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H I G H L I G H T S

• The NKCC1 inhibitor bumetanide has been proposed to potentiate phenobarbital's anti-seizure activity.

• However, bumetanide hardly reaches brain levels sufficient to inhibit neuronal NKCC1.

• The brain-permeant bumetanide derivative, bumepamine, is more potent to potentiate phenobarbital.

• However, even at high concentrations, bumepamine does not inhibit NKCC1.

• Thus, CNS effects of bumetanide can also be achieved by a close derivative that does not inhibit NKCC1.
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A B S T R A C T

Based on the potential role of Na-K-Cl cotransporters (NKCCs) in epileptic seizures, the loop diuretic bumetanide,
which blocks the NKCC1 isoforms NKCC1 and NKCC2, has been tested as an adjunct with phenobarbital to
suppress seizures. However, because of its physicochemical properties, bumetanide only poorly penetrates
through the blood-brain barrier. Thus, concentrations needed to inhibit NKCC1 in hippocampal and neocortical
neurons are not reached when using doses (0.1–0.5 mg/kg) in the range of those approved for use as a diuretic in
humans. This prompted us to search for a bumetanide derivative that more easily penetrates into the brain. Here
we show that bumepamine, a lipophilic benzylamine derivative of bumetanide, exhibits much higher brain
penetration than bumetanide and is more potent than the parent drug to potentiate phenobarbital's antic-
onvulsant effect in two rodent models of chronic difficult-to-treat epilepsy, amygdala kindling in rats and the
pilocarpine model in mice. However, bumepamine suppressed NKCC1-dependent giant depolarizing potentials
(GDPs) in neonatal rat hippocampal slices much less effectively than bumetanide and did not inhibit GABA-
induced Ca2+ transients in the slices, indicating that bumepamine does not inhibit NKCC1. This was sub-
stantiated by an oocyte assay, in which bumepamine did not block NKCC1a and NKCC1b after either extra- or
intracellular application, whereas bumetanide potently blocked both variants of NKCC1. Experiments with
equilibrium dialysis showed high unspecific tissue binding of bumetanide in the brain, which, in addition to its
poor brain penetration, further reduces functionally relevant brain concentrations of this drug. These data show
that CNS effects of bumetanide previously thought to be mediated by NKCC1 inhibition can also be achieved by a
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close derivative that does not share this mechanism. Bumepamine has several advantages over bumetanide for
CNS targeting, including lower diuretic potency, much higher brain permeability, and higher efficacy to po-
tentiate the anti-seizure effect of phenobarbital.

1. Introduction

In the central nervous system (CNS), the intracellular chloride
concentration ([Cl−]i) determines the strength and polarity of GABA-
mediated neurotransmission (Kaila et al., 2014a,b). Most mature neu-
rons in the CNS actively extrude Cl− and thus exhibit a low [Cl−]i. This
unique specialization is a necessary condition for the generation of
hyperpolarizing inhibitory postsynaptic potentials by GABAA receptors
(Kaila et al., 2014b; Medina et al., 2014; Watanabe and Fukuda, 2015).
The precise regulation of [Cl−]i is achieved, in part, by cation–chloride
cotransporters (CCCs) encoded by the SLC12 gene family, which in-
clude the inwardly directed Na-K-2Cl cotransporter NKCC1 and the
outwardly directed neuron-specific K-Cl-cotransporter 2 (KCC2). Al-
tered chloride homeostasis, resulting from mutation or dysfunction of
NKCC1 and/or KCC2, causes depolarizing actions of GABA leading to
neuronal hyperexcitability. This has been implicated in the pathogen-
esis of several brain disorders, including neonatal seizures and adult
types of partial epilepsy, autism spectrum disorders, chronic pain,
spinal cord lesions, Down's syndrome, brain trauma, cerebral edema
formation, cerebral artery occlusion, and diabetic ketoacidosis (Ben-Ari
et al., 2012; Kaila et al., 2014a,b; Ben Ari et al., 2016; Di Cristo et al.,
2018; Lemonnier et al., 2017). Therefore, drugs that restore low [Cl−]i
have been suggested to provide novel therapies for a wide range of as
yet difficult-to-treat disorders. In neurons, the loop diuretic bumetanide
specifically blocks the NKCC1 chloride importer, thereby reducing
[Cl−]i levels (Blaesse et al., 2009). While pharmacokinetic considera-
tions strongly indicate otherwise (Löscher et al., 2013; Puskarjov et al.,
2014), bumetanide has been suggested to restore GABAergic inhibition
in vivo in many neuronal types in physiological and pathological con-
ditions (Ben Ari et al., 2016). For treatment of neonatal seizures, it has
been proposed to combine bumetanide to boost the anti-seizure drug
(ASD) phenobarbital (Dzhala et al., 2008). The hypothesis has been that
blocking first the depolarizing driving force of GABA currents and Cl−

accumulation using bumetanide, and thereafter prolonging the GABA-
induced conductance using phenobarbital would lead to a potent an-
ticonvulsant effect. This combination of drugs has been reported to be
effective in some animal models of neonatal and adult partial seizures
(Cleary et al., 2013) and neonatal hypoxia-ischemia (Liu et al., 2012),
but whether their cellular mode of action in vivo is based on the me-
chanism described above is not known. Furthermore, in a cerebral-
ischemia model of neonatal seizures in mice, bumetanide failed as an

adjunct and significantly blunted phenobarbital's anticonvulsant effi-
cacy at P10 (Kang et al., 2015). In fact, there are several reasons to
believe that bumetanide does not reach the putative targets, i.e. hip-
pocampal and neocortical neurons, at an effective concentration in the
studies cited above. Ki/IC50 of bumetanide for NKCC1 is often cited to
be around 100–300 nM (Puskarjov et al., 2014), although the sensitivity
of mammalian NKCC1 to bumetanide may vary over almost two orders
of magnitude, depending on animal species, cell type, activation state of
NKCC1 and whether measurements are done in native/endogenous
NKCC1 or in heterologous expression systems (Russell, 2000). For
completely and selectively blocking NKCC1 by bumetanide, con-
centrations of 1–10 μM are often used (Russell, 2000; Blaesse et al.,
2009). For the present study, we used both 100–300 nM and 1 μM of
bumetanide as a cutoff for pharmacokinetic considerations.

As previously shown in dogs and rodents (Javaheri et al., 1993;
Brandt et al., 2010; Li et al., 2011; Cleary et al., 2013), bumetanide only
poorly penetrates into the cerebrospinal fluid (CSF) and brain, which is
a consequence of its high ionization rate (> 99%) at physiological pH
and its high plasma protein binding (> 95%), which restrict brain entry
by passive diffusion (Puskarjov et al., 2014). In addition, active efflux
transport of bumetanide at the blood-brain barrier (BBB) further re-
duces its brain levels (Römermann et al., 2017). Thus, bumetanide's
brain:plasma concentration ratio is only 0.01–0.02 or less, so that
NKCC1-inhibitory brain concentrations are not achieved after systemic
administration of bumetanide in neonatal or adult seizure models,
particularly when using the low systemic doses (∼0.05–0.3mg/kg)
that are associated with maximal diuretic effects in humans (Löscher
et al., 2013; Puskarjov et al., 2014).

This promoted us to design lipophilic and uncharged prodrugs of
bumetanide that penetrate the BBB more easily than the parent drug
and are converted into bumetanide in the brain (Töllner et al., 2014).
The most promising bumetanide prodrug, the N,N-dimethylami-
noethylester of bumetanide (BUM5), was shown to potentiate the an-
ticonvulsant effect of phenobarbital markedly better than bumetanide
in adult models of epilepsy (Töllner et al., 2014; Erker et al., 2016).
However, brain levels of bumetanide following administration of BUM5
were increased by a factor of about 3–5 in rodents and only moderately
exceeded the levels needed to effectively inhibit neuronal NKCC1
(Töllner et al., 2014). Therefore, we thought about other strategies to
overcome the poor brain penetration of bumetanide. One such strategy
would be the design of a bumetanide derivative that is only minimally

Fig. 1. Chemical structures of bumetanide and its benzylamine derivative bumepamine, which was first described by Nielsen and Feit (1978). In addition, AqB013, a
4-aminopyridine derivative of bumetanide is shown. This compound has been described as an inhibitor of aquaporin-4 mediated osmotic water flux (Migliati et al.,
2009). The structural similarities of bumepamine and AqB013 prompted us to examine, whether bupamine has an effect on aquaporin-4 mediated osmotic water flux
(see Results).
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ionized at physiological pH, is more lipophilic than bumetanide, and
therefore penetrates better into the brain.

The clinical use of bumetanide for treating brain diseases is further
complicated by severe adverse effects, namely high diuretic activity and
ototoxicity (Löscher et al., 2013). During studies on structure-activity
relationships of aminobenzoic acid diuretics and related compounds,
Nielsen and Feit (1978) evaluated various benzylamine derivatives of
bumetanide for diuretic activity in dogs. These compounds lacked the
carboxylic group of bumetanide, resulting in markedly lower diuretic
activity (Nielsen and Feit, 1978). We chose one of these benzylamine
derivatives, 3-butylamino-2-phenoxy-5-phenylaminomethyl-benzene-
sulfonamide (termed bumepamine in the following; Fig. 1) for phar-
macokinetic and pharmacodynamic experiments. The rationale for se-
lection of bumepamine was its about 80% lower diuretic activity in
dogs when compared to bumetanide (Nielsen and Feit, 1978) and its
much higher lipophilicity and lower ionization rate at physiological pH,
which should enable improved brain penetration and related pharma-
codynamic effects. This compound is characterized in the present study
in comparison to bumetanide.

2. Materials and methods

2.1. Drugs

For all in vitro and in vivo experiments, bumetanide was obtained
from Sigma (Munich, Germany). Bumepamine (previously also termed
“BUM13” [Lykke et al., 2015, 2016]; see Fig. 1) was first described by
Nielsen and Feit (1978) and resynthesized for the present experiments
as described below.

Lipophilicity (logP) and acidic dissociation constant (pKa) of bu-
mepamine were calculated by the Molecular Operating Environment
(MOE, 2012.10; Chemical Computing Group Inc., Montreal, QC,
Canada). For comparison, logP and pKa of bumetanide were calculated
by the same software and verified by published experimental ap-
proaches (Orita et al., 1976).

Depending on the experiment, bumepamine was either used as free
base, as oxalate salt or as HCl. In vitro and in vivo experiments showed
that these forms of bumepamine exerted the same effects, so they are
not further differentiated in the following. All in vivo doses (in mg/kg)
shown in this study relate to the free base. For in vivo experiments,
bumetanide and bumepamine were dissolved in a vehicle containing
10% ethanol, 10% Solutol® HS 15 (a non-ionic solubilizer consisting of
ethoxylated 12-hydroxystearic acid; BASF, Ludwigshafen, Germany),
and 80% distilled water. Except for some pharmacokinetic experiments
with oral administration, bumetanide and bumepamine were injected
i.v. in all in vivo experiments. For in vitro experiments, bumetanide and
bumepamine were dissolved in DMSO and diluted with medium (see
below). Phenobarbital (used as sodium salt; Serva, Heidelberg) was
dissolved in distilled water and injected i.p.

