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Abstract

Research studies suggest that neonatal seizures, which are most commonly associated with
hypoxic-ischemic injury, may contribute to brain injury and adverse neurologic outcome.
Unfortunately, neonatal seizures are often resistant to treatment with current anticonvulsants. In
the present study, we evaluated the efficacy of flupirtine, administered at clinically relevant time-
points, for the treatment of neonatal seizures in an animal model of hypoxic-ischemic injury that
closely replicates features of the human syndrome. We also compared the efficacy of flupirtine to
that of phenobarbital, the current first-line drug for neonatal seizures. Flupirtine is a KCNQ
potassium channel opener. KCNQ channels play an important role in controlling brain excitability
during early development. In this study, hypoxic-ischemic injury was induced in neonatal rats, and
synchronized video-EEG records were acquired at various time-points during the experiment to
identify seizures. The results revealed that flupirtine, administered either 5 min after the first
electroclinical seizure, or following completion of 2 h of hypoxia, i.e., during the immediate
reperfusion period, reduced the number of rats with electroclinical seizures, and also the frequency
and total duration of electroclinical seizures. Further, daily dosing of flupirtine decreased the
seizure burden over 3 days following HI-induction, and modified the natural evolution of acute
seizures. Moreover, compared to a therapeutic dose of phenobarbital, which was modestly
effective against electroclinical seizures, flupirtine showed greater efficacy. Our results indicate
that flupirtine is an extremely effective treatment for neonatal seizures in rats and provide evidence
for a trial of this medication in newborn humans.
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1. Introduction

The probability of occurrence of seizures during the neonatal period is higher than any other
age group (Hauser et al., 1993). The incidence of seizures in newborns is estimated at 1.8—
3.5 per 1000 live births (Lanska et al., 1995; Saliba et al., 1999). Approximately 60% of
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neonatal seizures are associated with a hypoxic-ischemic event (Ronen et al., 2007; Tekgul
et al., 2006). Survivors of neonatal hypoxic-ischemic encephalopathy (HIE) often develop
brain injury and neurologic disabilities (e.g. cognitive deficits and epilepsy) in later life
(Bergamasco et al., 1984; Robertson and Finer, 1988). Studies in humans and animal models
suggest that seizures contribute to brain damage and adverse neurologic outcome (Dzhala et
al., 2000; Glass et al., 2009; McBride et al., 2000; Miller et al., 2002; Wirrell et al., 2001). In
clinics across the world, phenobarbital is the drug of choice for the treatment of neonatal
seizures (Blume et al., 2009; Carmo and Barr, 2005). However, phenobarbital, an agonist of
y-aminobutyric acid (GABA), is not completely effective in controlling seizures; it does not
stop seizures in 50% of patients. Moreover, it has only a limited efficacy in treating
electrographic seizures (Foster and Lewis, 2007; Painter et al., 1999; Sankar and Painter,
2005). Frequently, clinical seizures will respond to phenobarbital but then electrical seizures
will persist. In neonates, electrographic seizure activity has been shown to correlate with
poor neurodevelopmental outcome (McBride et al., 2000), and treatment of electrographic
seizures in addition to clinical seizures has been demonstrated to significantly reduce the
severity of brain injury (van Rooij et al., 2010). Further, in developing rats and children,
phenobarbital treatment has been linked to neuronal and white matter apoptosis, chronic
changes in gene expression, and synaptic and cognitive impairment (Bittigau et al., 2002;
Farwell et al., 1990; Forcelli et al., 2012; Kaushal et al., 2016; Raol et al., 2005). The
GABAergic inhibitory system of the immature brain is underdeveloped as compared to that
of the adult brain (Ben-Ari, 2002; Brooks-Kayal and Pritchett, 1993; Gibbs et al., 1996;
Kapur and Macdonald, 1999), which may partly explain the suboptimal efficacy of
phenobarbital in the treatment of neonatal seizures. Thus, development of a safe treatment
that is effective against both clinical and purely electrographic seizures is critical.

