A more recent randomized
controlled trial (n = 53) where neonates with HIE who have already received phenobarbital
were given additional phenobarbital and bumetanide or placebo reported an additional
reduction in seizure burden associated with bumetanide [65]. However, conclusive proof
of efficacy is not yet available, and sufficiently powered phase 3 trials are needed. These
studies highlighted a number of key challenges for future trials of anticonvulsants in the
era of therapeutic hypothermia, including the fact that when treated with hypothermia,
the number of neonates who developed seizures was low and likely included a high
proportion of neonates with relatively severe brain injury, who were less likely to benefit
from treatment with either therapeutic hypothermia or anticonvulsants.
Key challenges to improving management of seizures include the poor efficacy of
current anticonvulsants for controlling neonatal seizures, the lack of evidence that they
improve long-term outcome, concerns over adverse effects and uncertainty over their
pharmacokinetics when administered in conjunction with therapeutic hypothermia. Given
these issues, designing trials of new anticonvulsants in the hypothermia era using an
“add-on” method, in combination with both hypothermia and phenobarbital is less than
ideal and is likely to leave many important questions unanswered. Given that hypothermia
is associated with reduced overall seizure burden, improves long-term outcomes and is safe
for use in neonates with HIE in intensive care, we propose that therapeutic hypothermia
alone should be considered to be the standard treatment rather than hypothermia plus
phenobarbital, and that anticonvulsants should be randomized on top of hypothermia [7].
This would allow researchers to finally establish which anticonvulsant or combination
of anticonvulsants is most effective for use with therapeutic hypothermia in infants with
HIE. It is also important to include long-term follow-up in these studies, to determine
whether the use of anticonvulsants on top of therapeutic hypothermia is associated with
any beneficial or detrimental long-term neurological effects.
8. Are Anticonvulsants Toxic in the Developing Brain?
Animal studies suggest that anticonvulsants have the potential to cause unwanted
side-effects in the developing brain, including widespread apoptotic neurodegeneration
and altered neuronal proliferation. For example, in the neonatal macaque, administration
of phenobarbital followed by infusion of midazolam over 5 or 24 h was associated with
widespread apoptosis affecting both neurons and oligodendrocytes, with more extensive
neurodegeneration after longer exposure [41]. Further, neuronal apoptosis continued to
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evolve over time, with areas of the brain not affected at 8 h showing increased neuronal
apoptosis at 36 h with evidence of degeneration of neuronal tracts and trans-neuronal
death of neurons, presumed to be resulting from their disconnection from degenerated
pre-synaptic partners [41]. Consistent with this, phenobarbital administration in P4–P6
neonatal rats was associated with a significant reduction in proliferation in the dentate
gyrus and reduced expression of neuronal markers, neuronal transcription factors and
neurotrophins [42]. In P7 rats, administration of phenytoin, phenobarbital, diazepam, clonazepam, vigabatrin or valproate individually to achieve plasma concentrations consistent
with those used clinically to control neonatal seizures was associated with widespread
apoptotic degeneration of neurons in a dose-dependent manner, reduced expression of
pro-survival neurotrophins, and a significant reduction in brain weight after eight days [43].
Further, clinically relevant doses of phenobarbital, phenytoin and lamotrigine individually
in P7 neonatal rats were associated with impaired striatal synaptic development between
P10 and P18 [44]. However, levetiracetam treatment was not found to impair synaptic
development [44]. This is consistent with a previous study that showed that levetiracetam
alone did not induce cell death in the P7 rat brain [45]. These encouraging studies suggest that levetiracetam may be associated with less toxic effects in the developing brain
compared to other anticonvulsants.
Although it is difficult to determine whether anticonvulsants have acute neurotoxic
effects in human neonates, long-term exposure to phenobarbital for the management of
febrile seizures, was associated with an impairment in the development of language/verbal
skills by school age with no difference in the recurrence of febrile seizures [66]. In a
secondary analysis of the NICHD therapeutic hypothermia randomized controlled trial,
severe HIE, anticonvulsants and mechanical ventilation were independently associated
with death/disability at 18 month, whereas therapeutic hypothermia was protective [67].
9. Conclusions
Current anticonvulsant protocols are clearly far from optimal for use in neonates—they
show limited efficacy, have high potential for adverse effects and there is a striking lack of
evidence that they improve long-term outcomes. Preclinical neurophysiological studies
are essential to help to better understand the pathophysiology of seizures occurring in
the neonatal brain compared to the mature brain and identify specific anticonvulsant
treatment strategies for the neonatal brain. High quality translational studies will help
to answer questions around whether prophylactic anticonvulsant treatment is neuroprotective and more effective than delayed administration and whether anticonvulsants are
associated with neurotoxic effects when given in combination with therapeutic hypothermia. Well-designed randomized controlled trials, taking into account the use of therapeutic
hypothermia, are essential to develop evidence-based treatment strategies for the neonate
with seizures.
Author Contributions: K.Q.Z., A.M., C.A.L., P.P.D., K.H.T.C., L.B., A.J.G. and J.O.D. contributed to
the conception and design of the manuscript, drafting the article and approving the final version. All
authors have read and agreed to the published version of the manuscript.
Funding: This work was supported by the Health Research Council of New Zealand (18/225, 17/601,
16/003).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Conflicts of Interest: The authors declare no conflict of interest.