AqB013, a 4-aminopyridine derivative of bumetanide (Fig. 1) that
has previously been described as an inhibitor of aquaporin-4 (AQP4;
Migliati et al., 2009), was kindly provided by Dr. Andrea J. Yool
(University of Adelaide, Australia) and dissolved in DMSO.

2.2. Synthesis of bumepamine

Bumetanide (500mg, 1.37mmol) was dissolved in 9ml dry N,N-
dimethylformamide and N,N-diisopropylethylamine (765 μL,
4.39mmol), followed by addition of aniline (250 μL, 2.74mmol), and
the mixture was cooled on an ice-bath. COMU (707mg, 1.65mmol) was
added in one portion and the mixture was gradually warmed to room
temperature and stirred for 16 h. The reaction was quenched with sa-
turated aqueous NaHCO3 solution and extracted twice with ethylace-
tate (EtOAc). The combined organic layers were washed with water,
brine and dried over Na2SO4. The crude product was purified by
column chromatography (toluene:EtOAc:Et3N, 3:2:0.01). The desired

product bumepamine (540mg, 1.22mmol) was obtained in 89% yield
as a slightly yellow solid. 1H NMR (400MHz, d4-MeOH) δ 7.79 (d,
J=2.1 Hz, 1H), 7.68–7.71 (m, 2H), 7.50 (d, J=2.1 Hz, 1H), 7.36–7.40
(m, 2H), 7.28–7.32 (m, 2H), 7.14–7.19 (m, 1H), 7.05–7.09 (m, 1H),
6.93–6.96 (m, 2H), 3.17 (t, J=6.7 Hz, 2H), 1.40–1.48 (m, 2H),
1.13–1.21 (m, 2H), 0.83 (t, J=7.3 Hz, 3H). 13C NMR (100MHz) d4-
MeOH δ 167.83, 157.87, 144.02, 140.63, 139.74, 138.38, 133.97,
130.61, 129.82, 125.77, 124.01, 122.45, 116.66, 115.22, 114.88,
43.71, 32.03, 20.87, 14.03. HRMS (ESI) calculated for C23H26N3O4S [M
+H]+ 440.1644, found 440.1646.

All reactions were carried out under positive pressure of argon, with
oven-dried glassware using standard Schlenk techniques. Dry solvents
were obtained from Acros Organics in Acroseal bottles and used
without further purification. Aniline was distilled over CaH2 and used
directly after distillation. Bumetanide was purchased from Alfa Aesar
(Thermo Fisher, Karlsruhe, Germany) and used without further pur-
ification. Reactions were monitored by TLC (0.2mm, silica gel 60, F254,
aluminium-backed, Machery-Nagel), with detection by UV light
(254 nm). Flash chromatography was performed on Merck silica (60M).
NMR spectra were recorded on an AMX-400 instrument (Bruker) at
400MHz or at 100MHz for 1H and 13C, respectively. Deuterated me-
thanol was used as solvent and spectra were calibrated against the re-
sidual solvent peak (3.31 ppm and 49.00 ppm for 1H and 13C, respec-
tively). Data are presented as follows: chemical shift (δ, ppm),
multiplicity (s= singlet, d= doublet, t = triplet, q= quadruplet,
m=multiplet), coupling constant (reported in Hertz (Hz)), integration.
Electrospray (ESI-HRMS) mass spectra were obtained using an Applied
Biosystems API 150EX LC/MS system.

2.3. Animals

NMRI mice were obtained from Charles River (Sulzfeld, Germany)
at a weight of 21–25 g and adapted at least one week to the laboratory
before being used in experiments. Wistar Unilever rats were purchased
at a body weight of 200–220 g from Harlan Laboratories (Horst,
Netherlands). Experiments were performed according to the EU council
directive 210/63/EU and the German Law on Animal Protection
(“Tierschutzgesetz”). Ethical approval for the study was granted by an
ethical committee (according to §15 of the Tierschutzgesetz) and the
government agency (Lower Saxony State Office for Consumer
Protection and Food Safety; LAVES) responsible for approval of animal
experiments in Lower Saxony (reference numbers for this project: 14/
1659 and 15/1825). Frog experiments were performed according to the
same principles (reference number for this project 15/1825). All efforts
were made to minimize both the suffering and the number of animals.

Rodents were housed in groups of maximal 10 under controlled
conditions (temperature: 23 ± 1 °C; humidity: 50%–60%), under a 12-
h light-dark cycle (lights on at 6:00 h). Standard laboratory chow
(Altromin 1324 standard diet, Altromin Spezialfutter GmbH, Lage,
Germany) and tap water were provided ad libitum. Female mice and rats
were used to allow comparisons with our previous studies on bumeta-
nide and its derivatives (Brandt et al., 2010; Töllner et al., 2014; Töpfer
et al., 2014; Erker et al., 2016; Römermann et al., 2017). Furthermore,
female mice and rats are more easily to maintain in groups during
prolonged experiments on chronic epilepsy, which is an advantage in
terms of animal welfare. Mice and rats were housed in rooms without
males in order to keep them acyclic or asynchronous with respect to
their estrous cycle (Kücker et al., 2010).

2.4. Dose selection for in vivo experiments

Previous experiments with bumetanide had shown that mice and
rats metabolize bumetanide much more rapidly than humans, so high
doses (at least 5–10mg/kg) of bumetanide have to be administered to
induce diuresis and to obtain any pharmacologically meaningful brain
concentrations in rodents (Olsen, 1977; Brandt et al., 2010; Töllner

C. Brandt et al. Neuropharmacology 143 (2018) 186–204

188



et al., 2014). Therefore, for the present study, the intended dosage for
all in vivo experiments was 10mg/kg injected via the i.v. route except
for the diuresis experiments, in which also a lower dose (1mg/kg) was
administered i.v. For bumepamine, the same doses were used. Injection
volumes were 10ml/kg in mice and 3ml/kg in rats; injection volumes
were reduced by 50% in case of combined drug administration. Because
of the higher MW of bumepamine (see below), its molar concentration
at identical weight/volume is 86% of that of bumetanide.

2.5. Pharmacokinetic experiments with bumetanide, bumepamine, and
phenobarbital in mice

Bumetanide and bumepamine were dissolved as described above
and injected at a dose of 10mg/kg i.v. in groups of NMRI mice. Based
on previous pharmacokinetic experiments with bumetanide in mice
(Töllner et al., 2014), blood and brain were sampled at 30 and 60min
following i.v. injection. Bumetanide and bumepamine were analyzed in
plasma and brain by high performance liquid chromatography (HPLC)
as recently described in detail (Brandt et al., 2010). The mobile phase
consisted of 0.05M phosphate buffer/acetonitrile (70:30 for bumeta-
nide, 35:65 for bumepamine by volume, pH adjusted at 5.6 for both). As
standard for HPLC analysis, we used a commercial solution (0.5 mg/ml)
of the sodium salt of bumetanide (Burinex), which was kindly provided
by Leo Pharma (Ballerup, Denmark).

In additional experiments, the oral bioavailability of bumetanide
and bumepamine was determined in mice. For this purpose, groups of
mice received 10mg/kg of either drug p.o. (by gavage using a stomach
tube) and blood was sampled at 30 and 60min after administration.
Bioavailability was calculated by comparing drug levels after i.v. and
p.o. administration, using PK Solutions 2.0™ (Summit Research
Services, Montrose, CO, USA). This program was also used to calculate
the elimination half-life and apparent volume of distribution of bume-
tanide and bumepamine after i.v. administration.

Furthermore, because we evaluated combinations of phenobarbital
with either bumetanide or bumepamine on seizure threshold (see
below), we performed experiments in which we determined pheno-
barbital in plasma and brain after administration of phenobarbital
alone (30min after 10mg/kg i.v.) or combinations of bumetanide or
bumepamine (10mg/kg i.v., administered 30min before pheno-
barbital) and phenobarbital (10mg/kg i.v.). Phenobarbital levels in
plasma and brain were always determined 30min after administration
by HPLC as described previously (Brandt et al., 2010).

For determining drug levels in brain, mice were decapitated, and
therefore the residual blood in the brain may lead to erroneously high
brain tissue levels, particularly in the case of bumetanide. We therefore
made experiments in which brain levels of bumetanide were compared
in brains from decapitated mice vs. mice that were perfused over 3min
with 20ml 0.01M PBS (under anesthesia) before decapitation to
eliminate blood from the brain. Average brain levels (30min after i.v.
administration of 10mg/kg bumetanide) were 0.15 ± 0.03 μg/g fol-
lowing decapitation vs. 0.14 ± 0.02 μg/g following perfusion, thus
excluding residual blood as a significant bias.

2.6. Determination of unbound fraction in mouse plasma and brain by
equilibrium dialysis

Equilibrium dialysis was performed as described previously (Kalvass
and Maurer, 2002; Waters et al., 2008) using Single-Use RED (Rapid
Equilibrium Dialysis) Plates with 48 inserts (ThermoScientific; Wal-
tham, MA, USA). Each insert is comprised of two side-by-side sample
and buffer chambers separated by an O-ring-sealed vertical cylinder of
dialysis membrane with a molecular weight cutoff of 8.0 kDa, validated
for minimal nonspecific binding. Plasma and brain tissue were gathered
from adult female CD1-mice. Plasma was not diluted, while brain tissue
was homogenized and diluted with two volumes of phosphate-buffered
saline (PBS; pH=7.2) and stored at −20 °C until dialysis. Additional

experiments were performed with 1:10 and 1:20 brain tissue dilutions
to determine whether dilution affected the extent of tissue binding.
Plasma and brain homogenate samples were spiked with bumetanide
(40 μg/ml) and the equimolar concentration of bumepamine, respec-
tively (50.8 μg/ml). After buffer compartments were loaded with 400 μl
of PBS, aliquots of 600 μl spiked plasma or brain homogenate were
loaded into sample compartments (n= 8). Dialysis was performed at
37 °C at 150 rpm, and 100 μl samples were taken at 4 h (n=3), 6 h
(n= 3) and 8 h (n=2) from each compartment and stored at −20 °C
until HPLC analysis. All experiments were repeated at least twice.

Equilibrium between buffer compartments and plasma/brain com-
partments was reached within 4 h, so that data from 4 h, 6 h and 8 h did
not differ and were averaged. The mean of the concentrations, at which
equilibrium was reached, were used to calculate the unbound fractions
(fu) of brain homogenate using the following equation

=

− +

f
(( ) 1)u brain

D

f D
,

1

1 1
u dh.

in which D is the dilution factor of brain homogenate and fu,dh is the
concentration ratio between buffer and diluted homogenate (Kalvass
and Maurer, 2002; Reichel, 2009). Unbound fractions in undiluted
plasma equal the concentration ratio between buffer and plasma. Un-
bound concentrations (cu,plasma and cu,brain) were calculated from the
total plasma and brain concentrations (ctotal, plasma and ctotal, brain) de-
termined in the in vivo experiments (cf., section 2.5) using fu,plasma and
fu,brain as follows: = ∗c c fu total u.