In the kainic acid and flurothyl models of neonatal seizures, flupirtine is very effective and
more efficacious than phenobarbital and diazepam in stopping seizures (Raol et al., 2009).
Flupirtine (ethyl-\-[2-amino-6-(4-fluorophenylmethyl-amino)pyridin-3-yl] carbamate) has
been used as an analgesic in Europe for the last 30 years. Flupirtine shifts the voltage
required to open KCNQ type of potassium channels to a more negative potential, resulting in
an increased threshold for generating a neuronal action potential (Klinger et al., 2012;
Martire et al., 2004; Wladyka and Kunze, 2006). KCNQ channels are voltage gated,
depolarization activated potassium channels whose expression in the brain begins before
birth (Brown and Passmore, 2009; Devaux et al., 2004; Okada et al., 2003). These channels
play a very important role in controlling over excitation during early life when the GABA-
mediated inhibition is weak (Pena and Alavez-Perez, 2006; Peters et al., 2005). Mutations in
genes encoding KCNQ2/3 channels result in benign familial neonatal epilepsy (BFNE), a
relatively mild condition in which seizures resolve spontaneously within a few weeks after
the onset and majority of patients have normal outcome, and KCNQ?2 encephalopathy, in
which seizures are usually pharmacoresistant and patients have an epileptic encephalopathy
with severe to moderate intellectual disability (Kato et al., 2013; Saitsu et al., 2012; Singh et
al., 2003; Weckhuysen et al., 2012). Flupirtine has been shown also to activate G-protein-
regulated inwardly rectifying K* channels (GIRK) (Jakob and Krieglstein, 1997; Kornhuber
et al., 1999; Montandon et al., 2016; Sattler et al., 2008) (but see (Klinger et al., 2012)),
which has been suggested to indirectly inhibit NMDA receptor activity (Klinger et al., 2012;
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Kornhuber et al.,1999) (but see (Jakob and Krieglstein, 1997)). Recent studies suggest that
flupirtine may also shift the gating of GABAA receptors to lower GABA concentration, an
action that is more pronounced in dorsal horn neurons than in hippocampal neurons (Klinger
etal., 2012). In our recent study, we showed that flupirtine given to 10-day-old rats before
exposure to global hypoxia prevented development of electroclinical seizures (behavioral
seizures with an EEG correlate) during a hypoxic episode (Sampath et al., 2015). In humans,
however, the treatment is usually started after a seizure is observed. In neonates with HIE,
the median age for the detection of purely electrographic seizures has been reported as 13.1
h (Lynch et al., 2015), but clinical seizures have been observed as early as 4 h of age in
babies in whom the injury occurred before labor (Filan et al., 2005). These seizures often
continue to occur for 48 h or more (Ahn et al., 1998; Filan et al., 2005).

In the current study, we examined the efficacy of flupirtine to stop seizures when given at
clinically relevant time points. The rat model of HIE that we used replicates the etiology and
characteristics of seizures in human newborns (Sampath et al., 2014). We also compared the
efficacy of flupirtine with phenobarbital, the first-line choice for the treatment of neonatal
seizures. Our result suggests that flupirtine is highly efficacious against HI-induced neonatal
seizures, and is effective even when given following 2 h of hypoxia and multiple seizures. In
our study, phenobarbital at a clinically therapeutic dose was only modestly effective in
reducing and preventing seizures. This is similar to the situation in human neonates,
supporting the use of our experiment as a model for the human case.

2. Methods

2.1. Animals

All procedures involving animals were performed in accordance with the NIH guidelines for
the care and use of laboratory animals, and according to the protocol approved by the
Institutional Animal Care and use Committee (IACUC) of the University of Colorado
Anschutz Medical Campus (UC-AMC). In addition, all efforts were made to reduce animal
suffering and the number of animals used. Timed pregnant Sprague-Dawley rats were
obtained from Charles River laboratories (Wilmington, MA). The pregnant rats were at the
14 day of gestation (E14) on arrival at the vivarium and delivered the pups at E22 or E23.
Only male pups were used for the study.

2.2. Hypoxia-ischemia protocol

HI was induced in postnatal day 7 (P7) rats by Rice-Vannucci method (Rice et al., 1981;
Sampath et al., 2014). Under isoflurane anesthesia (2—-4% for induction and 1-1.5%
maintenance), the right common carotid artery was identified and double ligated with a 4-0
polyglycolic acid suture. The neck incision was closed with 4-0 nylon Dermalon sutures.
The entire surgical procedure lasted for 10-12 min. Following the ligation, the pups were
housed with the dam in a warm cage for 1.5-2.25 h before they were exposed to hypoxia.
The pups were exposed to hypoxic environment (8-8.3% oxygen) for 2 h. The oxygen
content of the chamber was monitored using an oxygen sensor (Drager Pac 7000, Pittsburg,
PA). During the hypoxia, the temperature was maintained at 36.5° Celsius and humidity
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between 60 and 70%. Following HI-induction, the pups were treated with analgesic (0.1
mg/kg buprenorphine hydrochloride) once every 12 h for 48 h.

2.3. Electrode implantation

To record EEG, the electrode implantation was performed according to our published
protocol (Sampath et al., 2014). Briefly, P6 rats were implanted bilaterally in the parietal
cortex with a silver electrode (A-M Systems, Carlsborg, WA). The active electrode in each
hemisphere was referenced to a separate silver electrode positioned near lambda in the same
hemisphere. The implantation procedure was performed under isoflurane anesthesia (2-4%
for induction and 1-1.5% for maintenance). After the surgery, the rats were returned to the
dam and treated with analgesic (0.1 mg/kg buprenorphine hydrochloride) once every 12 h
for 48 h.