Int. J. Mol. Sci. 2021, 22, 7121

12 of 14

References
1.
2.

3.
4.

5.
6.

7.
8.

9.
10.
11.

12.
13.

14.
15.
16.

17.
18.
19.

20.

21.

22.
23.
24.

Jacobs, S.E.; Berg, M.; Hunt, R.; Tarnow-Mordi, W.O.; Inder, T.E.; Davis, P.G. Cooling for newborns with hypoxic ischaemic
encephalopathy. Cochrane Database Syst. Rev. 2013, 1, CD003311. [CrossRef] [PubMed]
Edwards, A.D.; Brocklehurst, P.; Gunn, A.J.; Halliday, H.; Juszczak, E.; Levene, M.; Strohm, B.; Thoresen, M.; Whitelaw, A.;
Azzopardi, D. Neurological outcomes at 18 months of age after moderate hypothermia for perinatal hypoxic ischaemic encephalopathy: Synthesis and meta-analysis of trial data. BMJ 2010, 340, c363. [CrossRef] [PubMed]
Davidson, J.O.; Wassink, G.; van den Heuij, L.G.; Bennet, L.; Gunn, A.J. Therapeutic hypothermia for neonatal hypoxic-ischemic
encephalopathy—Where to from here? Front. Neurol. 2015, 6, 198. [CrossRef] [PubMed]
Kharoshankaya, L.; Stevenson, N.J.; Livingstone, V.; Murray, D.M.; Murphy, B.P.; Ahearne, C.E.; Boylan, G.B. Seizure burden and
neurodevelopmental outcome in neonates with hypoxic-ischemic encephalopathy. Dev. Med. Child Neurol. 2016, 58, 1242–1248.
[CrossRef] [PubMed]
Lin, Y.K.; Hwang-Bo, S.; Seo, Y.M.; Youn, Y.A. Clinical seizures and unfavorable brain MRI patterns in neonates with hypoxic
ischemic encephalopathy. Medicine 2021, 100, e25118. [CrossRef]
Basti, C.; Maranella, E.; Cimini, N.; Catalucci, A.; Ciccarelli, S.; Del Torto, M.; Di Luca, L.; Di Natale, C.; Mareri, A.; Nardi, V.; et al.
Seizure burden and neurodevelopmental outcome in newborns with hypoxic-ischemic encephalopathy treated with therapeutic
hypothermia: A single center observational study. Seizure 2020, 83, 154–159. [CrossRef]
Davidson, J.O.; Bennet, L.; Gunn, A.J. Evaluating anti-epileptic drugs in the era of therapeutic hypothermia. Pediatr. Res. 2019, 85,
931–933. [CrossRef]
Glass, H.C.; Shellhaas, R.A.; Wusthoff, C.J.; Chang, T.; Abend, N.S.; Chu, C.J.; Cilio, M.R.; Glidden, D.V.; Bonifacio, S.L.;
Massey, S.; et al. Contemporary Profile of Seizures in Neonates: A Prospective Cohort Study. J. Pediatr. 2016, 174, 98–103.e1.
[CrossRef] [PubMed]
Khazipov, R.; Khalilov, I.; Tyzio, R.; Morozova, E.; Ben-Ari, Y.; Holmes, G.L. Developmental changes in GABAergic actions and
seizure susceptibility in the rat hippocampus. Eur. J. Neurosci. 2004, 19, 590–600. [CrossRef]
Payne, J.A.; Rivera, C.; Voipio, J.; Kaila, K. Cation-chloride co-transporters in neuronal communication, development and trauma.
Trends Neurosci. 2003, 26, 199–206. [CrossRef]
Pond, B.B.; Berglund, K.; Kuner, T.; Feng, G.; Augustine, G.J.; Schwartz-Bloom, R.D. The chloride transporter Na(+)-K(+)-Clcotransporter isoform-1 contributes to intracellular chloride increases after in vitro ischemia. J. Neurosci. 2006, 26, 1396–1406.
[CrossRef] [PubMed]
Nardou, R.; Ferrari, D.C.; Ben-Ari, Y. Mechanisms and effects of seizures in the immature brain. Semin. Fetal Neonatal Med. 2013,
18, 175–184. [CrossRef]