2.7. Diuretic effect of bumetanide and bumepamine in mice

The diuretic effect of bumetanide and bumepamine, injected i.v. at
either 1 or 10mg/kg, was determined in groups of NMRI mice. After
drug injection, animals were placed on filter paper (grade 1F, Munktell,
Falum, Sweden) in a macrolon cage type 1 (one animal per cage). At 15,
30, 60, 90 and 120min after injection, the weight of the filter paper was
determined and the animals were placed on a fresh filter paper. The
difference between the initial weight and the weight of the urine-
drenched filter paper was calculated for each time point. The amount of
urine [g] for each time point was calculated by summing up the re-
spective value with the preceding values.

2.8. Effect of bumetanide and bumepamine alone or in combination with
phenobarbital on electrically induced seizures in epileptic mice

We tested the effects of bumetanide (10mg/kg i.v.) and bumepa-
mine (10mg/kg i.v.) alone or in combination with a low dose of phe-
nobarbital (10mg/kg i.v.) on electrically induced seizures in epileptic
and nonepileptic mice. The dose of phenobarbital was based on pre-
vious dose-effect experiments in this model (Erker et al., 2016). Bu-
mepamine was also tested at a lower dose (1mg/kg i.v.). Mice were
made epileptic by pilocarpine.

Systemic administration of convulsant doses of pilocarpine induces
a status epilepticus (SE) that is followed by development of epilepsy
with spontaneous recurrent seizures in subsequent weeks (Curia et al.,
2008). As previously described for induction of SE by pilocarpine in
NMRI mice (Gröticke et al., 2007), we used a ramping-up dosing pro-
tocol that allows a more individual dosing of pilocarpine compared to
injection of the same high dose in each animal per group, thereby re-
ducing inter-individual variability in SE induction and mortality. In
order to avoid peripheral cholinergic effects, methyl scopolamine
(1mg/kg i.p.) was administered 30min before the application of pilo-
carpine. For induction of seizures, 100mg/kg pilocarpine were injected
i.p. every 20min until onset of SE. SE was defined as continuous limbic
seizure activity, which was occasionally interrupted by clonic forelimb
seizures, generalized clonic-tonic seizures or running and jumping sei-
zures. The experiments were performed subsequently in three groups of
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mice with 40 animals injected with pilocarpine and 20 sham-treated
controls per group, which received saline instead of pilocarpine. In a
total of 120 mice in which pilocarpine was injected, all animals de-
veloped SE. All mice received diazepam (10mg/kg i.p.) after 90min of
SE (or 90min after the last saline injection in controls) to decrease
mortality. Despite diazepam, about 40% of the mice died during or after
SE. On the days following SE, mice received subcutaneous saline in-
jections (1 ml/day) and moist chow to facilitate recovery.

Similar to the study of Blanco et al. (2009), we did not implant EEG
electrodes for monitoring of spontaneous seizures developing after SE,
because it is known that pilocarpine-induced SE leads to development
of epilepsy in almost all animals under the conditions used in our ex-
periments, which is an advantage of this model for the purpose of our
study (Gröticke et al., 2007). Furthermore, we wanted to avoid BBB
disruption associated with EEG electrode implantation, which might
enhance the otherwise poor brain penetration of bumetanide (Löscher
et al., 2013).

About 6 weeks following SE, i.e., at a time where all mice have
developed epilepsy with spontaneous recurrent seizures in this model
(Gröticke et al., 2007), we started to test drugs for their effects on the
maximal electroshock seizure threshold (MEST; see below). Age-mat-
ched, sham-control mice were used in parallel for comparison. The
epileptic mice (and age-matched controls) were repeatedly used in the
MEST test at minimum intervals of one week. As previously shown,
repeated determination of MEST at such intervals does not affect sei-
zure threshold in this model (Löscher et al., 1991). Animal testing
regulations for this study restricted the number of drug or vehicle ad-
ministrations to 6 in each individual mouse.

For testing drug and drug vehicle effects on MEST, drugs were
dissolved as described above and injected either 30min (phenobarbital)
or 60min (bumetanide, bumepamine) before onset of MEST determi-
nation in groups of nonepileptic and epileptic mice, respectively. When
bumetanide or bumepamine were administered together with pheno-
barbital, they were injected 30min prior to phenobarbital and MEST
was determined 30min after phenobarbital. This administration pro-
tocol was based on previous experiments with bumetanide and phe-
nobarbital (Töllner et al., 2014) with the aim to blocking first the de-
polarizing driving force of GABA currents and Cl− accumulation using
bumetanide, and thereafter prolonging the GABA-induced conductance
using phenobarbital. Thus phenobarbital was administered at time of
maximal brain concentrations of bumetanide and bumepamine (see
Results). In all experiments, the vehicles used for drug solutions were
administered to determine vehicle control MESTs prior to and after
drug experiments.

MEST was determined by a staircase procedure as previously de-
scribed (Löscher et al., 1991; Erker et al., 2016) by means of a stimu-
lator (BMT Medizintechnik, Berlin, Germany) that delivered a constant
current (adjustable from 1 to 200mA regardless of the impedance of the
electrodes and the animal) with sinusoidal pulses (50/sec) for 0.2 s.
Current administration was performed via bilateral trans-corneal sti-
mulation (using copper electrodes). Before trans-corneal stimulation, a
drop of tetracaine solution (2%) was administered to the eyes of the
mouse for local anaesthesia. Two minutes later, the mouse was re-
strained by hand to press the copper electrodes on the corneae while the
stimulus was applied by stepping on a foot pedal switch connected with
the stimulator. Electrodes were covered with soft leather and soaked
with saline before each current application. Directly after stimulation,
the mouse was released from restraint in order to permit observation of
seizures. The stimulus intensity was varied by an up-and-down method
in which the current was lowered or raised by 0.06 log intervals ac-
cording to whether the preceding mouse did or did not exert a tonic
hind limb extension. The data thus generated from groups of 17–20
nonepileptic control and 20–26 epileptic mice were used to calculate
the CC50 (convulsant current that induces a tonic hind limb seizure in
50% of the mice per group with confidence limits for 95% probability)
as described previously (Erker et al., 2016). The group size decreased

during the course of the experiments because some mice died during
MEST. In all experiments, mice were closely observed for behavioral
adverse effects.

2.9. Effect of phenobarbital and bumepamine alone or in combination on
fully amygdala-kindled seizures in rats

We determined whether bumepamine, injected alone or in combi-
nation with phenobarbital, alters the seizure susceptibility of fully
amygdala-kindled rats. Wistar rats were electrically kindled via a bi-
polar depth electrode implanted in the basolateral nucleus of the
amygdala as described in detail previously (Töllner et al., 2011). Fol-
lowing kindling acquisition, the focal seizure threshold (afterdischarge
threshold, ADT) was determined by an ascending staircase method
(Töllner et al., 2011). The ADT was defined as the current inducing an
afterdischarge of at least 3 s in the electroencephalogram (EEG) re-
corded from the depth electrode in the amygdala. The ADT was re-
peatedly determined twice per week after kindling acquisition until it
was stable in each rat. Then, bumepamine (10mg/kg i.v.; with or
without phenobarbital) was administered and ADT was determined
30min later. In experiments with combined treatment, bumepamine
was injected first, followed 30min later by injection of phenobarbital,
and then 30min later ADT determination. For phenobarbital, we chose
a dose (10mg/kg i.p.) that did not increase ADT when injected alone.
Each rat served as its own control with vehicle control ADT determi-
nation 3–4 days before and after each drug experiment (see Töllner
et al., 2011). In all experiments, rats were closely observed for beha-
vioral adverse effects.

2.10. Comparison of the effects of bumetanide and bumepamine on giant
depolarizing potentials (GDPs) in the neonatal hippocampal slice

Extracellular recordings of field giant depolarizing potentials
(fGDPs) in slices from Wistar rat pups (P2 – 5) were performed as de-
scribed in detail before (Töllner et al., 2014). In short, postnatal day
2–5 (P2 - P5) Wistar rat pups were decapitated and the brains were
quickly removed and immersed in cold (0–4 °C) sucrose-based cutting
solution containing (in mM): 87 NaCl, 2.5 KCl, 0.5 CaCl2, 25 NaHCO3-,
1.25 NaH2PO4, 7 MgCl2, 50 sucrose, and 25 D-glucose, equilibrated with
95% O2 and 5% CO2. Horizontal hippocampal slices (thickness 400 μm)
were cut with a vibrating microtome (7000 smz-2, Campden Instru-
ments; Loughborough, U.K.). The slices were allowed to recover in
standard solution containing (in mM) 124 NaCl, 3.0 KCl, 2.0 CaCl2, 25
NaHCO3-, 1.1 NaH2PO4, 1.3 MgSO4, and 10 ᴅ-glucose (pH 7.4 at 32 °C)
for 1 h at 34 °C and then stored for up to 5 h at room temperature.

Drugs were dissolved in DMSO (10mM stock for bumepamine) and
stored at −20 °C.

To avoid precipitation of bumepamine, the stock was added into
slightly alkaline standard solution (before equilibration with 95%
O2 + 5% CO2) at room temperature, after which the solution was so-
nicated for 10min.

Slices were transferred to a submerged-type recording chamber
(volume<1ml) perfused with standard solution (32–33 °C) at a rate of
3.5 ml/min (double-sided perfusion) and were let to recover for a
minimum of 10min before starting the recording. In all recordings the
extracellular K+ concentration was 3.5–4mM (by adding KCl from a
1M stock solution) since a slightly higher fGDP frequency (see Silipä
et al., 2005) was considered advantageous in experiments where a re-
duction of fGDP frequency was expected to take place. Extracellular
field potential recordings were performed with conventional NaCl-filled
(150mM) glass capillary microelectrodes (tip diameter 3–8 μm) placed
in the stratum pyramidale of area CA3. Due to the much slower effect of
bumepamine in comparison to bumetanide (see Results), the duration
of these recordings was 40min.

Data were aquired with 5–20 kHz sampling frequency and
0.1–1000 Hz filtering with the Strathclyde Electrophysiology WinEDR
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(John Dempster, Glasgow, UK) program. Baseline was recorded for a
minimum of 10min before bumepamine (2 μM) or bumetanide (2 μM,
Tocris, Abingdon, U.K.) were bath applied.

fGDPs were manually detected from the local field potential re-
cordings after 1–10 Hz band pass filtering with a threshold individually
selected for each recording (Clampfit, Molecular Devices, Foster City,
CA). fGDP area, which takes into account changes in event amplitude
and duration, was quantified using numerical integration in Clampfit
for each event (Spoljaric et al., 2017). The baseline fGDP area was
normalized for the last 600 s before the drug application (time -600–0;
where t= 0 is the time of drug application). A sliding average of the
fGDP frequency was calculated for each recording using a window of
120 s moving by 10 s. The data are presented as mean ± SEM and n
indicates the number of slices (slices from 5 to 6 animals per group).
Because of a difference in their time course of action, the effect of the
applied drugs was quantified as a time-average for 5min, starting
10–15min (bumetanide) or 35min (bumepamine and DMSO) after the
beginning of application. DMSO did not have any effect on fGDPs, even
at concentrations 5 times higher (100 μL/100ml) than the maximum
concentration added with the drugs (20 μl/100ml).