2.4. Video-EEG monitoring

Synchronized, time locked video and EEG signals were recorded using the Stellate
Harmonie system (Natus Medical, San Carlos, CA, U.S.A.). The EEG signal was digitized
at 1000 Hz and stored on a hard disk for offline analysis. The video-EEG monitoring began
at P7. A 30 min baseline recording was obtained before any manipulation was done to
induce HI. The pups were monitored continuously by video and EEG during the entire 2 h
hypoxia period. The monitoring of the pups by video-EEG continued for two more hours
after completion of the hypoxic period, i.e., during the immediate reperfusion period. The
pups were reconnected for video-EEG recording sessions 24, 48 and 72 h after HI-induction.

2.5. Seizure scoring

The video-EEG records were analyzed by the first author of the current paper (DS) who was
aware of the identity of the record. Randomly selected video-EEG records analyzed by DS,
and whose identity was masked, were reevaluated by YHR and AMW to confirm the
accuracy of the analysis. Electroclinical seizures were defined by an EEG pattern that
differed from background in either amplitude, frequency, or both, evolved over time, and
contained spikes or sharp waves lasting for 10 s or more and were associated with a change
in the rat’s behavior. The behavioral seizure consisted of clonic seizures, tonic posturing of
the trunk, tonic-clonic seizures, facial twitching, and stiffening of the tail. Electrographic
seizures were defined as seizures observed in the EEG records that were not associated with
a behavioral correlate on video (Sampath et al., 2014).

2.6. Drug treatment

All drugs were administered to the pups via intraperitoneal injection. The pups were selected
randomly for a specific drug treatment on the day of the experiment, and whenever possible,
pups from each litter were divided equally among the treatment groups. Three drug
treatment strategies were used to evaluate the efficacy of flupirtine to treat Hl-induced
neonatal seizures: (1) a single dose of flupirtine given 5 min after the first electroclinical
seizure, which occurred within a few minutes into the hypoxic period (Sampath et al., 2014),
(2) a single dose of flupirtine given 5 min after the rats were reintroduced to room air
following 2 h of hypoxia, i.e., 5 min into the reperfusion period (Qiao et al., 2004), and (3) a

Neuropharmacology. Author manuscript; available in PMC 2020 January 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sampath et al.

Page 5

single dose of flupirtine given five minutes after the end of the 2 h of hypoxia, and then
every 24 h up to 72 h (total of 4 doses). Each treatment group in all three treatment strategies
consisted of pups from multiple litters. The twelve pups in the treatment group where they
were given drug five minutes after the first electroclinical seizure study were obtained from
7 litters. Eleven litters were used to obtain 29 pups for the study in which the treatment was
started five minutes into the reperfusion period. For the multiple dose study, 12 pups came
from 6 litters. Twelve mg of flupirtine maleate (Sigma, St. Louis, MO) was dissolved in 1 ml
dimethylsulfoxide (Sigma) on the day of use. Phenobarbital injection vials were purchased
from the University of Colorado Hospital pharmacy (Aurora, CO). The equivalent volume of
flupirtine, phenobarbital and vehicle were injected to pups (e.g. ~0.03 ml to P7 pups).

2.7. Statistical analysis

GraphPad Prism 5 statistical software (GraphPad Software Inc., San Diego, CA, U.S.A.) was
used for statistical analysis. A Student’s t-test was used to compare two sets of data. One-
way analysis of variance (ANOVA), followed by the Tukey’s post-hoc test was used to
determine significance of difference in data values involving three study groups. The two-
sided Fisher’s exact test was used to compare the difference in the number of rats with
seizures between treatment groups. Differences were considered significant at p < 0.05. The
results are presented as the mean * standard deviation (SD).

3. Results

3.1. Flupirtine given after the first electroclinical seizure prevents development of further
seizures during hypoxia and the immediate reperfusion period

In a clinical setting, treatment with an anticonvulsant is often initiated following observation
of a clinical seizure. To replicate this treatment protocol, a single dose of 25 mg/kg flupirtine
was given to the pup 5 min after the occurrence of first electroclinical seizure (a seizure on
the EEG that correlated with change in rat’s behavior). Our decision to use 25 mg/kg
flupirtine dose for the current study was based on our earlier studies, in which we had
carried out a dose response study to examine efficacy of flupirtine to block kainic acid (Raol
et al., 2009) and hypoxia (Raol et al., 2009; Sampath et al., 2015) induced neonatal seizures.
A single dose of 25 mg/kg flupirtine given 5 min after the first electroclinical seizure
significantly reduced the number (Student’s two-tailed #test, t (10) = 5.1, p = 0.0005) and
total duration (Student’s two-tailed #test, t (10) = 2.3, p = 0.04) of subsequent seizures
during hypoxia (Fig. 1, Table 1) and the immediate period following the end of the hypoxia
period (reperfusion period, Table 1; Student’s two-tailed #test, t (10) = 3.0, p = 0.01 for
seizure number and t (10) = 2.9, p = 0.01 for seizure duration). The flupirtine treatment
showed a trend toward a decreased number of animals that developed electroclinical seizures
during hypoxia (Fig. 1) and the immediate reperfusion period (Table 1, p = 0.06 for both the
time points, two-sided Fisher’s exact test). However, the single dose of flupirtine given after
the first electroclinical seizure was not sufficient to prevent occurrence of seizures 24 h
onwards after the Hl-induction (Table 1).
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3.2. Flupirtine given after HI-induction is very effective in decreasing the number and
duration of neonatal seizures during the immediate reperfusion period

