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Abstract
Objectives: Bumetanide was suggested as an adjunct to phenobarbital for suppres-
sion of neonatal seizures. This suggestion was based on the idea that bumetanide, 
by reducing intraneuronal chloride accumulation through inhibition of the Na- K- 2Cl 
cotransporter NKCC1, may attenuate or abolish depolarizing γ- aminobutyric acid 
(GABA) responses caused by birth asphyxia. However, a first proof- of- concept clini-
cal trial failed. This could have had several reasons, including bumetanide's poor 
brain penetration, the wide cellular NKCC1 expression pattern in the brain, and prob-
lems with the general concept of NKCC1’s role in neonatal seizures. We recently 
replicated the clinical failure of bumetanide to potentiate phenobarbital's effect in a 
novel rat model of birth asphyxia. In this study, a clinically relevant dose (0.3 mg/
kg) of bumetanide was used that does not lead to NKCC1- inhibitory brain levels. 
The aim of the present experiments was to examine whether a much higher dose 
(10 mg/kg) of bumetanide is capable of potentiating phenobarbital in this rat model. 
Furthermore, the effects of the two lipophilic bumetanide derivatives, the ester prod-
rug N,N- dimethylaminoethylester of bumetanide (DIMAEB) and the benzylamine 
derivative bumepamine, were examined at equimolar doses.
Methods: Intermittent asphyxia was induced for 30 min by exposing male and female 
P11 rat pups to three 7 + 3 min cycles of 9% and 5% O2 at constant 20% CO2. All 
control pups exhibited neonatal seizures after the asphyxia.
Results: Even at 10 mg/kg, bumetanide did not potentiate the effect of a submaxi-
mal dose (15  mg/kg) of phenobarbital on seizure incidence, whereas a significant 
suppression of neonatal seizures was determined for combinations of phenobarbital 
with DIMAEB or, more effectively, bumepamine, which, however, does not inhibit 
NKCC1. Of interest, the bumepamine/phenobarbital combination prevented the neu-
rodegenerative consequences of asphyxia and seizures in the hippocampus.
Significance: Both bumepamine and DIMAEB are promising tools that may help to 
develop more effective lead compounds for clinical trials.
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1 |  INTRODUCTION

Neonatal seizures, the most common neurological emer-
gency in the neonatal period, occur most frequently as a 
result of perinatal asphyxia and hypoxic- ischemic encepha-
lopathy.1,2 Neonatal seizures are often resistant to conven-
tional antiseizure drugs (ASDs), which increases the risk of 
brain damage, and later- life motor, cognitive, and behavioral 
impairments.3,4 Based on the NKCC1 hypothesis of neonatal 
seizures, which suggests that brain injury caused by perinatal 
asphyxia results in neuronal upregulation of the Na- K- 2Cl 
cotransporter NKCC1 and a consequent shift from hyperpo-
larizing to depolarizing γ- aminobutyric acid (GABA),5,6 the 
NKCC1 inhibitor bumetanide has been proposed to consti-
tute an effective adjunct treatment for neonatal seizures.3,7,8 
Bumetanide was suggested to alter the action of GABAergic 
ASDs, such as phenobarbital, by preventing brain injury– 
induced intraneuronal accumulation of chloride through in-
hibition of NKCC1.7 Bumetanide has been used safely as a 
diuretic in neonates, which may facilitate its translation to 
clinical trials in this age group. However, in a first proof- 
of- concept clinical trial on intravenous bumetanide as an 
add- on to phenobarbital for treatment of neonatal seizures, 
bumetanide did not improve seizure control but increased the 
risk of hearing loss.9 A more recent clinical trial reported a 
modest increase of phenobarbital's effect on neonatal seizure 
burden by bumetanide,10 but, again, bumetanide was associ-
ated with increased risk of ototoxicity.

Similar to the clinical trials, data on bumetanide in rodent 
models of neonatal seizures are equivocal.11- 14 Potential rea-
sons for this are manifold and include the wide cellular ex-
pression of NKCC1 in the brain15 and other shortcomings of 
the NKCC1 hypothesis of neonatal seizures,16 as well as the 
poor brain penetration of bumetanide.12 Thus at the low doses 
(0.05- 0.3 mg/kg) of bumetanide used clinically in neonates, 

NKCC1- inhibitory levels are not reached in the brain paren-
chyma.17 We have described several lipophilic bumetanide 
prodrugs and derivatives that penetrate the brain much more 
efficiently than bumetanide and are more effective to potenti-
ate phenobarbital's antiseizure effect in adult rodents.17,18 The 
prototypes of these compounds are the bumetanide ester pro-
drug DIMAEB (the N,N- dimethylaminoethylester of bumeta-
nide)18 and bumepamine, a lipophilic benzylamine derivative 
of bumetanide that, however, does not inhibit NKCC1.17