2.11. Comparison of the effects of bumetanide and bumepamine on GABA-
induced Ca2+ transients in the neonatal hippocampal slice

To load hippocampal CA3 neurons with Fluo-4, horizontal brain
slices (400 μm, from P0 - P5 rats) were incubated in standard solution
with Fluo-4 AM (10 μM, Invitrogen/MolecularProbes) for 15min at
room temperature. Slices were transferred to the recording chamber
(submerged, one-sided constant perfusion with standard solution
(3.5 mM K+), perfusion at 3.5ml/min, recording temperature
32 ± 0.5 °C) and washed for≥ 20min before recordings. The fluor-
escence imaging system consisted of a LED light source (Cairn, UK;
excitation wavelength 500 ± 15 nm, a 535 ± 12.5 nm band pass
filter), an upright Zeiss AxioScope II (60× water immersion objective
n.a. 0.9) and an ORCA Flash 4.0 camera (Hamamatsu). Images were
captured at 0.5 Hz and analyzed with ImageJ (National Institutes of
Health, USA).

GABAAR activation was done by focal pressure application of GABA
(100 μM) in the presence of TTX (0.5 μM), CGP55845 (1 μM), D-AP5
(20 μM) and CNQX (10 μM). Throughout the experiment 1 puff (puff
duration 600–1000ms) of GABA was delivered once per minute.

For analysis of GABAAR-induced changes in [Ca2+]i, traces from
individual cells were normalized to the peak responses of the evoked
Ca2+ transient at the first two GABA puffs before drug application (at
minutes −2 and 0). Bumetanide and bumepamine were applied via the
bath perfusion at minute 0. All other details were as described above for
the fGDP experiments.

2.12. Effects of bumetanide and bumepamine on activated NKCC1 in an
oocyte assay

Frogs (Xenopus laevis) were obtained from Laboratory Animal
Science (Hannover Medical School, Germany). The surgical removal
and preparation of defolliculated oocytes was performed essentially as
previously described (Fenton et al., 2010) and complies with the Eur-
opean Community guidelines for the use of experimental animals.
Human NKCC1a (hNKCC1a; obtained from Prof. Biff Forbush, Yale
School of Medicine, CT) was subcloned into the oocytes expression
vector pXOOM, linearized downstream from the poly-A segment, and in
vitro transcribed using T7-mMessage Machine according to manufac-
turer's instructions (Ambion, Austin, TX). cRNA was then extracted with
MEGAclear (Ambion, Austin, TX) and micro-injected into defolliculated
Xenopus laevis oocytes (25 ng RNA/oocyte). The oocytes were kept in
Kulori medium (in mM: 90 NaCl, 1 KCl, 1 CaCl2, 1 MgCl2, 5 Hepes, pH
7.4) for 5 days at 19 °C prior to experiments.

In cells and tissues from different species, including humans, two

alternatively spliced RNA variants of NKCC1 have been identified: a
full-length NKCC1 transcript (NKCC1a) and a shorter splice variant
(NKCC1b); both form functional cotransporters and vary in their tissue
distribution in humans (Markadieu and Delpire, 2014). Both hNKCC1a
and hNKCC1b are expressed in the human brain, but expression of
hNKCC1b is several fold larger than that of hNKCC1a (Vibat et al.,
2001). We therefore also performed transport experiments with
hNKCC1b. The shorter hNKCC1b variant was prepared by site-directed
mutagenesis from hNKCC1a (verified by DNA sequencing).

To activate NKCC1 prior to the uptake experiment, hNKCC1a- or
hNKCC1b-expressing oocytes or uninjected control oocytes (8–10 oo-
cytes per well) were pre-incubated for 30min at room temperature in a
hyperosmolar K+-free solution (containing in mM: 5 choline chloride,
95 NaCl, 1 MgCl2, 1 CaCl2, 10 Hepes, pH 7.4, 207 mOsm), which causes
shrinkage of the oocyte and thus activation of NKCC1 (Zeuthen and
MacAulay, 2012). To measure K+ influx, oocytes were exposed to an
isosmotic test solution in which KCl (5 mM) was substituted for choline
chloride and 2 μCi/mL 86Rb+ (NEZ072, PerkinElmer, Rodgau, Ger-
many) included as a tracer for K+. Osmolarities of the test media were
verified by using an automatic osmometer Type 15 (Löser; Berlin,
Germany). Bumetanide, bumepamine or control vehicle (0.1%; en-
suring equal exposure to relevant drug solvent of all tested oocytes in
the given experiment) was added to the preincubation and to the test
solution to allow cell penetration for a prolonged time (35min). The
uptake assay was performed at room temperature for 5min. The influx
experiments were terminated by 3 times rapid wash in ice-cold 86Rb+-
free assay solution after which the oocytes were individually dissolved
in 50 μl 10% sodium dodecyl sulfate in scintillation vials. The radio-
activity present was determined by liquid scintillation β-counting with
Aquasafe 300 Plus scintillation cocktail (Zinsser Analytic GmbH,
Frankfurt, Germany) using a Microbeta Trilux (Perkin Elmer). NKCC1-
mediated K+ uptake was assessed as ([fluxNKCC1-expressing oocytes in pre-
sence of x μM drug]-[fluxuninjected oocytes in presence of x μM drug]), in
order to correct for endogenous NKCC activity. All experiments were
repeated at least three times. Sigmoidal curves were fitted to the data
for determination of the IC50 value for loop diuretics using GraphPad
Prism 7.0, according to a dose-response inhibition curve with log (in-
hibitor vs. response, variable slope; Y = Min + (Max-Min)/(1 + 10ˆ
((LogIC50-X)*HillSlope)) and for experiments with fewer concentrations
assuming the curves would reach complete inhibition (going from
100% to 0 according to a dose-response inhibition curve with log(in-
hibitor) vs. normalized response, variable slope; Y = 100/(1 + 10ˆ(X-
LogIC50)).

In addition to applying bumetanide and bumepamine extra-
cellularly to the medium, additional experiments were performed in
which the two compounds were injected into the oocytes. The experi-
ments were conducted as described previously, except for the addition
of bumetanide and bumepamine into the media. Instead, 50 nl of bu-
metanide (2 μM or 20 μM solution), bumepamine (2 μM or 20 μM so-
lution) or control vehicle were injected into the oocytes prior to ex-
posure to the preincubation medium, using the Nanoject II Auto-
Nanoliter Injector (Drummond Scientific Company, Broomall, USA).

2.13. Effect of loop diuretics and bumepamine on AQP4-mediated water
permeability in an oocyte assay

Oocytes from Xenopus laevis were obtained and prepared as de-
scribed above but with Xenopus laevis frogs housed at University of
Copenhagen, Denmark (all procedures comply with the European
Community guidelines for the use of experimental animals and have
been approved by the animal inspectorate at the Danish Ministry of
Justice). Rat AQP4.M23 was obtained from Søren Nielsen (Aalborg
University, Denmark) and was subcloned into the oocyte expression
vector pXOOM. The cDNA was linearized downstream from the poly-A
segment and in vitro transcribed using T7 mMessage Machine (Ambion,
Austin, TX). The cRNA was then extracted with MEGAclear (Ambion,
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Austin, TX) and micro-injected into defolliculated Xenopus oocytes (8 ng
rAQP4.M23 RNA/oocyte). The oocytes were kept in Kulori medium (in
mM: 90 NaCl, 1 KCl, 1 CaCl2, 1 MgCl2, 5 Hepes, pH 7.4) for 4–6 days at
19 °C prior to experiments.

The experimental setup for measuring cell swelling of oocytes has
been described in detail previously (Zeuthen et al., 2006). Oocytes were
preincubated 1–2 h in control solution (75mM NaCl, 2 mM KCl, 1 mM
CaCl2, 1 mM MgCl2, 10mM Hepes, 50 mM mannitol, pH 7.4) at 19 °C.
An oocyte was then placed in a small chamber with a glass bottom and
perfused with the control solution at room temperature. Images of the
oocytes were captured continuously from below at a rate of 25 images/
s. The oocytes were challenged with a hyposmotic assay solution
(control solution without mannitol; Δ −50 mOsm) with or without
drug in order to determine the rate of cell swelling (mean from two
consecutive measurements 2–6min apart). All osmolarities were vali-
dated using a cryoscopic osmometer Type 15 (Löser, Berlin, Germany).

Effects of bumetanide (100 μM), AqB013 (20 μM) or bumepamine (2
and 20 μM) were determined by preincubation of the oocytes in these
media (or vehicle control) 1–2 h prior to water measurements (or in the
case of acute bumetanide exposure; only introduced around 10min
before the cell swelling measurements). The concentrations of bume-
tanide and AqB013 were based on the study of Migliati et al. (2009).

2.14. Statistics

Statistical analyses were performed using GraphPad Prism 7.0
software (San Diego, CA, US). Either parametric or nonparametric tests
were used for statistical evaluation, depending on data distribution. For
comparison of two groups, either Student's t-test or the Mann-Whitney
U test was used. In case of more than two groups we used analysis of
variance (ANOVA) with post hoc testing and correction for multiple
comparisons. Depending on data distribution, either the ANOVA F-test,
followed posthoc by Dunnett's multiple comparison test, or the Kruskal-

Wallis test followed posthoc by Dunn's multiple comparisons test were
used. Two-way ANOVA with Sidak's multiple comparisons test was used
for analysis of the AQP4 experiments. A p ≤ 0.05 was considered sig-
nificant. G*Power Data Analysis (Faul et al., 2007) was used to calcu-
late the necessary sample size for a specified power of 80%. Pharma-
cokinetic analyses were performed by the software PK-Solutions
(Summit Research Services, Montrose, CO, U.S.A.).

3. Results

3.1. Physicochemical properties of bumepamine

Selection of bumepamine for the present experiments was based on
experiments in a large series of bumetanide derivatives, in which so-
lubility in solvents tolerable for in vivo testing, diuretic potency com-
pared to bumetanide, inhibition of NKCC1, and brain penetration were
assessed. As shown in Fig. 1, the carboxylic group of bumetanide has
been replaced by a phenylamino-methyl group in bumepamine. Con-
sequently, whereas bumetanide is a relatively strong acid (pKa 3.6)
with low lipophilicity (logP 2.7), bumepamine is a weak acid (pKa 7.0)
with high lipophilicity (logP 4.5). Molecular weight of bumepamine is
425.54 compared to 364.42 of bumetanide.