In newborns with hypoxic-ischemic injury, the seizures are typically (these can be observed
if the hypoxia is still ongoing, but that is less likely) first observed after initial treatment to
resume oxygen and blood supply to the brain, i.e. during the reperfusion period. To test the
efficacy of flupirtine to treat neonatal seizures under a similar clinical condition, a single
dose of 25 mg/kg was administered 5 min after the rats were reintroduced to the room air
following 2 h of the hypoxic period (after HI-induction), i.e. during the immediate
reperfusion phase (Qiao et al., 2004). The efficacy of flupirtine was compared with
phenobarbital, the current first-line treatment for neonatal seizures. We selected a 25 mg/kg
phenobarbital dose for comparison, because in our earlier study, we observed that this dose
in neonatal rats results in clinically relevant therapeutic drug levels in serum within 30 min
of drug injection via the intraperitoneal route (Raol et al., 2009). The data analysis revealed
that flupirtine very effectively prevents HI-induced seizures during the immediate
reperfusion period (Fig. 2, Table 2). Compared to vehicle treated HI rats, a significantly
lower number of flupirtine treated rats developed electroclinical seizures during the
immediate reperfusion period (Two-sided Fisher’s exact test, p = 0.02; Fig. 3, Table 2).
Furthermore, compared to vehicle treated rats, flupirtine treated rats had significantly lower
number (One-way ANOVA, F (2, 26) = 5.46, p = 0.01, Tukey post-hoc test showed p < 0.05)
and total duration (One-way ANOVA, F (2, 26) = 4.14, p = 0.03, Tukey post-hoc test showed
p < 0.05) of electroclinical seizures (Fig. 3, Table 2). On average, flupirtine reduced the
number and total duration of electroclinical seizures by greater than 99% when compared to
vehicle treated HI rats, and prevented the occurrence of seizures during immediate
reperfusion period in 80% of HI rats (Table 2). The two flupirtine treated rats (out of 10) that
developed electroclinical seizures during the reperfusion period seized at the rate of 0.5

+ 0.01 seizures/hour (mean + SD) and spent 5.75 + 0.01 s/hour (mean £ SD) seizing
whereas, vehicle treated rats with seizures (8 out of 10) seized at the rate of 15.7 £ 15.3
seizures/ hour (mean + SD) and spent 301.3 + 346.1 s/hour (mean + SD) seizing.
Additionally, fewer flupirtine treated rats were observed to develop purely electrographic
seizures than vehicle treated rats (seizures on EEG without a change in the rat’s behavior),
resulting in an overall reduction in the number and duration of electrographic seizures (Fig.
4). However, the very low frequency of purely electrographic seizures in our model
(Sampath et al., 2014) (Fig. 4), is likely a factor for not achieving statistical significance for
this parameter (One-way ANOVA, F (2, 27) = 2.27, p = 0.1, Tukey post-hoc test showed p >
0.05).

The 25 mg/kg phenobarbital dose was not as effective as 25 mg/ kg flupirtine dose in
reducing and preventing Hl-induced electroclinical seizures during the immediate
reperfusion period. Compared to 80% vehicle and 20% flupirtine treated rats, 66.7%
phenobarbital treated HI rats developed electroclinical seizures during the immediate
reperfusion period (Two-sided Fisher’s exact test, p = 0.62 for HI + P vs HI + V, p = 0.07 for
HI + P vs HI + F; Fig. 3, Table 2). In comparison to vehicle treated rats, phenobarbital
treated rats had lower, but statistically not significant, mean number and duration of
electroclinical seizures during the reperfusion period (Fig. 3, Table 2). In contrast to its
modest effect on electroclinical seizures, 25 mg/kg phenobarbital dose was completely
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ineffective in preventing purely electrographic seizures (One-way ANOVA, F (2, 27) = 2.27,
p = 0.1, Tukey post-hoc test showed p > 0.05; Fig. 4). Four out of 10 phenobarbital treated
rats developed purely electrographic seizures, compared to 5 out of 10 vehicle treated and
only 1 out of 10 flupirtine treated rats, during the immediate reperfusion period (Fig. 4). A
one-time dose of flupirtine or phenobarbital was not sufficient to prevent the occurrence of
seizures greater than 24 h after the Hl-induction (Table 2).