Jantzie, L.L.; Getsy, P.M.; Denson, J.L.; Firl, D.J.; Maxwell, J.R.; Rogers, D.A.; Wilson, C.G.; Robinson, S. Prenatal HypoxiaIschemia Induces Abnormalities in CA3 Microstructure, Potassium Chloride Co-Transporter 2 Expression and Inhibitory Tone.
Front. Cell. Neurosci. 2015, 9, 347. [CrossRef]
Jensen, F.E. Neonatal seizures: An update on mechanisms and management. Clin. Perinatol. 2009, 36, 881–900. [CrossRef]
Zhou, C.; Sun, H.; Klein, P.M.; Jensen, F.E. Neonatal seizures alter NMDA glutamate receptor GluN2A and 3A subunit expression
and function in hippocampal CA1 neurons. Front. Cell. Neurosci. 2015, 9, 362. [CrossRef]
Miller, S.P.; Weiss, J.; Barnwell, A.; Ferriero, D.M.; Latal-Hajnal, B.; Ferrer-Rogers, A.; Newton, N.; Partridge, J.C.; Glidden, D.V.;
Vigneron, D.B.; et al. Seizure-associated brain injury in term newborns with perinatal asphyxia. Neurology 2002, 58, 542–548.
[CrossRef] [PubMed]
Glass, H.C.; Glidden, D.; Jeremy, R.J.; Barkovich, A.J.; Ferriero, D.M.; Miller, S.P. Clinical Neonatal Seizures are Independently
Associated with Outcome in Infants at Risk for Hypoxic-Ischemic Brain Injury. J. Pediatr. 2009, 155, 318–323. [CrossRef]
Srinivasakumar, P.; Zempel, J.; Trivedi, S.; Wallendorf, M.; Rao, R.; Smith, B.; Inder, T.; Mathur, A.M. Treating EEG Seizures in
Hypoxic Ischemic Encephalopathy: A Randomized Controlled Trial. Pediatrics 2015, 136, e1302–e1309. [CrossRef]
Van Rooij, L.G.; Toet, M.C.; van Huffelen, A.C.; Groenendaal, F.; Laan, W.; Zecic, A.; de Haan, T.; van Straaten, I.L.; Vrancken, S.;
van Wezel, G.; et al. Effect of treatment of subclinical neonatal seizures detected with aEEG: Randomized, controlled trial.
Pediatrics 2010, 125, e358–e366. [CrossRef] [PubMed]
Peeples, E.S.; Rao, R.; Dizon, M.L.V.; Johnson, Y.R.; Joe, P.; Flibotte, J.; Hossain, T.; Smith, D.; Hamrick, S.; DiGeronimo, R.; et al.
Predictive models of neurodevelopmental outcomes after neonatal hypoxic-ischemic encephalopathy. Pediatrics 2021, 147,
e2020022962. [CrossRef] [PubMed]
Kwon, J.M.; Guillet, R.; Shankaran, S.; Laptook, A.R.; McDonald, S.A.; Ehrenkranz, R.A.; Tyson, J.E.; O’Shea, T.M.; Goldberg, R.N.;
Donovan, E.F.; et al. Clinical seizures in neonatal hypoxic-ischemic encephalopathy have no independent impact on neurodevelopmental outcome: Secondary analyses of data from the neonatal research network hypothermia trial. J. Child Neurol. 2011, 26,
322–328. [CrossRef]
Holmes, G.L. The long-term effects of neonatal seizures. Clin. Perinatol. 2009, 36, 901–914. [CrossRef] [PubMed]
Pisani, F.; Orsini, M.; Braibanti, S.; Copioli, C.; Sisti, L.; Turco, E.C. Development of epilepsy in newborns with moderate
hypoxic-ischemic encephalopathy and neonatal seizures. Brain Dev. 2009, 31, 64–68. [CrossRef] [PubMed]
Liu, X.; Jary, S.; Cowan, F.; Thoresen, M. Reduced infancy and childhood epilepsy following hypothermia-treated neonatal
encephalopathy. Epilepsia 2017, 58, 1902–1911. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2021, 22, 7121