3.2. Dose selection and route of administration for in vivo experiments

Previous experiments with bumetanide had shown that mice and
rats metabolize bumetanide much more rapidly than humans, so that
high doses (at least 5–10mg/kg) of bumetanide have to be adminis-
tered to induce diuresis and to obtain any pharmacologically relevant
brain concentrations in rats (Olsen, 1977; Brandt et al., 2010; Töllner
et al., 2014). Therefore, for the present study, the intended dosage for
all in vivo experiments was 10mg/kg injected via the i.v. route except
for the diuresis experiments, in which also a lower dose (1mg/kg) was

Fig. 2. Pharmacokinetics of bumetanide and bumepamine in mice. In A and B, concentrations of bumetanide and bumepamine in plasma (A) and brain (B) of mice 30
and 60 min following i.v. administration of bumetanide or bumepamine are shown. Both compounds were given at a dose of 10 mg/kg, using the same vehicle
(ethanol/solutol/water). All data are shown as means ± SEM; group size is 5 mice per experiment. Significant differences in the plasma or brain concentration of
bumetanide after administration of bumepamine compared to injection of bumetanide are indicated by asterisk (*P < 0.001). In C, differences in brain:plasma ratios
of bumepamine and its metabolite bumetanide to the plasma:brain ratio determined after administration of bumetanide are indicated by an asterisk (*P < 0.001). In
D and E, bumetanide (D) and bumepamine (E) plasma concentrations are compared after i.v. and oral administration. Data are shown as means ± SEM; group size is
5 mice per experiment. Significant differences between plasma levels after oral vs. i.v. administration are indicated by an asterisk (*P < 0.05).
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administered i.v. For bumepamine, the same doses were used. The
reason for using i.v. administration for bumetanide and bumepamine
was that previous experiments showed that – because of rapid meta-
bolism of bumetanide in rodents – its bioavailability is low after i.p.
injection (Brandt et al., 2010). Some pharmacokinetic experiments
were also performed with oral drug administration (see below).

3.3. Pharmacokinetic in vivo experiments with bumetanide and
bumepamine in mice

As shown in Fig. 2A, bumetanide was rapidly eliminated in mice
with an average half-life of about 30min, which is in line with our
previous studies (Töllner et al., 2014; Töpfer et al., 2014). Apparent
volume of distribution was small (0.16 l/kg), indicating that the drug
was primarily distributed extracellularly. Only low brain concentra-
tions of bumetanide were determined after systemic (i.v.) administra-
tion, resulting in an average brain:plasma ratio of 0.017 (30min) and
0.022 (60min), respectively. Despite the high dose (10mg/kg) of bu-
metanide that was administered i.v., average brain concentrations of
bumetanide at 30 and 60min after injection were in the range of only
0.26–0.77 μg/g (0.71–2.1 μM; Table 1). However, these were total brain
concentrations, not taking unspecific tissue binding into account (see
below).

Following i.v. injection of bumepamine, plasma concentrations of
this compound were relatively low (Fig. 2A), which might either in-
dicate a rapid metabolism or a high tissue distribution or both. Ap-
parent volume of distribution was large (1.92 l/kg), indicating ex-
tensive extra- and intracellular distribution and high non-specific tissue
binding of bumepamine (cf., Reichel, 2009). Elimination half-life in
plasma was ∼26min on average and thus similar to the half-life of
bumetanide in mice. Since bumepamine might be metabolized to the
corresponding benzoic acid bumetanide, we also determined bumeta-
nide concentrations after administration of bumepamine. Compared to
maximum bumetanide plasma levels after administration of bumeta-
nide (29–35 μg/ml), maximum bumetanide concentrations after ad-
ministration of bumepamine were markedly lower (1.1–1.7 μg/ml),
indicating that metabolism to bumetanide played no significant role in
the pharmacodynamic effects of bumepamine (see below). In contrast
to the low plasma levels of bumepamine, brain levels were markedly
higher (Fig. 2B), indicating that the low plasma levels were due to
extensive tissue distribution of the lipophilic compound. Brain:plasma
ratio ranged between 0.8 and 2.1 and was significantly higher than the
brain:plasma ratio of bumetanide (Fig. 2C). Brain concentrations of
bumepamine at 30 and 60min after injection were in the range of
1.4–4.4 μg/g, which corresponds to 3.3–10.4 μM. In comparison to
these relatively high brain concentrations of bumepamine, very low
concentrations (∼0.1 μg/g) of bumetanide were determined in the
brain (Fig. 2B), substantiating that metabolism to bumetanide is not
important for the pharmacodynamic effects of bumepamine.

In addition to i.v. drug administration, bumetanide and bumepa-
mine were also given p.o. to allow calculation of oral bioavailability. As
shown in Fig. 2D, plasma concentrations of bumetanide were con-
siderably lower after p.o. vs. i.v. administration, resulting in an average
oral bioavailability of 42%. Similar data were determined for bume-
pamine (Fig. 2E), resulting in an average oral bioavailability of 41%.

3.4. Determination of fraction unbound in plasma and brain of mice

When comparing drug brain levels obtained in vivo with effective
drug concentrations determined in in vitro assays, one has to consider
unspecific brain tissue binding of drugs to proteins and lipids, which
may markedly reduce the brain drug concentration that is available for
effects on pharmacological targets (Reichel, 2009). Thus, unbound
brain drug concentrations should be distinguished from total brain
concentrations to allow comparison with drug potencies in in vitro
assays (Reichel, 2009). We therefore determined the brain tissue Ta
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binding of bumetanide and bumepamine by equilibrium dialysis of the
compounds between buffer and brain homogenate. Furthermore, the
plasma protein binding of both compounds was determined, since only
the unbound fraction is available for passive diffusion through the BBB
(Reichel, 2009).

As shown in Table 1 for bumetanide, fraction unbound (fu) in
plasma was only 0.012, indicating a plasma protein binding of 98%,
which is in line with previous reports (Puskarjov et al., 2014). Extensive
unspecific tissue binding, most likely to lipids, was determined for brain
tissue (corrected for dilution), resulting in fu of only 0.17 (Table 1).
Thus, using tissue dilution of 1:3 (see Methods), only 17% of the total
brain concentration of bumetanide was unbound and thus available for
pharmacological effects on NKCC1 in the brain. Slightly lower fu values
were obtained with tissue dilutions of 1:10 (fu 0.094 ± 0.014) and
1:20 (0.12 ± 0.023). When fu was used to calculate unbound brain
concentrations of bumetanide for the brain values determined in the in
vivo mice experiments described above, bumetanide concentrations of

0.12-0.36 μM were obtained, which was in the range of NKCC1 IC50s
often cited in the literature (100–300 nM) but below the cutoff of 1 μM
needed for full block of NKCC1 (Table 1). The ratio between unbound
brain levels and total plasma levels of bumetanide ranged between
0.003 and 0.0038.

Bumepamine was even higher bound to plasma proteins and tissue
than bumetanide (Table 1). Plasma protein and tissue binding was>
99%, resulting in extremely low free (unbound) concentrations in
plasma and brain.

3.5. Diuretic effect of bumetanide and bumepamine in mice

As shown in Fig. 3, i.v. doses of 1 and 10mg/kg of bumetanide
induced a significant diuretic effect. At 1mg/kg, urine production in-
creased 1.9-fold compared to vehicle controls within 120min after in-
jection (Fig. 3A), while a 3.2–fold increase was determined after the
higher dose (Fig. 3B). Bumepamine, on the other hand, was

Fig. 3. Diuretic effect of bumetanide vs. bumepamine in mice. Compounds were administered i.v. at 1.0 or 10 mg/kg. Data are shown as means ± SEM; group size is
indicated in the figure. Significant differences between drug and vehicle are indicated by asterisk (*P < 0.05; **P < 0.01; ***P < 0.001), whereas significant
differences between bumetanide and bumepamine are indicated by the hash sign (#P < 0.05; ##P < 0.01; ###P < 0.001).
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significantly less diuretic. At 1mg/kg, no significant effect on diuresis
was observed (Fig. 3A), while 10mg/kg led to a 2.1–fold increase in
urine production. Thus, 10mg/kg bumepamine induced a similar
diuretic effect than 1mg/kg bumetanide, indicating that bumetanide is
about 10-times more potent as a systemic diuretic than bumepamine,
which corresponds to the 7-fold difference between the diuretic potency
of bumetanide and bumepamine previously reported for dogs (Nielsen
and Feit, 1978; Lykke et al., 2015).

3.6. Effect of bumetanide and bumepamine alone or in combination with
phenobarbital on electrically induced seizures in nonepileptic vs. epileptic
mice

An increase in hippocampal (CA1) NKCC1 and decrease in KCC2
expression have been described in the pilocarpine model of TLE in adult
mice (Li et al., 2008). One may therefore hypothesize that NKCC1 in-
hibitors are more effective in epileptic mice of this model than in
nonepileptic mice. This has been shown recently with the bumetanide
prodrug BUM5, which potentiated the anticonvulsant effect of pheno-
barbital on electrically induced seizures in epileptic but not in none-
pileptic mice (Erker et al., 2016). The use of acutely induced seizures

Fig. 4. Seizure-threshold increasing effects of bumetanide (BUM), phenobarbital (PB), bumepamine (BMP) and combinations of bumetanide or bumepamine with
phenobarbital in nonepileptic and epileptic mice. A: Drug effects are shown in percent seizure threshold (MEST) increase above individual control seizure thresholds
(± SEM); sample size is 17–26 mice per experiment. The dose (in mg/kg) is indicated below the bars. Significant threshold increases above respective controls are
indicated by asterisk (P < 0.001). Significant differences between combined treatment with bumepamine and phenobarbital vs. phenobarbital alone are indicated
by the hash sign (P < 0.001). Significant differences in drug effects between epileptic and nonepileptic mice is indicated by circle (P < 0.001). As reported
previously (Bankstahl et al., 2013; Erker et al., 2016), the control MEST did not differ between nonepileptic and epileptic mice. Average CC50 control values were
15.8 ± 0.36mA in nonepileptic mice (mean ± SEM of 5 threshold determinations in 17–20 mice per threshold) and 15.6 ± 0.45 mA in epileptic mice
(mean ± SEM of 5 threshold determinations in 20–26 mice per threshold), respectively. As reported previously (Klein et al., 2014), the ethanol-containing vehicle
(used for dissolving bumetanide and bumepamine) did not significantly alter MEST. B–D: Plasma and brain levels of phenobarbital and resulting brain:plasma ratio
following administration of either phenobarbital alone (10mg/kg i.v.) or combinations of bumetanide (10mg/kg i.v.) or bumepamine (10mg/kg i.v.) with phe-
nobarbital (10mg/kg i.v.), in which compounds were administered 30min before phenobarbital as in the experiments shown in A. Phenobarbital levels were
determined 30min after injection of this drug in all experiments. Data are shown as means ± SEM; group size was 5 mice per experiment.
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rather than spontaneous seizures for drug testing in epileptic mice was
based on a previous study by Blanco et al. (2009), who proposed that
the induction of acute seizures in animals pretreated with pilocarpine
might constitute an effective method to test putative ASDs for human
use in epileptic rodents.