3.3. Daily dose of flupirtine reduces Hl-induced acute seizure burden

In newborns with HIE, seizures may persist for 48 h or more following the precipitating
injury (Ahn et al., 1998; Filan et al., 2005). As described above, a single dose of flupirtine
given after the 1st seizure, or after 2 h of hypoxia during the reperfusion period, was not
sufficient to prevent seizures at 24 h and later. To determine whether repeated dosing of
flupirtine is effective in reducing seizures over 24-72 h period following hypoxic-ischemic
injury, a separate group of rats were given a single dose of flupirtine (25 mg/kg) or vehicle 5
min after completion of exposure to 2 h of hypoxia (during the immediate reperfusion
phase), and an additional dose of 25 mg/kg at 24, 48 and 72 h after HI. A 2 h Video-EEG
record was acquired before and after the animal was dosed with the drug. Both, vehicle and
flupirtine treated, groups of rats experienced similar number and duration of electroclinical
seizures during hypoxia (frequency: 14.17 + 4.87 for HI + V and 15.33 £ 3.25 for HI + F
seizures/hour; 320.2 + 126 s for HI + V and 394.8 £ 65 s for HI + F seizure duration/hour).
Similar to the previous experiment, a single dose of 25 mg/kg flupirtine given 5 min after the
rats were reintroduced to room air following 2 h of the hypoxic period (after Hl-induction)
was very effective in reducing electroclinical seizures during the immediate 2 h reperfusion
period (frequency: 14.67 £ 9.77 for HI + V and 0.75 + 1.6 for HI + F seizures/hour; 222.9
+141.9 s for HI + V and 14.07 £ 27.92 s for HI + F seizure duration/hour). Further, pups
treated with an additional dose of flupirtine at 24, 48 and 72 h after HI overall experienced a
significantly lower number of electroclinical seizures (Student’s two-tailed #test, t (10) =
2.3, p = 0.046; Fig. 5A), and spent significantly less time seizing over the 3 days (Student’s
two-tailed #test, t (10) = 2.4, p = 0.035; Fig. 5B) following the hypoxic-ischemic injury.

To examine the effect of flupirtine treatment on the natural progression of seizures over three
days following HI-induction, i.e., to determine whether flupirtine treatment has a disease
modifying effect, we compared the seizure data of recording acquired before each treatment
dose at 24 (second dose), 48 (third dose), and 72 h (fourth dose) after the initial dose (first
dose) given 5 min after HI during the immediate reperfusion period. The analysis revealed
that at 24 h after HI and the first dose of flupirtine, a trend towards lower number and
duration of electroclinical seizures was observed in flupirtine treated rats as compared to
vehicle treated rats (Fig. 5 C, D). This suggests that a single dose of flupirtine is not
sufficient to significantly alter disease progression. However, at 48 h, after two doses of
flupirtine, a significantly lower number and duration of seizures was observed in pre-
treatment recordings of flupirtine treated rats than the vehicle treated rats (Student’s two-
tailed #test, t (10) = 2.4, p = 0.03; Fig. 5 C, D). These results suggest that two doses of
flupirtine modify the injury to reduce occurrence of acute seizures. At 72 h time period, no
significant difference in seizure number and duration was observed between flupirtine and
vehicle treated rats (Fig. 5C and D). This could be because, by 72 h a spontaneous reduction
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in the number of rats with seizure (50% decrease from 24 h), and frequency and duration of
seizures occurred in vehicle treated HI rats.

4. Discussion

The current study shows that flupirtine is very effective against hypoxia-ischemia-induced
neonatal seizures. Furthermore, it is more effective than phenobarbital at a clinically relevant
dose. We designed the current study to closely replicate clinical conditions for easy
translation of the test drug to clinical use. Since neonatal seizures are most commonly
(~60%) associated with hypoxic-ischemic injury in human newborns (Ronen et al., 2007,
Tekgul et al., 2006), we used an animal model that closely replicates the etiology, neonatal
seizure characteristics, and other pathological features associated with hypoxic-ischemic
injury in human babies (Sampath et al., 2014). We used time synchronized video and EEG
records to accurately determine behavioral seizures and to identify purely electrographic,
subclinical seizures. Further, the treatment with flupirtine was initiated at a clinically
relevant time-point, and its ability to treat neonatal seizures was compared with the current
first-line drug phenobarbital.

In clinical settings, treatment with an anticonvulsant is often initiated after a seizure is
observed. In neonates with HIE, the injury most commonly occurs before labor, or at the
time of delivery, and seizures are first observed during the reperfusion period. Flupirtine
administered either 5 min after the first electroclinical seizure, which occurred during
hypoxia exposure, or following completion of the hypoxic period, was very effective in
preventing subsequent seizures, reducing the overall seizure burden in the first few hours of
the reperfusion period, and appeared to be effective against purely electrographic seizures.
Similar to what has been observed in human neonatal studies, phenobarbital was modestly
effective in stopping electroclinical seizures and ineffective against purely electrographic or
subclinical seizures. For the dose used, it was less effective than flupirtine. However, the
results regarding the effect of test drugs on purely electrographic seizures should be
interpreted carefully as the frequency and duration of electrographic seizures in our model is
very low (Sampath et al., 2014). Beyond the first few hours following the treatment, a single
dose of flupirtine was unable to sustain the prevention of seizures at later times,
necessitating repeated dosing to significantly reduce the overall seizure burden. The half-life
of flupirtine in adult rats ranges from 2.5 to 3.5 h (Schuster et al., 1998), which may explain
recurrence of seizures following a single dose of flupirtine. However, interestingly, a
significant reduction in electroclinical seizures was observed at 48 h after HI and two doses
of flupirtine, and before the third dose was administered. This suggests that flupirtine
treatment has a disease modifying effect that alters the evolution of seizures during the acute
phase of hypoxic-ischemic injury.