The aim of the present study was to determine (a) whether 
bumetanide potentiates phenobarbital when administered at 
much higher doses that lead to NKCC1- inhibitory drug lev-
els in the brain (as shown previously in adult rodents17), and 
(b) whether equimolar doses of the bumetanide derivatives 
DIMAEB and bumepamine are more efficacious than bumeta-
nide to potentiate phenobarbital's effect on neonatal seizures. 
For this goal, we used a noninvasive model of birth asphyxia– 
induced seizures recently described in postnatal day 11- 12 
(P11- 12) rats,19 that is, an age that roughly corresponds to the 
human term neonate.20 In contrast to hypoxia- only models such 
as the one used by Cleary et al21 and many others, the physi-
ological responses in the new asphyxia model closely mimic 
those observed in human birth asphyxia (for extensive discus-
sion, see Pospelov et al22 and Ala- Kurikka et al19). Notably, sei-
zures in this asphyxia model develop after and not during the 
insult (as is the case for hypoxia- only models), which also par-
allels the situation in human neonates. In line with the clinical 
trial reported by Pressler et al,9 a clinically used dose (0.3 mg/
kg) of bumetanide did not increase the antiseizure potential of 
phenobarbital in this model.23 In the present study, in addition 
to determining the antiseizure effects of equimolar doses of 
bumetanide, DIMAEB, and bumepamine alone and in combi-
nation with phenobarbital, we examined whether the most ef-
fective treatment prevents the neurodegenerative consequences 
of asphyxia and seizures in the hippocampus.
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Key points
• Neonatal seizures are the most common neurological emergency in the neonatal 

period and respond only poorly to antiseizure drugs
• Bumetanide was suggested to potentiate phenobarbital, but we found no such effect 

at clinically relevant doses in a novel rat model of birth asphyxia
• At such doses, bumetanide did not reach NKCC1- inhibitory drug levels in the neo-

natal brain
• Here, we examined whether ~30- fold higher doses of bumetanide or lipophilic bu-

metanide derivatives potentiate phenobarbital
• A combination of phenobarbital and bumepamine prevented neonatal seizures and 

subsequent hippocampal neurodegeneration
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2 |  MATERIALS AND METHODS

Methods are described in Appendix S1.

3 |  RESULTS

3.1 | Behavioral alterations during and after 
asphyxia in P11 rat

A total of 142 rat pups (64 male, 78 female) were used 
for the present experiments. As described recently,19,23 
exposing the P11 rat pups to intermittent asphyxia as 
shown in Figure 1A did not produce any obvious behav-
ioral effects, apart from brief agitation on initiation of the 
exposure. Seizures were never seen during the period of 
asphyxia. However, following the establishment of nor-
mocapnic conditions after asphyxia, all vehicle- treated rat 
pups (n = 25) exhibited clinically obvious seizures (stage 

I- V) after ~1- 2  min on average. These seizures occurred 
repeatedly over a period of 0.5- 5.3 min, after which the an-
imals resumed normal behavior (Table S1). In agreement 
with previous findings,19,23 the predominant seizure type 
was generalized convulsive (stage III- V) seizures, par-
ticularly generalized tonic- clonic (stage V) seizures. Only 
few vehicle- treated rat pups exhibited only nonconvulsive 
seizures after asphyxia (Figure 2). The median seizure se-
verity score of the group of vehicle- treated rat pups was 5 
(range 1- 5) (Table S2). Mortality during asphyxia was low 
(3%).

3.2 | Effects of drug treatment on 
neonatal seizures

As shown in Figure 2A, phenobarbital dose- dependently de-
creased the incidence of neonatal seizures. In comparison to 
control pups, which all exhibited seizures, seizure incidence 
was decreased by 23% (15 mg/kg) and 75% (30 mg/kg), re-
spectively. Furthermore, phenobarbital decreased seizure 
severity in that fewer pups exhibited generalized convulsive 
seizures. However, nonconvulsive (stage I and II) seizures 
were not completely prevented by phenobarbital. In con-
trast to phenobarbital, neither bumetanide (10  mg/kg) nor 
DIMAEB (13  mg/kg) or bumepamine (10  mg/kg) exerted 
any significant effects on the incidence or severity of seizures 
when administered alone at high equimolar doses (Figure 
2B- D). Furthermore, these compounds did not reduce seizure 
severity.

For combined treatment, we used the lower dose (15 mg/
kg) of phenobarbital, which did not significantly reduce 
seizure incidence (Figure 2A); this is consistent with re-
cent experiments with this dose of phenobarbital in P11 
rat pups.23 Combined treatment with bumetanide and phe-
nobarbital did not increase the antiseizure efficacy of phe-
nobarbital (Figure 2B). However, the bumetanide prodrug 
DIMAEB significantly increased the efficacy of phenobar-
bital (Figure 2C). Strikingly, the most marked (3.6- fold) 
potentiation of phenobarbital's effect was brought about 
by bumepamine, which has no effect on NKCC117 (Figure 
2D). The antiseizure efficacy of the bumepamine/pheno-
barbital combination was similar to the efficacy of the 
high dose (30 mg/kg) of phenobarbital. However, although 
25% of the high- dose phenobarbital group still exhibited 
nonconvulsive seizures (Figure 2A), only 11% of the bu-
mepamine/phenobarbital- treated group exhibited such 
difficult- to- treat seizures (Figure 2D).