In line with the recent study of Erker et al. (2016), bumetanide
(10mg/kg) did not potentiate the anticonvulsant effect of pheno-
barbital (10mg/kg) on the electroconvulsive seizure threshold (MEST)
in nonepileptic or epileptic mice (Fig. 4A). In contrast, bumepamine
(10mg/kg), which did not increase MEST when administered alone,
induced a moderate but statistically significant (64%) increase in phe-
nobarbital's MEST-increasing effect in nonepileptic mice, whereas a
marked (5.6-fold) increase was determined in epileptic mice (Fig. 4A).
The increase of phenobarbital's anticonvulsant efficacy by bumepamine
in epileptic mice was significantly higher than the increase observed in
nonepileptic mice. When administered at a lower dose (1mg/kg), bu-
mepamine had no potentiating effect on phenobarbital's anticonvulsant
efficacy (Fig. 4A). When the dose of phenobarbital was decreased to
5mg/kg, bumepamine (10mg/kg) significantly potentiated its antic-
onvulsant efficacy only in epileptic mice (Fig. 4A). No behavioral ad-
verse effects were observed following combined treatment with any
dose combination of bumepamine and phenobarbital. As reported
previously (Klein et al., 2014), the ethanol-containing vehicle (used for
dissolving bumetanide and bumepamine) did not significantly increase
MEST.

To exclude the possibility that the effect of pretreatment with bu-
mepamine and phenobarbital's anticonvulsant activity was only due to
a pharmacokinetic interaction, we repeated the experiments and de-
termined phenobarbital in plasma and brain at time of MEST de-
termination (30min after drug injection) in groups of mice that were
either treated with vehicle or with bumetanide or bumepamine 30min
before phenobarbital. As shown in Fig. 4B–D, combined treatment did
not significantly alter phenobarbital levels in plasma and brain or the
brain:plasma ratio of phenobarbital. In all groups, phenobarbital levels

in plasma were at the lower border of the therapeutic plasma con-
centration range of this drug (10–40 μg/ml) in patients with epilepsy
(Patsalos et al., 2008). These data thus substantiated that the synergistic
interaction between bumepamine and phenobarbital was pharmaco-
dynamic and not pharmacokinetic in nature.

3.7. Effect of phenobarbital and bumepamine alone or in combination on
fully amygdala-kindled seizures in rats

Increases in hippocampal and piriform cortex NKCC1 expression
have been described in the kindling model of TLE in adult rats (Okabe
et al., 2002, 2003). One may thus hypothesize that seizures in this
model are particularly responsive to NKCC1 inhibitors. In a previous
study, we showed that neither bumetanide alone (10mg/kg i.v.) nor
phenobarbital alone (10 or 20mg/kg i.v.) affect focal (afterdischarge)
seizure threshold (ADT) in amygdala kindled rats, but a moderate
(∼30%) increase of ADT was observed when combining both drugs
(Töllner et al., 2014). In the present experiments, bumepamine (10mg/
kg i.v.) did not significantly increase ADT when given alone or in
combination with a low dose of phenobarbital (10mg/kg i.p.) in a
group of 9 fully kindled rats (Fig. 5A). We have previously shown that
individual kindled rats differ in their response to ASDs, resulting in ASD
responders and nonresponders (Löscher, 1997; Baraban and Löscher,
2014). We therefore checked whether a similar phenomenon exists for
the bumepamine/phenobarbital combination. Responders were defined
by an at least 40% increase in ADT after drug treatment (Löscher et al.,
1998). Three of the 9 kindled rats responded to the combined treatment
with bumepamine and phenobarbital with an average 3.1-fold ADT
increase (Fig. 5B). This differed significantly from nonresponders, in
which ADT was not affected after combined treatment (Fig. 5B). No
behavioral adverse effects were observed with any treatment.

Fig. 5. Effect of phenobarbital (PB), bumepamine (BMP) and combinations of bumepamine with phenobarbital on the focal seizure threshold (ADT) in fully kindled
rats. Bumepamide was administered at an i.v. dose of 10mg/kg 60min and phenobarbital at 10mg/kg i.p. 30 min before ADT determination. Data are shown as
means ± SEM. Control recordings were performed 3–4 days before and after each drug experiment in the same animals. A: Data of the whole group of 9 kindled rats.
No significant effects of treatments were observed. B: Comparison of treatment effects in responders and nonresponders. Responders (n= 3) were rats that responded
with an ADT increase of ≥40% to treatment with the bumepamine/phenobarbital combination. Nonresponders (n= 6) were rats that did not respond with an ADT
increase of> 40% to treatment with the bumepamine/phenobarbital combination. Significant differences between the two groups are indicated by asterisk
(P= 0.0147).
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3.8. Comparison of in vitro effects of bumetanide and bumepamine on GDPs
in the neonatal hippocampal slice

A characteristic feature of the immature hippocampus is the oc-
currence of spontaneous network events that have been termed giant
depolarizing potentials (GDPs) (Ben-Ari et al., 1989). GDP activity is
extremely sensitive to NKCC1 block by bumetanide (Silipä et al., 2005;
Spoljaric et al., 2017) and therefore we used it for comparing the
pharmacodynamic effects of bumetanide and bumepamine. As shown
previously (Silipä et al., 2005; Töllner et al., 2014; Spoljaric et al.,
2017), bumetanide rapidly and potently blocked field GDPs (fGDPs) in
the neonate (P2 - P5) rat hippocampus (Fig. 6A,B). We first compared
the effect of bumetanide (2 μM, a saturating concentration to reach full
block of NKCC1) and bumepamine (2 μM) on fGDPs. In 5/5 local field
potential recordings, bumetanide caused a full suppression of fGDP
activity in less than 8min. In 3/5 recordings some sporadic network
activity re-emerged during prolonged drug exposure (see Silipä et al.,
2005), and therefore average fGDP activity was 6.5 ± 4.1% of the
baseline (n=5, P < 0.001) 15–20min from the beginning of appli-
cation (Fig. 6B). The effect of bumepamine (2 μM) was much slower,
with hardly any noticeable effect on average activity level during the
first 20min, and it decreased the fGDP total activity to 51.3 ± 5.4%
(n=9, P < 0.001) within 35–40min from the beginning of the ap-
plication (Fig. 6C).

We next tested how low concentrations of bumetanide, as they are
reached in vivo after i.v. administration of high doses (10mg/kg) in the
rodent brain (see Table 1), would affect this NKCC1-dependent spon-
taneous network activity (Fig. 7). 400 nM bumetanide caused a near-
complete block of fGDPs, similar, but slightly slower than the saturating
concentration of 2 μM. 100 nM of bumetanide, on the other hand did
not fully block fGDPs, but strongly suppressed them. Lower con-
centrations (10 and 30 nM) had no noticeable effect on fGDPs.

3.9. Comparison of the effects of bumetanide and bumepamine on GABA-
induced Ca2+ transients in the neonatal hippocampal slice

Recordings of intracellular Ca2+ transients upon GABA application
in neurons from acute neonatal brain slices can be used as a sensitive
and selective measure of NKCC1-dependent GABA responses (Yamada
et al., 2004; Spoljaric et al., 2017). Cl− accumulation by NKCC1 renders
GABAA receptor signaling depolarizing in neonatal hippocampal pyr-
amidal neurons (Kaila et al., 2014a; Spoljaric et al., 2017). Conse-
quently, activation of GABAA receptors evokes substantial [Ca2+]i
transients via activation of voltage-gated Ca2+ channels in an NKCC1-

dependent manner. In order to examine if the GDP-suppressing effect of
bumepamine was due to inhibition of NKCC1, we did Ca2+ imaging in
visually identified CA3 pyramidal neurons (Fig. 8). Puff application of
GABA (100 μM) reliably elicited intracellular Ca2+ transients. As ex-
pected, their peak amplitudes were significantly reduced by bath ap-
plication of bumetanide (25.5 ± 1.4% of baseline at 20min, bumeta-
nide vs. control: P < 0.001). In contrast to this, Ca2+ responses in
slices treated with bumepamine (2 μM) did not differ from control slices
(bumepamine vs. control at 20min: P=0.14). These data are in
agreement with those obtained on the Xenopus oocytes (see below)
indicating that bumepamine does not inhibit NKCC1.

3.10. In vitro effects of bumetanide and bumepamine on activated
hNKCC1a and hNKCC1b in an oocyte assay

We have previously reported that bumepamine does not inhibit
NKCC1a- or NKCC2a-mediated transport in Xenopus laevis oocytes
(Lykke et al., 2015, 2016). However, oocytes were exposed to bume-
tanide or bumetanide derivatives, including bumepamine, for only
5min. The data from the GDP experiments (see above) indicated that
the onset of GDP inhibition is much slower with bumepamine than with
bumetanide. If this is also true for oocytes, it might explain the lack of
effect on NKCC transport in our previous study. We therefore performed
experiments in which drug exposure time of the oocytes was prolonged
to 35min. Furthermore, the two major splice variants of NKCC1
(NKCC1a and NKCC1b) were examined, whereas only NKCC1a had
been examined in our previous experiments (Lykke et al., 2016). Bu-
metanide and bumepamine were tested at concentrations from 0.3 to
100 μM on hNKCC1a and hNKCC1b (Fig. 9A–D). As shown in the re-
presentative experiment (Fig. 9A) and the summary (Fig. 9 C), bume-
tanide inhibited both splice variants with about the same potency. The
IC50 values of bumetanide determined from the data illustrated in
Fig. 9C were 0.1783 (hNKCC1a) and 0.2010 (hNKCC1b) μM. Bumepa-
mine, on the other hand, had no effect on either NKCC1 splice variant
(Fig. 9 B and D), thus confirming previous results (Lykke et al., 2016).
As reported previously (Lykke et al., 2016), low expression of en-
dogenous NKCC1 was observed in the oocytes. Endogenous NKCC1 was
inhibited by bumetanide (1–10 μM), but not bumepamine (Fig. 9A and
B).

In additional experiments, bumetanide and bumepamine were in-
jected into hNKCC1-transfected oocytes to obtain estimated in-
tracellular concentrations of 0.1 and 1.0 μM. The goal of this experi-
ment was twofold. (1) We wanted to confirm that bumetanide acts from
the extracellular (and not intracellular) space, and (2) we wanted to

Fig. 6. Bumetanide (2 μM) and bumepamine (2 μM) suppress fGDPs in hippocampal slices from P2-P5 rats. A: Example fGDP raw trace and the same event filtered
(1–10 Hz). The fGDP area used for quantification of fGDP activity as a function of time (see Materials and Methods) is depicted in gray. B and C top, and D:
Representative traces of local field potential recordings from CA3 area (all traces from P3 rats, filtered 1–10 Hz, scale bar in D applies also to B and C). B and C,
bottom: The moving average plots of mean fGDP total area (mean ± SEM, 120 s window, 10 s bins). D: Quantification of the effect of bumetanide, bumepamine and
DMSO on mean normalized fGDP activity (mean ± SEM, paired t-test was used for statistical analysis, n numbers indicated in the figure). Significant differences to
DMSO are indicated by asterisks (P< 0.001).
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determine whether this might be different with bumepamine. No effect
on transport was observed with either compound after injection into the
oocytes (Fig. 9E and F).