The strong efficacy of flupirtine against Hl-induced neonatal seizures observed in the current
study is consistent with its equally strong ability to prevent and stop chemoconvulsant and
global hypoxia-induced neonatal seizures (Raol et al., 2009; Sampath et al., 2015). In a
flurothyl model of neonatal seizures, flupirtine blocked the induction of seizures, whereas,
phenobarbital and diazepam delayed the occurrence of seizures. In the kainic acid model of
neonatal seizures, flupirtine given 15 min after continuous behavioral and electrographic
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seizures immediately and completely stopped the seizures. Although phenobarbital and
diazepam stopped the seizures, unlike flupirtine, the effect was not complete and prolonged.
Phenobarbital treated rats were observed to develop breakthrough seizures within a few
minutes of drug injection, and in the rats treated with diazepam, the seizures reappeared ~20
min after the treatment. Two recent studies made similar observations as to that of the
current study regarding the efficacy of phenobarbital to treat hypoxia/ischemiainduced
neonatal seizures (Cleary et al., 2013; Morin et al., 2016). Cleary and colleagues observed
that treatment with 15 mg/kg phenobarbital prevented neonatal seizures in 23% rats during
hypoxia and reduced seizure incidence by 50%, but it did not completely attenuate seizure
activity. In a different model of ischemia than ours, Morin and colleagues observed that 20
mg/kg phenobarbital administered prior to ischemia-induction prevented seizures in 41%
rats and delayed the onset of seizure, but it did not change the total duration of seizures
during the reperfusion period. In all the various studies that have been performed, flupirtine
have been observed to be very effective against neonatal seizures, and much more
efficacious than the current first-line anticonvulsant drugs.

Flupirtine was approved in 1984 in Europe for the treatment of pain and is marketed for use
in many European countries, China, Brazil, and India (Douros et al., 2014; Harish et al.,
2012; Szelenyi, 2013). However, it is not approved for any indications in the USA.
Flupirtine has been shown to affect the function of KCNQ potassium channels (Klinger et
al., 2012; Martire et al., 2004; Wladyka and Kunze, 2006), the G protein-coupled inwardly
rectifying potassium (GIRK) channels (Jakob and Krieglstein,1997; Kornhuber et al., 1999;
Montandon et al., 2016; Sattler et al., 2008) (but see (Klinger et al., 2012)), and GABAp
receptors (Klinger et al., 2012, 2015). KCNQ channels are voltage gated, depolarization
activated potassium channels. Flupirtine reduces membrane depolarization required for
activation, increases opening rates, and slows closing rates of KCNQ channels. Flupirtine
has also been found to potentiate hippocampal GABA responses of the delta subunit
containing GABA receptor, but not of the gamma subunit containing GABA receptors
(Klinger et al., 2015). The exact mechanism through which flupirtine meditates its anti-
neonatal-seizure activity is not known, but it is less likely to be via potentiation of GABAp
receptor activity for following reasons. Unlike KCNQ channel activity which is inhibitory
throughout the development, GABA is depolarizing during early development (Ben-Avi,
2002; Ganguly et al., 2001). Further, compared to adult brain, the immature brain has fewer
GABA receptors (Brooks-Kayal and Pritchett, 1993; Brooks-Kayal et al., 2001; Swann et
al., 1989), lower GABA-mediated currents (Brooks-Kayal and Pritchett, 1993), and different
GABA receptor subunit composition (Didelon et al., 2000; Fritschy et al., 1994; Laurie et
al., 1992). The hippocampal neurons of neonatal brain express very low levels of the delta
subunit, the subunit through which flupirtine potentiates GABA receptor activity. The
underdeveloped GABAergic system in the neonatal brain may also explain phenobarbital’s
decreased efficacy against neonatal seizures in our and other’s studies in animal models, and
the human patient population. Further, in contrast to the potentiating effect of flupirtine on
GABA receptor under normal conditions, flupirtine has been shown to inhibit
depolarization-induced release of GABA and glutamate from presynaptic terminals via
KCNQ?2 activation (Martire et al., 2004), prevent 4-AP-induced increase in GABA and
glutamate levels (Kapetanovic et al., 1995), and decrease new GABA and glutamate
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synthesis (Kapetanovic et al., 1995). However, further studies using specific activators and
antagonists of KCNQ channels will be required to unravel the involvement of KCNQ
channels in antineonatal-seizure activity.