25.
26.
27.
28.

29.
30.
31.
32.

33.

34.
35.
36.

37.

38.

39.
40.
41.

42.
43.

44.
45.

46.
47.
48.

13 of 14

Nevander, G.; Ingvar, M.; Auer, R.; Siesjo, B.K. Status epilepticus in well-oxygenated rats causes neuronal necrosis. Ann. Neurol.
1985, 18, 281–290. [CrossRef] [PubMed]
Torolira, D.; Suchomelova, L.; Wasterlain, C.G.; Niquet, J. Widespread neuronal injury in a model of cholinergic status epilepticus
in postnatal day 7 rat pups. Epilepsy Res. 2016, 120, 47–54. [CrossRef]
Sankar, R.; Auvin, S.; Mazarati, A.; Shin, D. Inflammation contributes to seizure-induced hippocampal injury in the neonatal rat
brain. Acta Neurol. Scand. 2007, 115 (Suppl 4), 16–20. [CrossRef]
Castelhano, A.S.; Ramos, F.O.; Scorza, F.A.; Cysneiros, R.M. Early life seizures in female rats lead to anxiety-related behavior and
abnormal social behavior characterized by reduced motivation to novelty and deficit in social discrimination. J. Neural Transm.
2015, 122, 349–355. [CrossRef]
Barbosa, G.H.L.; Batista, S.P.; Dos Santos, P.B.; Thomaz, C.R.C.; Scorza, F.A.; Cysneiros, R.M. Single neonatal status epilepticus
does not impair cognitive function in rats. Epilepsy Behav. 2017, 72, 200–202. [CrossRef]
Gonzalez, H.; Hunter, C.J.; Bennet, L.; Power, G.G.; Gunn, A.J. Cerebral oxygenation during post-asphyxial seizures in near-term
fetal sheep. J. Cereb. Blood Flow Metab. 2005, 25, 911–918. [CrossRef]
Tan, W.K.; Williams, C.E.; Gunn, A.J.; Mallard, C.E.; Gluckman, P.D. Suppression of postischemic epileptiform activity with
MK-801 improves neural outcome in fetal sheep. Ann. Neurol. 1992, 32, 677–682. [CrossRef]
Morin, L.; Enderlin, J.; Leger, P.L.; Perrotte, G.; Bonnin, P.; Dupuis, N.; Baud, O.; Charriaut-Marlangue, C.; Auvin, S. Different
response to antiepileptic drugs according to the type of epileptic events in a neonatal ischemia-reperfusion model. Neurobiol. Dis.
2017, 99, 145–153. [CrossRef] [PubMed]
Thoresen, M.; Hallstrom, A.; Whitelaw, A.; Puka-Sundvall, M.; Loberg, E.M.; Satas, S.; Ungerstedt, U.; Steen, P.A.; Hagberg, H.
Lactate and pyruvate changes in the cerebral gray and white matter during posthypoxic seizures in newborn pigs. Pediatr. Res.
1998, 44, 746–754. [CrossRef] [PubMed]
Wirrell, E.C.; Armstrong, E.A.; Osman, L.D.; Yager, J.Y. Prolonged seizures exacerbate perinatal hypoxic-ischemic brain damage.
Pediatr. Res. 2001, 50, 445–454. [CrossRef] [PubMed]
Yager, J.Y.; Armstrong, E.A.; Jaharus, C.; Saucier, D.M.; Wirrell, E.C. Preventing hyperthermia decreases brain damage following
neonatal hypoxic-ischemic seizures. Brain Res. 2004, 1011, 48–57. [CrossRef] [PubMed]
Wyatt, J.S.; Gluckman, P.D.; Liu, P.Y.; Azzopardi, D.; Ballard, R.A.; Edwards, A.D.; Ferriero, D.M.; Polin, R.A.; Robertson, C.M.;
Thoresen, M.; et al. Determinants of outcomes after head cooling for neonatal encephalopathy. Pediatrics 2007, 119, 912–921.
[CrossRef] [PubMed]