3.11. In vitro effect of loop diuretics and bumepamine on aquaporin-4
(AQP4) mediated water permeability in an oocyte assay

Migliati et al. (2009) previously reported that AqB013, a 4-amino-
pyridine derivative of bumetanide (Fig. 1), as well as bumetanide
(100 μM) significantly block osmotic water flux mediated by rat AQP4
in a Xenopus laevis oocyte assay. The glial water channel AQP4 is ex-
pressed throughout the brain and has been implicated in epilepsy and in
the effects of some ASDs (Huber et al., 2009, 2012; Binder et al., 2012;
Coulter and Steinhäuser, 2015; Hubbard et al., 2017). In view of the
striking structural similarities between AqB013 and bumepamine
(Fig. 1), we evaluated whether bumepamine exerts an inhibitory effect
on rat AQP4-mediated osmotic water flux, which could explain its in
vivo effects on the CNS.

In the present experiments, in which the water permeability of
uninjected and AQP4-expressing oocytes was determined with cell
swelling upon a hyperosmotic challenge of −50 mOsm (Fig. 10A), we

could not reproduce the effect of bumetanide on rat AQP4-mediated
water flux. Our data set includes experiments with long-time bumeta-
nide incubation (1–2 h, Fig. 10B) and acute exposure ( ̴ 10min,
Fig. 10C). Furthermore, AqB013 (Fig. 1), which was reported to sig-
nificantly reduce AQP4-mediated osmotic water flux with an IC50 of
about 20 μM in the oocyte assay (Migliati et al., 2009) was ineffective in
our hands at 20 μM (Fig. 10D). At a higher concentration (50 μM, to a
lesser degree also at 20 μM), AqB013 (but not vehicle) was toxic to
several oocytes, so it was not possible to measure water permeability
reliably. Similar to bumetanide and AqB013, bumepamine (2 or 20 μM)
did not affect water permeability of the AQP4-expressing oocytes
(Fig. 10A (lower trace) and E).

4. Discussion

As outlined in the Introduction, due to the poor brain penetration of
bumetanide, concentrations needed to inhibit NKCC1 in hippocampal
and neocortical neurons are not reached after systemic administration
when using doses in the range (∼0.1–0.5mg/kg) approved for use as a
diuretic in humans. This may indicate that most, if not all, of the nu-
merous effects of bumetanide on brain diseases that have been observed

Fig. 7. Low concentrations of bumetanide (< 100 μM) do not affect fGDPs in hippocampal slices from P3-P4 rats. A: The moving average plots of mean fGDP total
area (mean ± SEM, 120 s window, 10 s bins). B: Quantification of the effect of different bumetanide concentrations on mean normalized fGDP activity
(mean ± SEM, paired t-test was used for statistical analysis, n numbers indicated in the figure). Significant suppression of fGDPS is indicated by asterisks
(P< 0.001).

Fig. 8. Bumetanide but not bumepamine suppresses GABA-induced Ca2+ transients in neonatal rat CA3 pyramidal neurons. A: Representative Ca2+ transients of
individual neurons before (baseline) and after 20min bath application of either DMSO (20 μl/100ml, control), bumepamine (2 μM) or bumetanide (2 μM). Puff
application of GABA (100mM, 1 s) is indicated by gray bars above traces. Responses are normalized to baseline peaks (100%). B: Normalized peak Ca2+ responses
upon GABA puff in Fluo4-loaded CA3 hippocampal pyramidal neurons. Bumetanide (2 μM) significantly decreased the Ca2+ response of neonatal pyramidal neurons
(P < 0.001 bumetanide vs. control at 20min, independent t-test), while bumepamine (2 μM) had no effect (control vs. bumepamine at 20min: P= 0.13). Data are
shown as individual values with mean ± SEM of 7 (control), 8 (bumepamine) and 3 (bumetanide) experiments. Significant differences to baseline are indicated by
asterisks (**P<0.01; ***P< 0.001).
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at such doses in animal models, including potentiation of phenobarbi-
tal's anticonvulsant effect, are not related to NKCC1 inhibition in cen-
tral neurons (Puskarjov et al., 2014) but to as yet unknown off-target
effects of this compound (Wang et al., 2015). The present data show
that a bumetanide derivative, bumepamine, which is only minimally

metabolized to bumetanide, is markedly more effective than bumeta-
nide to potentiate the anticonvulsant effect of phenobarbital in rodent
models of chronic epilepsy. However, this higher potency is not related
to inhibition of NKCC1, suggesting that bumepamine might mimic some
other, as yet unidentified, off-target effects of bumetanide that

(caption on next page)
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underlies its effects in some disease models.
The epileptic brain differs from the normal one in numerous aspects,

not only in high expression of NKCC1 in some neuronal populations
(Klein et al., 2018). The in vivo effects of bumepamine (and bumeta-
nide) could therefore be related to other targets that are altered in the
epileptic brain. Inhibition of GDPs in the rodent neonatal hippocampal
in vitro preparation is often used to indicate drug effects on NKCC1.
However, GDPs can be suppressed by several mechanisms, including
block of various types of ion channels (Silipä et al., 2006).

In the present experiments in neonatal rat hippocampal slices, bu-
mepamine reduced GDP activity. Such an effect was observed at 2 μM
bumepamine. However, the inhibitory effect of bumepamine on GDP

activity developed very slowly, which could either indicate a target
other than NKCC1 or reflect slow incorporation of bumepamine into the
slice preparation to reach its target(s). Recent experiments of
Somasekharan et al. (2012) lent strong support to the longstanding
hypothesis that loop diuretics bind in the translocation pocket of NKCC
and suggest that the binding site may be near the intracellular end of
the pocket. We therefore did the oocyte experiments with prolonged
(35min) exposure to bumepamine, but found no significant effect on
NKCC1-mediated transport, whereas bumetanide potently inhibited
both splice variants of hNKCC1. In addition, we performed experiments
in which bumetanide and bumepamine were injected into hNKCC1-
transfected oocytes. In line with the longstanding assumption that loop

Fig. 9. Effect of bumetanide and bumepamine on hNKCC1a- and hNKCC1b-mediated 86Rb+ uptake in Xenopus oocytes. In A-D, drugs were added to the medium,
whereas drugs were injected into oocytes in E and F. A: A representative experiment demonstrating the inhibitory effect of 1 and 10 μM bumetanide on 86Rb+ uptake
(in DPM, counted for 10min) in hNKCC1a- and hNKCC1b-expressing oocytes and on batch-matched uninjected oocytes. Note the inhibitory effect of bumetanide on
NKCC1 in both injected and uninjected oocytes. Data are shown as mean ± SEM of n=19–20 oocytes per drug concentration. (B) A representative experiment
demonstrating the lack of effect of 1 and 10 μM bumepamine on 86Rb+ uptake (in DPM, counted for 10min) in hNKCC1a- and hNKCC1b-expressing oocytes and on
batch-matched uninjected oocytes. Data are shown as mean ± SEM of n=19–20 oocytes per drug concentration. In both experiments, the oocytes were exposed to
the compounds for 35min. C and D show normalized data for bumetanide (C) and bumepamine (D) from two experiments with more concentrations of these
compounds to allow determination of IC50. Data are shown as percent control after deducting the background contribution from the uninjected oocytes. All other
details in C and D were as described above for A and B except that sample size was 10–30 oocytes per drug concentration. E and F show experiments in which
bumetanide or bumepamine were injected into oocytes at a volume of 50 nl to obtain intracellular drug concentrations of 0.1 or 1 μM; control oocytes (“uninjected”)
and hNKCC1-injected oocytes shown at “0” were injected with the same volume of vehicle. Data are shown as mean ± SEM of n=19–20 oocytes per drug
concentration.

Fig. 10. Effect of bumetanide, AqB013, and bumepamine on osmotic water permeability in AQP4-expressing oocytes. A: Uninjected (upper trace) or AQP4-expressing
oocytes (lower traces) were exposed to a hyposmolar challenge of −50 mOsm (indicated by the black bar) in control solution (with vehicle) or after incubation with
bumepamine (BMP) for 1–2 h. The rate of swelling was determined as %/100 s. Quantitative data in B-E are shown as boxplots with whiskers from minimum to
maximal values; the horizontal line in the boxes represents the median value. B: Oocytes were preincubated with either bumetanide (100 μM) or control vehicle
(0.1% DMSO) for 1–2 h and exposed to the hypoosmotic challenge (Δ −50 mOsm) in the continued presence of DMSO or bumetanide. Data are from n=26–31 of
each condition from N=4 experiments. No statistical significant difference was found with two-way ANOVA and Sidak's multiple comparisons test, p= 0.99. C: The
water permeability was obtained in AQP4-expressing oocytes exposed to a hyposmotic challenge (−50 mOsm) in control solution and subsequently after a brief
exposure of 100 μM bumetanide (10min). Data is obtained as rate of cell shrinkage in the presence of bumetanide as percent of control and is from n=11 from
N=3 experiments. The water permeability in the presence of bumetanide was not statistically different from 100% as measured with one sample t-test, p= 0.98. D:
Oocytes were preincubated with either AqB013 (20 μM) or control vehicle (0.1% DMSO) for 1–2 h and exposed to the hypoosmotic challenge (Δ −50 mOsm) in the
continued presence of DMSO or AqB013. Data are from n=14–24 of each condition from N=3 experiments. No statistical significant difference was found with
unpaired Student's t-test, p= 0.13. E: Oocytes were preincubated with either 2 or 20 μM bumepamine or control vehicle (0.2% DMSO) for 1–2 h and exposed to the
hypoosmotic challenge (Δ −50 mOsm) in the continued presence of DMSO or bumepamine. Data are from n=9 of each condition from N=3 experiments. No
statistical significant difference was found with two-way ANOVA and Dunnett's multiple comparisons test, p= 0.7–0.9.
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diuretics such as bumetanide bind to NKCC1 from the extracellular
space (Brill et al., 1995; Somasekharan et al., 2012; Puskarjov et al.,
2014), intracellularly applied bumetanide had no effect on NKCC1.
Similarly, bumepamine did not inhibit NKCC1 after injection into oo-
cytes, thus excluding that it binds to NKCC1 from the intracellular
space. These results are consistent with the lack of effect of bumepa-
mine on GABA-induced Ca2+ transients in rat CA3 neurons, which are a
sensitive measure of NKCC1-dependent depolarizing GABA responses.
Our data therefore strongly argue against a role of NKCC1 in the in vivo
CNS effects of bumepamine.