The common side-effects associated with flupirtine are dizziness, dry mouth, nausea,
pruritis, fatigue, and heartburn (Klawe and Maschke, 2009; Schuster et al., 1998). In recent
years, however, concerns have been raised regarding the association of long-term use of
flupirtine and hepatotoxicity (Douros et al., 2014; Michel et al., 2012). Flupirtine has been
used in children (Cialone et al., 2011; Harish et al., 2012; Schuster et al., 1998), and it is
available in injection dosage formulation for intravenous administration (Siegmund et al.,
2015), an important necessity for neonatal patients, specifically, ones with seizures and
hypoxic-ischemic encephalopathy. In neonates, the gastrointestinal functions are not fully
developed and the hypoxic-ischemic injury further reduces its functionality. As a result, the
bioavailability of the drug given orally is compromised; hence, the intravenous route is the
most commonly used route to deliver drugs in neonatal patients. It is not known whether
flupirtine treatment during development increases apoptosis as has been observed with
retigabine, an analogue of flupirtine, and many currently available anticonvulsants (Bittigau
et al., 2002; Brown et al., 2016). A single dose of phenobarbital, diazepam, and phenytoin,
the current first-line drugs for the treatment of neonatal seizures, given to neonatal rats cause
apoptotic neurodegeneration (Bittigau et al., 2002). In the case of retigabine, multiple doses,
but not a single dose, causes apoptosis in the neonatal brain (Brown et al., 2016).
Phenobarbital treatment during development is also associated with reduced 1Q in human
patients (Farwell et al., 1990) and learning impairment in rats (Frankel et al., 2016).
Repeated administration of retigabine during early development increases anxiety-like
behavior, but does not impair learning and memory in adult rats (Frankel et al., 2016). In our
laboratory, we observed that repeated treatment of sham control neonatal rats (treated
exactly like HI rats, except for ligation of the artery and exposure to hypoxia) with flupirtine
(25 mg/kg, once a day for four days) did not cause learning and memory deficits in later life
(data not shown, unpublished observations). However, it is important to note that all these
studies were conducted in normal rats, and a drug may have a completely different effect
under different brain conditions and neuronal milieu (e.g., under normal conditions vs. in the
presence of an injury or abnormal background). As discussed earlier in the paper, flupirtine
potentiates GABA activity under normal conditions (Klinger et al., 2015), but reduces
GABA activity under hyperexcitable conditions (Kapetanovic et al., 1995; Martire et al.,
2004). A single dose of topiramate administered to normal P7 rat causes apoptosis (Kim et
al., 2007), but provides protection against neuronal death when given to P7 rats with
hypoxic-ischemic injury (Noh et al., 2006). Repeated doses of flupirtine (25 mg/kg)
administered to P10 rats, unlike phenobarbital (25 mg/kg), provide protection against
repetitive febrile seizures-induced cell death and cognitive impairment in later life (Yu et al.,
2011). Flupirtine has also been shown to exhibit neuroprotective activity in an animal model
of infantile neuronal ceroid lipofuscinosis (Dhar et al., 2002), and to provide protection
against glutamate-induced toxicity in 8 days-old hippocampal cultures prepared from 1 day-
old rats (Rupalla et al., 1995).

One of the deficits in the current study is that we tested the efficacy of flupirtine and
phenobarbital in the treatment of neonatal seizures in only hypoxic-ischemic male rats. It is

Neuropharmacology. Author manuscript; available in PMC 2020 January 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sampath et al.

Page 11

now well known that significant differences exist in development of GABA mediated
inhibition and susceptibility to neonatal hypoxic-ischemic injury between males and
females, and as a result, response to both the drugs may differ between males and females.
As discussed above, the immature brain has a depolarizing GABAergic system due to
developmentally regulated expression of transporters that maintain the chloride gradient in
the neuron (Ben-Ari, 2002; Ganguly et al., 2001). In rat CA1 pyramidal neurons, the
hyperpolarizing reversal potentials of GABAergic postsynaptic current appear earlier in
females (before P4) than in the males (13.7) (Galanopoulou, 2008). Similarly, in the
substantia nigra pars reticulate, the switch of GABA receptor-induced synaptic responses
to hyperpolarization occurs much earlier in female (at P10) than in male (at P17) rats
(Kyrozis et al., 2006). Treatment of neonatal male and female rats with muscimol, an agonist
for the GABA receptors, led to a significant reduction in the volume of the male
hippocampus but not female hippocampus later in life (Nunez and McCarthy, 2007).
Substantial damage to hippocampus and substantia nigra has been observed following
neonatal hypoxia-ischemia in humans and animal models (Chao et al., 2006; Wideroe et al.,
2012). Further, males have a higher incidence of neonatal HI and increased severity of
effects following the injury (Hill and Fitch, 2012). It is likely that immaturity of the
GABAergic inhibitory system contributes to this heightened susceptibility of neonatal males
to hypoxic-ischemic injury. The expression of KCNQ channels begins before birth and
rapidly increases over the early developmental period (Chege et al., 2012; Kanaumi et al.,
2008; Safiulina et al., 2008; Tinel et al., 1998). However, to the best of our knowledge, the
developmental pattern of KCNQ channel expression in male and female have never been
compared.