Laptook, A.; Tyson, J.; Shankaran, S.; McDonald, S.; Ehrenkranz, R.; Fanaroff, A.; Donovan, E.; Goldberg, R.; O’Shea, T.M.;
Higgins, R.D.; et al. Elevated temperature after hypoxic-ischemic encephalopathy: Risk factor for adverse outcomes. Pediatrics
2008, 122, 491–499. [CrossRef] [PubMed]
Johne, M.; Römermann, K.; Hampel, P.; Gailus, B.; Theilmann, W.; Ala-Kurikka, T.; Kaila, K.; Löscher, W. Phenobarbital and
midazolam suppress neonatal seizures in a noninvasive rat model of birth asphyxia, whereas bumetanide is ineffective. Epilepsia
2021, 62, 920–934. [CrossRef] [PubMed]
Barks, J.D.; Liu, Y.Q.; Shangguan, Y.; Silverstein, F.S. Phenobarbital augments hypothermic neuroprotection. Pediatr. Res. 2010, 67,
532–537. [CrossRef]
Krishna, S.; Hutton, A.; Aronowitz, E.; Moore, H.; Vannucci, S.J. The effects of adding prophylactic phenobarbital to therapeutic
hypothermia in the term-equivalent hypoxic-ischemic rat. Pediatr. Res. 2018, 83, 506–513. [CrossRef]
Noguchi, K.K.; Fuhler, N.A.; Wang, S.H.; Capuano, S., III; Brunner, K.R.; Larson, S.; Crosno, K.; Simmons, H.A.; Mejia, A.F.;
Martin, L.D.; et al. Brain pathology caused in the neonatal macaque by short and prolonged exposures to anticonvulsant drugs.
Neurobiol. Dis. 2021, 149, 105245. [CrossRef] [PubMed]
Endesfelder, S.; Weichelt, U.; Schiller, C.; Winter, K.; von Haefen, C.; Buhrer, C. Caffeine Protects against Anticonvulsant-Induced
Impaired Neurogenesis in the Developing Rat Brain. Neurotox. Res. 2018, 34, 173–187. [CrossRef]
Bittigau, P.; Sifringer, M.; Genz, K.; Reith, E.; Pospischil, D.; Govindarajalu, S.; Dzietko, M.; Pesditschek, S.; Mai, I.;
Dikranian, K.; et al. Antiepileptic drugs and apoptotic neurodegeneration in the developing brain. Proc. Natl. Acad. Sci. USA
2002, 99, 15089–15094. [CrossRef]
Forcelli, P.A.; Janssen, M.J.; Vicini, S.; Gale, K. Neonatal exposure to antiepileptic drugs disrupts striatal synaptic development.
Ann. Neurol. 2012, 72, 363–372. [CrossRef] [PubMed]
Kim, J.; Kondratyev, A.; Gale, K. Antiepileptic Drug-Induced Neuronal Cell Death in the Immature Brain: Effects of Carbamazepine, Topiramate, and Levetiracetam as Monotherapy versus Polytherapy. J. Pharmacol. Exp. Ther. 2007, 323, 165–173.
[CrossRef]
Shetty, J. Neonatal seizures in hypoxic-ischaemic encephalopathy—Risks and benefits of anticonvulsant therapy. Dev. Med.
Child Neurol. 2015, 57 (Suppl. 3), 40–43. [CrossRef] [PubMed]
Painter, M.J.; Scher, M.S.; Stein, A.D.; Armatti, S.; Wang, Z.; Gardiner, J.C.; Paneth, N.; Minnigh, B.; Alvin, J. Phenobarbital
compared with phenytoin for the treatment of neonatal seizures. N. Engl. J. Med. 1999, 341, 485–489. [CrossRef]
Glass, H.C.; Shellhaas, R.A.; Tsuchida, T.N.; Chang, T.; Wusthoff, C.J.; Chu, C.J.; Cilio, M.R.; Bonifacio, S.L.; Massey, S.L.;
Abend, N.S.; et al. Seizures in preterm neonates: A multicenter observational cohort study. Pediatr. Neurol. 2017, 72, 19–24.
[CrossRef] [PubMed]