Latencies to seizure onset (after termination of asphyxia) 
and the duration of the period of seizure occurrence are il-
lustrated in Table S1. Furthermore, median seizure severity 
scores of the various control and treatment groups are shown 
in Table S2. Although phenobarbital and bumetanide exerted 

F I G U R E  1  Schematic illustration of the experimental setup used 
for inducing asphyxia in P11 rats (A) and the scoring system used to 
rate the type and severity of seizures induced by asphyxia (B). The 
scoring system was modified from the system described by Racine51 
for nonconvulsive (focal) and generalized convulsive seizures in 
kindled rats. (See text for details; see Pressler et al35 for correlates in 
human neonates)
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no significant effects on seizure latency or duration, their 
combination significantly reduced the period of seizure oc-
currence compared to vehicle controls (p = .0009; Table S1). 
DIMAEB significantly increased latency to nonconvulsive 
seizures (p = .0204) and bumepamine significantly shortened 
the duration of the period of seizure occurrence (p = .0254). 
Seizure severity was significantly decreased by all treatments 
that included phenobarbital, whereas bumetanide, DIMAEB, 
and bumepamine alone exerted no significant effects (Table 
S2).

3.3 | Drug levels in plasma and brain

When phenobarbital was administered 15  min (30  mg/kg) 
or immediately before the onset of asphyxia (15  mg/kg) 
and plasma and brain drug levels were determined 10 min 
after termination of asphyxia, that is, shortly after the post- 
asphyxia seizures, brain levels of phenobarbital were only 
moderately lower than those determined in plasma, with 
average brain:plasma ratios of 0.75 (15  mg/kg) and 0.8 
(30 mg/kg), respectively (Figure 3). Notably, plasma levels 

F I G U R E  2  Drug effects on seizure incidence in the P11 rat asphyxia model of neonatal seizures. Drugs or respective drug vehicles were 
administered 15 min or immediately before onset of asphyxia as described in Section 2. Separate vehicle groups were used together with each 
treatment, depending on the vehicles used for dissolving the compounds (see Appendix S1). All types of clinically obvious (stage I- V) seizures 
were included in calculation of seizure incidence; the highest seizure stage observed in each animal was used for the average values shown 
here. Seizure incidence is illustrated as percent of animals with seizures vs animals without seizures. Nonconvulsive and convulsive seizures are 
separately shown. Group size is indicated below the bars. Note that the same group of P11 rat pups treated with 15 mg/kg phenobarbital was used 
for all comparisons. For an overall comparison of the seizure incidence data shown in the four panels (A- D), data were analyzed by the omnibus 
version of the chi2 test, followed by pairwise comparisons with Barnard's test; comparisons were corrected for multiplicity by the Bonferroni 
method. The omnibus version of the chi- square test yielded a p of .0082. Data from post hoc testing are indicated as follows. Significant differences 
in seizure incidence to concurrent vehicle controls are indicated by asterisk (*p < .05; **p < .01), whereas significant differences in incidence 
of convulsive seizures to concurrent vehicle controls are indicated by the hash sign (#p < .05; ##p < .01; ###p < .001). (A) Effect of phenobarbital 
(PB), administered at either 15 or 30 mg/kg, i.p., on seizure incidence. (B) Effect of bumetanide (Bum), 10 mg/kg, i.p., alone or in combination 
with 15 mg/kg phenobarbital on seizure incidence. Bumetanide was injected 15 min before phenobarbital. (C) Effect of the bumetanide prodrug 
DIMAEB 13 mg/kg, i.p., alone or in combination with 15 mg/kg phenobarbital on seizure incidence. DIMAEB was injected 15 min before 
phenobarbital. (D) Effect of the bumetanide derivative bumepamine 10 mg/kg, i.p., alone or in combination with 15 mg/kg phenobarbital on 
seizure incidence. Bumepamine was injected 15 min before phenobarbital. The effect of the combination of bumepamine and phenobarbital was 
not only significant in comparison to vehicle but also to treatment with 15 mg/kg phenobarbital alone (p = .003139)
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of phenobarbital were within its therapeutic range (10- 40 µg/
mL) observed in patients with epilepsy.24