Overall, we believe that the results of the present study combined with earlier observations
regarding its efficacy and superiority over phenobarbital in the treatment of neonatal seizures
strongly suggest that flupirtine is likely to be a successful antineonatal-seizure medication in
clinics as well. Its long history of human use and its availability in injectable dosage form
will help expedite its translation to clinical use.
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Fig. 1. Flupirtine effectively treats Hl-induced electroclinical seizures.
Flupirtine given after the 1st electroclinical seizure reduces (A) the percent of rats with

electroclinical seizures and (B) the number and (C) total duration of electroclinical seizures
during the remaining hypoxia period. The data shown in the B and C histograms are mean +
SD. *p < 0.05, ***p < 0.0005, Student’s two-tailed #test. ECS = electroclinical seizure, Hl

= hypoxia-ischemia, V = vehicle, F = flupirtine.
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Fig. 2. Representative EEG tracings from P7 rats during immediate reperfusion period.
(A) The tracing on the left shows an example of inter-ictal EEG in a vehicle treated rat

during the immediate reperfusion period. A magnified excerpt of a part of the EEG, marked
with a bar above the tracing (1), is provided on the right side of the compressed EEG tracing.
During this epoch the rat is not moving, except for some forelimb twitches and a whole body
jerk preceded by a spike. (B) The tracing shows EEG activity during an electroclinical
seizure that occurred approximately one hour in the reperfusion period in the same vehicle
treated rat as above. The EEG ictal activity was associated with clonic movements of limbs.
The enlarged excerpt of a part of the EEG (2) is provided next to compressed EEG tracing.
(C) The representative tracing shows EEG activity in a flupirtine treated rat one hour in the
reperfusion period. Except for the slight hindlimb movement at the start of the epoch, the rat
was lying motionless during the entire epoch. The magnified excerpt of a part of the EEG (3)
is provided on the right side of the compressed EEG tracing. (D) The tracing shows EEG
activity during an electroclinical seizure in the phenobarbital treated HI rat. The EEG ictal
activity was associated with tonic-clonic movement of limbs and thrashing-like motion of

Neuropharmacology. Author manuscript; available in PMC 2020 January 24.
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both hindlimbs. The enlarged excerpt of a part of the EEG (4) is provided next to
compressed EEG tracing. L-Cx = left cortex, R-Cx = right cortex, S = second, V = volts.
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Fig. 3. Flupirtine, unlike phenobarbital, very effectively reduces seizure activity during the
immediate reperfusion period.

A single dose of flupirtine administered during the immediate reperfusion period (5 min
after the rat is reintroduced to the room air after a 2 h hypoxia period) reduced (A) the
percent of rats developing electroclinical seizures and (B) the number and (C) total duration
of electroclinical seizures during the reperfusion period. The data shown in the B and C
histograms are mean + SD. *» **Statistically different from HI + V group; *p < 0.05, **p <
0.01, Fisher’s exact test was used to compare data in A, and One-way ANOVA and Tukey’s
post-hoc test was used to compare data in B and C. ECS = electroclinical seizure, HI =
hypoxia-ischemia, V = vehicle, F = flupirtine, P = phenobarbital.
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Fig. 4. Efficacy of flupirtine and phenabar bital against purely electrographic seizures.
A single dose of flupirtine administered during the immediate reperfusion period appears to

reduce (A) the percent of rats with purely electrographic (subclinical) seizures and (B) the
number and (C) total duration of electrographic seizures during the reperfusion period.
However, a single dose of phenobarbital was completely ineffective against purely
electrographic seizures. The data shown in the B and C histograms are mean + SD. EGS =
electrographic seizure, HI = hypoxia-ischemia, V = vehicle, F = flupirtine, P =

phenobarbital.
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Fig. 5. Repeated flupirtine administration reduces overall seizure burden and modifies disease
progression during the acute phase of hypoxic-ischemic injury.

Flupirtine treatment initiated during the immediate reperfusion period and then continued for
3 more days (a daily dose of 25 mg/kg flupirtine), significantly reduced (A) the total number
and (B) duration of electroclinical seizures over a 72 h period following hypoxia-ischemia
(HI)-induction. Further, multiple flupirtine doses altered the evolution of disease and

reduced (C) number and (D) duration of electroclinical seizures during the acute phase of
hypoxic-ischemic injury. Data shown are mean + SD. *p < 0.05, Student’s two-tailed #test.
ECS = electroclinical seizure, V = vehicle, F = flupirtine.
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