Int. J. Mol. Sci. 2021, 22, 7121

49.
50.
51.
52.
53.
54.

55.
56.
57.

58.

59.
60.
61.

62.

63.
64.

65.

66.
67.

68.
69.
70.

14 of 14

Evans, D.J.; Levene, M.I.; Tsakmakis, M. Anticonvulsants for preventing mortality and morbidity in full term newborns with
perinatal asphyxia. Cochrane Database Syst. Rev. 2007, CD001240. [CrossRef]
Falsaperla, R.; Scalia, B.; Giugno, A.; Pavone, P.; Motta, M.; Caccamo, M.; Ruggieri, M. Treating the symptom or treating the
disease in neonatal seizures: A systematic review of the literature. Ital. J. Pediatr. 2021, 47, 85. [CrossRef]
Meehan, A.L.; Yang, X.; McAdams, B.D.; Yuan, L.; Rothman, S.M. A new mechanism for antiepileptic drug action: Vesicular entry
may mediate the effects of levetiracetam. J. Neurophysiol. 2011, 106, 1227–1239. [CrossRef] [PubMed]
Abend, N.S.; Gutierrez-Colina, A.M.; Monk, H.M.; Dlugos, D.J.; Clancy, R.R. Levetiracetam for treatment of neonatal seizures.
J. Child Neurol. 2011, 26, 465–470. [CrossRef] [PubMed]
Kreimer, A.M.; Littrell, R.A.; Gibson, J.B.; Leung, N.R. Effectiveness of Levetiracetam as a First-Line Anticonvulsant for Neonatal
Seizures. J. Pediatr. Pharmacol. Ther. 2019, 24, 320–326. [CrossRef] [PubMed]
Falsaperla, R.; Mauceri, L.; Pavone, P.; Barbagallo, M.; Vitaliti, G.; Ruggieri, M.; Pisani, F.; Corsello, G. Short-Term Neurodevelopmental Outcome in Term Neonates Treated with Phenobarbital versus Levetiracetam: A Single-Center Experience. Behav. Neurol.
2019, 2019, 3683548. [CrossRef]
Gowda, V.K.; Romana, A.; Shivanna, N.H.; Benakappa, N.; Benakappa, A. Levetiracetam versus Phenobarbitone in Neonatal
Seizures—A Randomized Controlled Trial. Indian Pediatr. 2019, 56, 643–646. [CrossRef]
Hooper, R.G.; Ramaswamy, V.V.; Wahid, R.M.; Satodia, P.; Bhulani, A. Levetiracetam as the first-line treatment for neonatal
seizures: A systematic review and meta-analysis. Dev. Med. Child Neurol. 2021. [CrossRef]
Sharpe, C.; Reiner, G.E.; Davis, S.L.; Nespeca, M.; Gold, J.J.; Rasmussen, M.; Kuperman, R.; Harbert, M.J.; Michelson, D.;
Joe, P.; et al. Levetiracetam Versus Phenobarbital for Neonatal Seizures: A Randomized Controlled Trial. Pediatrics 2020, 145,
e20193182. [CrossRef]
Sharpe, C.; Davis, S.L.; Reiner, G.E.; Lee, L.I.; Gold, J.J.; Nespeca, M.; Wang, S.G.; Joe, P.; Kuperman, R.; Gardner, M.; et al.
Assessing the Feasibility of Providing a Real-Time Response to Seizures Detected with Continuous Long-Term Neonatal
Electroencephalography Monitoring. J. Clin. Neurophysiol. 2019, 36, 9–13. [CrossRef]
Hall, R.T.; Hall, F.K.; Daily, D.K. High-dose phenobarbital therapy in term newborn infants with severe perinatal asphyxia:
A randomized, prospective study with three-year follow-up. J. Pediatr. 1998, 132, 345–348. [CrossRef]