Combined treatment with bumetanide did not signifi-
cantly affect plasma or brain levels of phenobarbital or its 
plasma- to- brain ratio (Figure 3). In contrast to phenobarbi-
tal, as reported previously for adult rodents,18,25,26 bumeta-
nide penetrated the brain only poorly, resulting in an average 
brain- to- plasma ratio of only 0.025 (Figure 3). Phenobarbital 
did not alter the plasma or brain levels of bumetanide. Thus 
as shown previously,21 the blood- brain barrier (BBB) of 
neonatal rats is not more penetrable by bumetanide than the 
BBB of adults. Following administration of the high dose 
(10 mg/kg) of bumetanide used here, brain bumetanide levels 
(~0.2 µg/mL = 0.6 µM) were over the concentration range 
(0.1- 0.3 µM) needed to minimally inhibit NKCC1.6 However, 
this calculation does not consider the extensive tissue binding 
of bumetanide (>80%) reported recently for brain tissue.17 
Thus free functionally available brain levels of bumetanide 
would be only ~0.1 µM in the neonatal brain, which may be 
too low to affect NKCC1.

Unexpectedly, brain levels of bumetanide following sys-
temic administration of its lipophilic and uncharged prodrug 
DIMAEB were not higher than brain levels of bumetanide 
following injection of the parent drug (Figure 3B). However, 
in this respect, it is important to note that bumetanide brain 
levels following DIMAEB were determined at about 55 min 
after administration, which may be too late to determine a 
difference in bumetanide brain levels compared to injec-
tion of the parent drug (see Section 4). Furthermore, in the 
present experiments, combined treatment with phenobarbi-
tal significantly decreased bumetanide brain concentrations 

and brain- to- plasma ratio of bumetanide determined after 
DIMAEB (Figure 3B,C), indicating that phenobarbital in-
duced the metabolism of DIMAEB.

In contrast to DIMAEB, only a minor fraction of bume-
pamine is metabolized to bumetanide, but bumepamine itself 
rapidly and effectively penetrates into the brain.17 As shown 
in Figure 3, brain levels of bumepamine exceeded its plasma 
levels, resulting in brain- to- plasma ratios of >1. Combined 
treatment with bumepamine and phenobarbital led to signifi-
cantly increased brain levels of phenobarbital (and the brain- 
to- plasma ratio of phenobarbital) compared to treatment with 
phenobarbital alone (Figure 3B,C). However, brain levels 
of phenobarbital following combined treatment with bume-
pamine and phenobarbital were clearly below the brain levels 
observed after treatment with the higher dose (30 mg/kg) of 
phenobarbital (Figure 3B), thus indicating that the synergis-
tic interaction between bumepamine and phenobarbital was 
not solely due to a pharmacokinetic drug- drug interaction.

3.4 | Hippocampal alterations shortly 
after asphyxia

Representative photomicrographs of immunostained brain sec-
tions of rat pups 24 h after asphyxia or sham asphyxia are shown 
in Figure 4 and Figure S1. Visual inspection of brain sections 
for conspicuous neuronal activation by c- Fos immunolabeling 
did not indicate any obvious differences between asphyxia-  or 
sham- treated pups (Figure S1A), which, however, does not ex-
clude changes in neuronal activity in the areas studied. Most 
c- Fos– positive neurons were observed in the dentate gyrus, 

F I G U R E  3  Plasma and brain levels of drugs in P11 rat pups, determined 10 min after termination of asphyxia. Drugs were administered 
15 min or immediately before onset of asphyxia as described in Appendix S1. Data are shown as means ± SEM: group size is indicated below 
the bars in (A). Data were analyzed by one- way ANOVA with Dunnett's multiple comparisons test. Phenobarbital alone was administered at 
either 15 or 30 mg/kg, i.p. In all experiments with combined treatment, phenobarbital was administered at 15 mg/kg. (See Figure 2 for further 
details.) Significant differences in plasma or brain levels and the brain- to- plasma ratio of phenobarbital in experiments with combined treatment vs 
administration of phenobarbital (15 mg/kg) alone are indicated by asterisks (*p < .05; **p < .01; ***p < .001). Similarly, significant differences in 
brain levels of bumetanide in experiments with DIMAEB vs administration of bumetanide alone are indicated by asterisks (**p < .01). (A) Plasma 
levels; (B) brain levels; (C) brain- to- plasma ratio. Abbreviations: BMP, bumepamine; Bum, bumetanide; PB, phenobarbital



   | 1465JOHNE Et al.

which was, therefore, chosen for quantification. As shown in 
Figure S2A, no significant difference between asphyxia and 
sham rats was observed. Similarly, no inter- group differences 
were observed in the piriform cortex (not illustrated).

Next, we visually inspected brain sections for differences 
in activated caspase- 3– positive neurons. In contrast to c- Fos– 
positive neurons, which were rarely observed in brain regions, 
many NeuN- positive neurons of the neonatal hippocampal 
sections were also positive for activated caspase- 3 (Figure 4). 
An obvious difference between sham and post- asphyxial rat 
pups was observed in CA1, which was, therefore, chosen for 
quantification. As shown in Figure 5A, the density of activated 
caspase- 3/NeuN- positive cells tended to be higher in sections 
from post- asphyxial rat pups than in sham controls; however, 
due to large inter- individual variation in the post- asphyxial an-
imals the difference in sham controls did not become statisti-
cally significant (p = .0874). We, therefore, examined, whether 
this variation was due to the different seizure severity across 
the rat pups following asphyxia. When only pups with the most 
severe (stage V) neonatal seizures were considered, these rats 

exhibited significantly more activated caspase- 3/NeuN- positive 
neurons in CA1 than in sham controls (Figure 5B), indicating 
increased neuronal apoptosis, whereas no significant difference 
to sham controls was observed in rats with lower seizure stages. 
We also examined activated caspase- 3 labeling in the somato-
sensory cortex and lateral thalamus for which previous studies 
reported increased apoptosis in neonatal rats following com-
mon carotid artery occlusion and hypoxia27 or pilocarpine,28 
but did not observe any caspase- 3/NeuN- positive cells (Figure 
S3). This, together with the data from isotype control for the 
primary caspase- 3 antibody (see Appendix S1 and Figure S4), 
argues against the possibility that nonspecific background 
staining affected the caspase- 3 data presented in Figure 5A,B.

We, therefore, quantitated the density of NeuN- positive 
neurons in the CA1 (Figure 5C). Following asphyxia, rat pups 
exhibited significantly fewer neurons in CA1 than in sham 
controls. Neuronal loss appeared to be most prominent in rats 
with generalized tonic- clonic (stage V) seizures (Figure 5D).

Next, we analyzed NeuN- positive cells in the dentate hilus 
of the hippocampal formation. As shown in Figure S2B, no 

F I G U R E  4  Representative photomicrographs showing caspase- 3/NeuN+ cells (A) and NeuN+ cells (B) in the CA1 of the hippocampus in 
sham control rat pups (sham; left), rat pups submitted to asphyxia without treatment (untreated; middle), and rat pups submitted to asphyxia and 
treated with bumepamine and phenobarbital (bumepamine + PB; right). (A) Images of activated caspase- 3 (green) and NeuN (red) staining in the 
CA1 region of the hippocampus. A merge of the caspase- 3 and NeuN staining and a high magnification (right upper corner, 4× zoom) show an 
overlay of the stainings. (B) Images of NeuN (red) staining in the CA1 of the hippocampus
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significant intergroup difference in density of hilar neurons 
was observed. Furthermore, the volume of the dentate gyrus 
(Figure S2D) and the hippocampus as a whole (Figure S2C) 
did not significantly differ between post- asphyxial rats and 
sham controls.

Finally, we examined whether asphyxia and neonatal sei-
zures induced astrogliosis in the hippocampus by immunos-
taining with GFAP (Figure S1D). As shown in Figure S2E, 
no increase in GFAP staining was observed.

3.5 | Effect of treatment with 
phenobarbital and bumepamine on 
hippocampal alterations shortly after asphyxia

Prompted by the marked antiseizure effect of the phenobar-
bital/bumepamine combination (Figure 2D), we examined 

whether this combination exerted a neuroprotective effect. 
As shown in Figure 5, the drug combination prevented both 
apoptosis and the loss of NeuN- positive neurons in the CA1 
region.

4 |  DISCUSSION

As reported recently,23 neonatal seizures in the present rat 
model of birth asphyxia responded to treatment with phe-
nobarbital, although nonconvulsive seizures could not be 
completely prevented. In human neonates, such subtle non-
convulsive (or subclinical) seizures are the most frequent 
type of neonatal seizures and often resistant to ASDs.1,3 We 
have recently shown that a clinically relevant dose (0.3 mg/
kg) of bumetanide does not exert any antiseizure activity 
when administered alone and does not potentiate the efficacy 