Low, E.; Boylan, G.B.; Mathieson, S.R.; Murray, D.M.; Korotchikova, I.; Stevenson, N.J.; Livingstone, V.; Rennie, J.M. Cooling and
seizure burden in term neonates: An observational study. Arch. Dis. Child. Fetal Neonatal Ed. 2012, 97, F267–F272. [CrossRef]
Ghosh, S.; Tran, L.; Shuster, J.J.; Zupanc, M.L. Therapeutic hypothermia for neonatal hypoxic ischemic encephalopathy is
associated with short-term reduction of seizures after discharge from the neonatal intensive care unit. Childs Nerv. Syst. 2017, 33,
329–335. [CrossRef] [PubMed]
Harbert, M.J.; Tam, E.W.; Glass, H.C.; Bonifacio, S.L.; Haeusslein, L.A.; Barkovich, A.J.; Jeremy, R.J.; Rogers, E.E.; Glidden, D.V.;
Ferriero, D.M. Hypothermia is correlated with seizure absence in perinatal stroke. J. Child Neurol. 2011, 26, 1126–1130. [CrossRef]
[PubMed]
Shipley, L.; Mistry, A.; Sharkey, D. Outcomes of neonatal hypoxic-ischaemic encephalopathy in centres with and without active
therapeutic hypothermia: A nationwide propensity score-matched analysis. Arch. Dis. Child. Fetal Neonatal Ed. 2021. [CrossRef]
Pressler, R.M.; Boylan, G.B.; Marlow, N.; Blennow, M.; Chiron, C.; Cross, J.H.; de Vries, L.S.; Hallberg, B.; Hellstrom-Westas, L.;
Jullien, V.; et al. Bumetanide for the treatment of seizures in newborn babies with hypoxic ischaemic encephalopathy (NEMO):
An open-label, dose finding, and feasibility phase 1/2 trial. Lancet Neurol. 2015, 14, 469–477. [CrossRef]
Soul, J.S.; Bergin, A.M.; Stopp, C.; Hayes, B.; Singh, A.; Fortuno, C.R.; O’Reilly, D.; Krishnamoorthy, K.; Jensen, F.E.;
Rofeberg, V.; et al. A Pilot Randomized, Controlled, Double-Blind Trial of Bumetanide to Treat Neonatal Seizures. Ann. Neurol.
2021, 89, 327–340. [CrossRef] [PubMed]
Sulzbacher, S.; Farwell, J.R.; Temkin, N.; Lu, A.S.; Hirtz, D.G. Late cognitive effects of early treatment with phenobarbital.
Clin. Pediatr. 1999, 38, 387–394. [CrossRef] [PubMed]
Natarajan, G.; Shankaran, S.; Laptook, A.R.; McDonald, S.A.; Pappas, A.; Hintz, S.R.; Das, A. Association between sedationanalgesia and neurodevelopment outcomes in neonatal hypoxic-ischemic encephalopathy. J. Perinatol. 2018, 38, 1060–1067.
[CrossRef]
Young, L.; Berg, M.; Soll, R. Prophylactic barbiturate use for the prevention of morbidity and mortality following perinatal
asphyxia. Cochrane Database Syst. Rev. 2016, CD001240. [CrossRef] [PubMed]
Gunn, A.J.; Bennet, L.; Gunning, M.I.; Gluckman, P.D.; Gunn, T.R. Cerebral hypothermia is not neuroprotective when started
after postischemic seizures in fetal sheep. Pediatr. Res. 1999, 46, 274–280. [CrossRef]
Wassink, G.; Gunn, E.R.; Drury, P.P.; Bennet, L.; Gunn, A.J. The mechanisms and treatment of asphyxial encephalopathy.
Front. Neurosci. 2014, 8, 40. [CrossRef]