F I G U R E  5  Quantitative data of the immunohistological brain analyses. All data were determined 24 h after asphyxia (ASX). Data are shown 
as boxplots with whiskers from minimum to maximal values; the horizontal line in the boxes represents the median value. In addition, individual 
data are shown. Data were analyzed by ANOVA for nonparametric data (Kruskal- Wallis test), followed by Dunn's multiple comparisons test. 
Significant differences to sham controls are indicated by asterisks (*p < .05; **p < .01), significant differences to untreated or “untreated stage V” 
are indicated by hash sign (#p < .05; ##p < .01). (A) Density of activated caspase- 3/NeuN- positive (double- labeled) cells in the CA1. (B) Density of 
activated caspase- 3/NeuN- positive (double- labeled) cells in the CA1; data for asphyctic, untreated pups are divided into pups that exhibited stage 
I –  IV and stage V (generalized tonic- clonic) seizures after asphyxia. (C) Density of NeuN- positive cells in CA1. (D) Density of NeuN- positive 
cells in CA1; data for asphyctic, untreated pups are divided into pups that exhibited stage I –  IV and stage V seizures after asphyxia. Abbreviations: 
BMP, bumepamine; PB, phenobarbital; Untr., untreated
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of phenobarbital in the novel rat model of birth asphyxia,23 
which would be consistent with the negative outcome of the 
first clinical trial with bumetanide and phenobarbital com-
binations in human neonates with seizures.9 In the present 
study, we increased the dose of bumetanide to 10 mg/kg and 
still found no significant effect of bumetanide on the seizure- 
suppressing potency of phenobarbital, except for a reduction 
of the period of seizure occurrence. As demonstrated by the 
pharmacokinetic data, even at this high dose of bumetanide, 
NKCC1- inhibitory brain concentrations were hardly reached 
in the neonates. This also suggests that asphyxia did not 
cause any impairment of the BBB that would allow increased 
drug penetration into the brain parenchyma. In contrast to 
bumetanide, significant potentiation of phenobarbital was 
observed with the bumetanide prodrug DIMAEB (previously 
also termed “BUM5” or “STS5”) and the lipophilic ben-
zylamine derivative bumepamine (previously also termed 
“BUM13”).

At first glance, the increased efficacy of DIMAEB is dif-
ficult to explain because brain levels of bumetanide were not 
significantly higher compared to administration of the parent 
drug. In previous experiments in adult rats, brain levels of bu-
metanide following administration of DIMAEB were 5- fold 
higher than brain levels obtained with bumetanide, which 
was explained by rapid penetration of the lipophilic prod-
rug into the brain and subsequent cleavage to bumetanide by 
tissue esterases.18 However, in these previous experiments, 
peak brain levels of bumetanide following administration 
of DIMAEB were determined at 30 min, whereas at 60 min 
brain bumetanide levels were markedly decreased as a conse-
quence of the rapid elimination of bumetanide in rats.18 In the 
present study, brain levels of bumetanide were determined 
~10 min after asphyxia, that is, ~55 min after administration 
of DIMAEB, which is the most likely explanation for not ob-
serving differences in brain bumetanide levels compared to 
administration of the parent drug. Another explanation could 
be that neonatal esterases are not yet effective enough to rap-
idly cleave the bumetanide ester prodrug DIMAEB; however, 
we recently reported that neonatal rat brain tissue can rapidly 
metabolize DIMAEB to bumetanide.29

At equimolar doses, bumepamine was more effective than 
DIMAEB in potentiating the effect of phenobarbital on neo-
natal seizures. Part of this effect may be due to a pharmacoki-
netic interaction, because bumepamine increased brain levels 
of phenobarbital by ~58%. However, this increase of pheno-
barbital brain levels alone is not sufficient to explain the 3.6- 
fold potentiation of phenobarbital’s antiseizure efficacy by 
bumepamine. In contrast to bumetanide, bumepamine does 
not inhibit NKCC1 and its precise mechanism of action is 
currently unknown.17 Thus its effect on phenobarbital indi-
cates that mechanisms other than NKCC1 inhibition can sig-
nificantly potentiate the antiseizure efficacy of a GABAergic 
ASD like phenobarbital in neonates.

Phenobarbital potentiates the effect of the inhibitory neu-
rotransmitter GABA by enhancing the hyperpolarizing chlo-
ride (Cl−) ion– mediated current across GABAA receptors in 
target neurons.30 The transmembrane electrochemical Cl− 
gradient of neurons is set by the interaction of Cl−- permeable 
channels and by secondary- active ion- transporters, whereof 
the Cl− importer NKCC1 and the Cl− exporter KCC2 are the 
major ones.31 Several studies have shown that KCC2 expres-
sion in the human neonate is high,31,32 which results in a low 
intracellular Cl− concentration required for the hyperpolar-
izing action of GABA. However, following neuronal trauma 
such as induced by perinatal asphyxia, downregulation of 
KCC2 and upregulation of NKCC1 may occur, which may 
lead to a suppression and even a reversal of the hyperpolariz-
ing GABA- gated current.6 As a result, Cl− inbound transport 
exceeds the outbound transport, so that intracellular Cl− lev-
els are high, thus resulting in a reversed Cl− gradient. This 
leads to a change in the functionality of GABA in damaged 
neurons, which becomes depolarizing/excitatory rather than 
hyperpolarizing/inhibitory, possibly explaining the poor effi-
cacy of phenobarbital and other ASDs (eg, benzodiazepines) 
that act via GABAergic mechanisms in neonates.6 However, 
whether and to what extent this mechanistic scheme is valid 
for the brain of the asphyxiated human neonate is not known. 
Furthermore, the role, if any, of increased NKCC1 expression 
for the neonatal seizures induced by asphyxia in the present 
rat model has to be demonstrated. The original work on the 
present animal model demonstrated that the fast recovery of 
brain pH during the post- asphyxia recovery led to a robust 
increase in neuronal excitability and to consequent seizure 
activity, which is likely to act as one of the many converging 
factors that promote seizures in the human neonate.19

Thus far, preclinical studies on neonatal seizures and their 
short-  and long- term consequences in laboratory rodents have 
used either hypoxia or hypoxia- ischemia for seizure induc-
tion.33,34Exposure to hypoxia alone does not mimic the effects 
of asphyxia either within or outside the brain as demonstrated 
by Ala- Kurikka et al19 (see also Pospelov et al22). In human 
neonates, the most common cause of postnatal seizures is 
prolonged perinatal asphyxia, exposing the fetus or newborn 
to hypoxia and hypercapnia with significant acidosis, which 
suppresses neuronal activity during asphyxia.1,2,35 Neonatal 
seizures typically occur during recovery after asphyxia,1,2 
which is also observed in the present model.

Twenty- four hours after asphyxia we found a significant 
decrease in neuronal density in the hippocampal CA1 sector, 
most likely as a consequence of neuronal apoptosis as indi-
cated by caspase- 3 immunolabeling. Of interest, the extent of 
apoptosis and neurodegeneration was related to the severity 
of the neonatal seizures, which has previously been reported 
in a piglet model of hypoxia- ischemia.36 In contrast to the 
present asphyxia model, no neurodegeneration was found in 
a rat hypoxia- alone model.33
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The volumes of the hippocampus and the dentate gyrus 
as well as neuronal density in the dentate hilus were not af-
fected by asphyxia and seizures within the short period (24 h) 
chosen for the present experiments. Atrophy of the hilus and 
other hippocampal subfields occurs in diverse conditions, 
including cognitive decline and temporal lobe epilepsy.37,38 
Because we did not differentiate specific subpopulations of 
hilar neurons (mossy cells and different types of GABAergic 
interneurons), we cannot exclude significant reduction of 
such subpopulation of neurons. Loss of hilar mossy cells 
following brain injury is a cause of mossy fiber sprouting, 
that is, the growth of dentate gyrus granule cell axons into 
their own dendritic field in the inner molecular layer, creat-
ing de novo recurrent excitatory circuits that may be involved 
in epileptogenesis.39,40 Such mossy fiber sprouting has been 
observed in later life following hypoxia- induced neonatal 
seizures.33 c- Fos was proposed as an early step in the pro-
cess; however, increased expression of c- Fos and some other 
immediate early genes does not appear necessary for mossy 
fiber sprouting.40 In the present asphyxia model, we did not 
observe increased expression of c- Fos in the dentate gyrus. 
Subsequent studies should examine whether mossy fiber 
sprouting and cognitive and behavioral alterations occur in 
later life following asphyxia- induced neonatal seizures in the 
rat model used here.

In the present study, a combination of bumepamine and 
phenobarbital almost completely prevented neonatal seizures 
and hippocampal damage following asphyxia. This neuropro-
tective effect may either be related to specific drug effects 
or to the marked suppression of neonatal seizures, or both. 
There is increasing preclinical and clinical evidence that neo-
natal seizures exacerbate brain injury and neurodevelopmen-
tal outcome following birth asphyxia.4 Thus suppression of 
seizures by bumepamine/phenobarbital in the present study is 
a likely explanation for the neuroprotective effect of the treat-
ment. In any event, NKCC1 is not involved, because bume-
pamine does not inhibit this chloride transporter.17 Although 
the exact mechanism(s) of action of this bumetanide deriva-
tive needs to be identified, bumepamine is a valuable tool for 
sorting out the so- far unknown mechanisms whereby bumeta-
nide or its prodrug DIMAEB might act when administered 
at doses that do not lead to brain concentrations that inhibit 
NKCC1.17 Several potential mechanisms are discussed in this 
respect, including effects of bumetanide on NKCC1 located 
in the BBB, the hypothalamic- pituitary- adrenal axis, and the 
choroid plexus as well as secondary actions resulting from 
bumetanide's strong diuretic activity.6,16 In this regard, it is 
important to note that both DIMAEB and bumepamine are 
potent diuretics, although less so than bumetanide.17,18,41

Currently, therapeutic hypothermia is the only clinically 
established treatment for neuroprotection following asphyxia 
in term neonates; however, about half of survivors exhibit 
brain damage and persistent neurodevelopmental disabilities 

despite receiving hypothermia.42 Thus one obvious strat-
egy is to combine hypothermia with other neuroprotective 
agents.42,43 The combination of bumepamine and pheno-
barbital described here is an interesting option because it 
combines strong antiseizure efficacy with neuroprotective 
activity. Phenobarbital alone does not improve the neuropro-
tective efficacy of therapeutic hypothermia in infants.44,45

The current study has some limitations. First, drugs 
were given before asphyxia, whereas treatment of asphyxia- 
induced neonatal seizures in humans occurs after asphyxia. 
In human neonates, seizures caused by perinatal asphyxia 
typically start several hours after birth,46 whereas seizures 
in the present model occur within minutes after asphyxia. 
Thus, as demonstrated recently,23 the short time span to sei-
zure onset limits the range of ASDs that can be tested for 
antiseizure efficacy after asphyxia to drugs such as midaz-
olam, which penetrates extremely fast into the brain, whereas 
drugs such as phenobarbital or bumetanide do not reach their 
brain targets within the time frame necessary. In the present 
study protocol, drug administration was done before asphyxia 
similar to the protocol used by Cleary et al21 in a hypoxia- 
induced model of neonatal seizures in P10 rat pups, in which 
bumetanide (0.3 mg/kg, i.p.) potentiated the antiseizure ef-
fect of phenobarbital (15 mg/kg, i.p.) when both drugs were 
administered before hypoxia. However, in the experiments of 
Kang et al,47 in which both phenobarbital (25 mg/kg, i.p.) and 
bumetanide (0.1- 0.2 mg/kg, i.p.) were given 1 and 2 h after 
onset of permanent unilateral carotid- ligation to produce 
acute ischemic- seizures in P7- 12 mice, bumetanide failed 
to improve the efficacy of phenobarbital. Thus although our 
study design with administration of phenobarbital and bu-
metanide before asphyxia is different to clinical practice, the 
outcome is similar to the results of Kang et al47 with admin-
istration of these drugs after an ischemic insult.

Second, whereas increased NKCC1 expression in the 
brain has been implicated in neonatal seizures in humans5- 7 
(although no data are available to support this hypothesis16), 
the role of NKCC1 upregulation, if any, in the present model 
is not known, yet. Cleary et al21 reported that the expression 
of NKCC1 protein transiently increased in cortex and hippo-
campus after hypoxic seizures in P10 rat pups. Notably, there 
is no information on whether this increase took place in neu-
rons or in non- neuronal cells. In apparent contrast, no signif-
icant NKCC1 changes were detected in the ischemia model 
of neonatal seizures used by Kang et al (2015), but a post- 
ischemic downregulation of KCC2 expression was found in 
the ipsilateral hemisphere, indicating that KCC2 may play a 
critical role in this model.

In conclusion, in line with our recent study that a low dose 
(0.3  mg/kg) of bumetanide does not potentiate the antisei-
zure efficacy of phenobarbital in an asphyxia model of neo-
natal seizures, the present data show that even a much higher 
dose of bumetanide is ineffective in this regard. However, 
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in contrast to bumetanide, an equimolar dose of its prodrug 
DIMAEB potentiated phenobarbital's antiseizure activity. 
The most potent effect was obtained by combining pheno-
barbital with bumepamine, although this compound does not 
inhibit NKCC1.17 The phenobarbital/bumepamine combi-
nation also prevented the detrimental effect of asphyxia in 
the hippocampus. As shown by our previous17 and present 
studies, bumepamine has several advantages over bumeta-
nide for central nervous system (CNS) targeting, including 
lower diuretic potency, much higher brain permeability, and 
higher efficacy to potentiate the anti- seizure effect of phe-
nobarbital in adult rodents, which was substantiated in the 
present study in neonates. Furthermore, because of the lack 
of NKCC1- inhibitory activity of bumepamine, the latter drug 
should not share the ototoxicity of bumetanide that is related 
to NKCC1 inhibition in the epithelial cells of the inner ear.14 
Compared to bumepamine, an equimolar dose of the bumeta-
nide prodrug DIMAEB was less potent to increase phenobar-
bital's antiseizure activity in neonates, but the present data 
extend previous findings that DIMAEB is more efficacious 
than the parent drug to potentiate phenobarbital in seizure 
models.18,48 DIMAEB is, therefore, a useful tool to further 
improve the bumetanide prodrug strategy for neurological in-
dications, such as neonatal seizures, in which NKCC1 inhib-
itors are thought to be useful. The recent finding that human 
neonates are capable of rapidly metabolizing DIMAEB to 
bumetanide is an important prerequisite for the use of such 
bumetanide ester prodrugs in newborn babies.29 Indeed, 
ester- linked prodrugs for enhancing CNS drug delivery is the 
most commonly employed approach for increasing lipophilic-
ity of polar molecules exhibiting limited CNS penetration.49 
An important advantage of prodrugs of clinically approved 
drugs such as bumetanide is that the drug development pipe-
line to first use in humans is much shorter compared to new 
chemical entities such as bumepamine.49,50 However, in view 
of the cellular and functional complexity of NKCC1 in the 
brain,15 it remains to be established whether brain- targeting 
NKCC1 inhibitors are a viable therapeutic strategy for treat-
ing brain disorders.16
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