In view of the structural similarity of bumepamine to AqB013
(Fig. 1), which has previously been reported to inhibit AQP1 and AQP4
(Migliati et al., 2009), we hypothesized that inhibition of AQP4 may
constitute a mechanism of action of bumepamine (and possibly also
bumetanide). The glial water channel AQP4 is expressed strongly
throughout the brain and has been implicated in epilepsy and the ef-
fects of some ASDs (Huber et al., 2009, 2012; Binder et al., 2012;
Coulter and Steinhäuser, 2015; Hubbard et al., 2017), although it may
be questionable whether these observations were due to the limited
reduction of astrocytic osmotic water permeability of the employed
AQP4−/− mice (Solenov et al., 2004) or a secondary effect of the ge-
netic deletion (Assentoft et al., 2015). However, neither AqB013 nor
bumepamine exerted any significant effect on AQP4-mediated osmotic
water permeability in our experiments. Furthermore, bumetanide,
which was reported to inhibit AQP4 in an oocyte assay (Migliati et al.,
2009), did not show such an effect when using a similar assay in the
present experiments. Although we do not know what causes the dis-
crepancy in the two data sets, we speculate that issues with insufficient
speed of introduction of the osmotic challenge and of the rate of sam-
pling could skew the osmotic water permeability measurements done
by Migliati and colleagues (see Assentoft et al., 2015). Furthermore,
prolonged exposure to AqB013 caused membrane depolarization and
occasional oocyte death, which may also contribute to the great
variability in measured water permeabilities with this compound. In-
terestingly, the effect of AqB013 on AQP1 reported by Migliati et al.
(2009) could not be reproduced by another group either (Esteva-Font
et al., 2016). Esteva-Font et al. (2016) suggested that off-target actions
of AqB013 might be responsible for the apparent effects on oocyte
water permeability reported by Migliati et al. (2009), such as actions on
the many NKCC-related ion transporters, which was not considered in
the latter study.

Thus, it is currently not clear how bumepamine exerts its pharma-
codynamic in vivo effects observed in the present study. Moreover, as
described in the Introduction, the role of neuronal NKCC1 inhibition in
the in vivo CNS effects of bumetanide is also questionable, at least when
this drug is administered at low doses (0.1–0.5mg/kg) that are asso-
ciated with brain concentrations far below those needed to inhibit
NKCC1 (Puskarjov et al., 2014). For instance, in the study of Cleary
et al. (2013), in which bumetanide was reported to enhance pheno-
barbital efficacy in a rat model of hypoxic neonatal seizures at P10,
bumetanide was administered at i.p. doses of 0.15 and 0.3mg/kg,
leading to peak brain concentrations of 0.76 and 1.22 ng/g, respec-
tively, corresponding to 2.1 and 3.3 nM, i.e., brain levels that are orders
of magnitude lower than the half maximal inhibition constant for
NKCC1 (Table 1). Brain:plasma ratio of bumetanide in neonatal rats
was ∼0.004, which is below the brain:plasma ratio determined in adult
mice in the present study, and was not affected by hypoxia (Cleary
et al., 2013), thus excluding that developmental or pathological
changes in BBB penetrance increased brain levels of bumetanide. Si-
milarly, Wang et al. (2015) reported in vivo effects of bumetanide
(0.5 mg/kg i.p.) in a neonatal seizure rat model (P10) at brain con-
centrations (0.002 μg/g or 5 nM) that were incompatible with NKCC1
inhibition (Table 1). In light of bumetanide's poor BBB penetration, its
effects on the CNS have often been a priori attributed in part to en-
hanced brain accumulation, e.g., as a result of a seizure-induced
breakdown of the BBB. However, the few available studies that have

investigated this possibility did not show any significant increase in
brain accumulation of bumetanide following seizures (Cleary et al.,
2013; Töllner et al., 2014; Töpfer et al., 2014; Wang et al., 2015; for
review, see Puskarjov et al., 2014). Although Cleary et al. (2013) re-
ported that perforated patch clamp recordings from ex vivo hippo-
campal slices prepared following hypoxia seizures revealed that phe-
nobarbital (100 μM) and bumetanide (10 μM) largely reversed seizure-
induced changes in GABA-induced currents, such bumetanide con-
centrations are orders of magnitude higher than those obtained in vivo
following systemic administration of the low bumetanide doses used in
the Cleary et al. (2013) study (Table 1). Given that bumetanide inhibits
NKCC1 from the extracellular side (see above), its high ionization is not
a problem for use in vitro, or for acting on targets in vivo that are not
protected by the BBB (Puskarjov et al., 2014). However, because the
bumetanide fraction unbound to plasma protein is only∼2–3% of total,
and, as shown here, bumetanide exhibits extensive unspecific binding
in brain tissue, substantially higher plasma and brain concentrations
are needed to achieve a transient half-maximal inhibition of NKCC1 in
vivo compared to in vitro conditions, where protein or lipid binding in
plasma and brain and the BBB do not limit neuronal target access
(Puskarjov et al., 2014).

In order to exclude that neonatal NKCC1 in the brain is more sus-
ceptible to inhibition by bumetanide than NKCC1 in the adult brain, we
performed additional experiments in which we tested the effect of a
large range of bumetanide concentrations on GDPs in hippocampal
slices from neonatal rats. Bumetanide inhibited GDPs in the con-
centration range of 100–400 nM, which is similar to the range that we
used as cutoff for the present considerations (Table 1). However, at
lower concentrations (10 and 30 nM) bumetanide failed to inhibit
GDPs, thus excluding that the low brain concentrations (2–5 nM) ob-
tained after administration of the low doses (0.1–0.5 mg/kg) typically
used in neonatal seizure models (Table 1) are sufficient to block
NKCC1. Thus, it is likely that the CNS effects of low doses of bumeta-
nide are mediated, at least in part, by other mechanisms than inhibition
of NKCC1 in cortical or hippocampal neurons.

At the high dose (10mg/kg) of bumetanide administered i.v. in the
present study, free brain levels of 0.045–0.133 μg/g (120–360 nM)
bumetanide were reached, which is in the IC50 range (100–300 nM) of
NKCC1 inhibition that we used as a cutoff for the present study.
However, 10mg/kg is 20–100-times higher than the low doses of bu-
metanide (0.1–0.5 mg/kg) commonly used in rodent experiments in the
literature (Puskarjov et al., 2014). Furthermore, as described in the
Introduction, depending on the in vitro preparation used, the sensitivity
of mammalian NKCC1 to bumetanide may vary from 0.1 μM in human
fibroblasts to 8.7 μM in Ehrlich ascites tumor cells, i.e., over almost two
orders of magnitude (Russell, 2000), and the drug concentration needed
to inhibit neuronal NKCC1 in vivo is not known. Interestingly, in a re-
cent study, in which pilocarpine-induced SE was used to evoke neuronal
chloride dysregulation in adult rats, intracerebral infusion with bume-
tanide at a dose of 20 μM after SE restored NKCC1 expression, nor-
malized chloride homeostasis, and significantly reduced glutamatergic
mossy fiber sprouting within the dentate gyrus (Kourdougli et al.,
2017), thus demonstrating that bypassing the BBB can resolve the
problems associated with the poor brain penetration of bumetanide
following systemic administration.

Most likely as a result of its much higher lipophilicity, unspecific
brain tissue binding of bumepamine was even higher (> 99%) than that
determined for bumetanide (83%), resulting in free bumepamine brain
concentrations of only 0.8–2.5 nM at the dose (10mg/kg) that was as-
sociated with significant potentiation of phenobarbital's anti-seizure
effect. This indicates high affinity of bumepamine for its as yet un-
known target, which, if this target is also relevant for low brain con-
centrations of bumetanide, would explain the in vivo effects of low doses
(0.1–0.5mg/kg) of bumetanide observed by some groups (e.g., Dzhala
et al., 2005; Cleary et al., 2013; Wang et al., 2015).

To our knowledge, the poor CNS penetration of bumetanide was
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first reported by Javaheri et al. (1993). Following i.v. administration of
50mg/kg of bumetanide in dogs, both plasma and CSF were repeatedly
sampled up to 5 h after injection, resulting in CSF:total plasma con-
centration ratios of only 0.001–0.0038. CSF sampling has often been
used for the assessment of CNS drug delivery, assuming that CSF drug
levels reflect unbound brain levels that are pharmacodynamically re-
levant (Shen et al., 2004). It is thus interesting to note that the
CSF:plasma ratios of bumetanide reported by Javaheri et al. (1993),
were very similar to the unbound brain level:total plasma concentration
ratios (0.003–0.0038) calculated in the present study, indicating that
only about 0.3% of the total plasma concentration of bumetanide is
available as unbound concentration in the brain.

As described in the Introduction, a number of preclinical studies
advocated the use of bumetanide as an adjunct with phenobarbital in
the treatment of neonatal seizures. However, the recent clinical NEMO
trial on i.v. bumetanide as an add-on to phenobarbital for treatment of
neonatal seizures (Pressler et al., 2015) had to be terminated early
because of lack of evidence for seizure reduction and serious adverse
reactions, particularly ototoxicity. The poor brain penetration of bu-
metanide was discussed as a likely reason for the lack of seizure re-
duction in this clinical trial (Pressler et al., 2015).

Combination of bumetanide with ASDs such as phenobarbital has
been proposed as a novel therapeutic strategy for not only treatment of
neonatal seizures, which are otherwise often resistant to treatment with
GABAergic ASDs (phenobarbital, diazepam) (Dzhala et al., 2008), but
also for treatment of pharmacoresistant seizures in adult patients with
TLE (Maa et al., 2011). The latter idea is based on findings in hippo-
campal specimens obtained during epilepsy surgery, suggesting that
Cl− homeostasis is impaired in pyramidal cells, resulting in GABAergic
depolarization, which could form a mechanism of ASD resistance
(Huberfeld et al., 2007; Miles et al., 2012). Similar findings have been
reported in rodent models of TLE, including the pilocarpine and kind-
ling models (Löscher et al., 2013). In both models, seizures, in-
dependently of whether induced or spontaneous, are more difficult to
control by ASDs than seizures in nonepileptic (or nonkindled) rodents,
so that kindling and pilocarpine-induced epilepsy have been considered
to model pharmacoresistant TLE (Löscher, 2011; Löscher, 2016).

As shown here, the bumetanide derivative bumepamine was much
more effective than bumetanide to enhance the anticonvulsant activity
of phenobarbital in the pilocarpine mouse model of TLE.
Pharmacokinetic experiments showed that bumepamine much more
easily penetrates into the brain of mice than bumetanide, which is a
likely result of its higher lipophilicity and lower ionization rate (Fig. 1),
which also explains its much higher apparent volume of distribution
compared to bumetanide. Interestingly, the high plasma protein
binding of bumepamine (> 99%) did not restrict its distribution into
the brain, indicating that a high fraction of drug un-ionized in blood (as
is the case with bumepamine) rather than plasma protein binding fa-
vors distribution into tissues, including the brain (Berry et al., 2010).
Determination of phenobarbital levels in plasma and brain sub-
stantiated that the synergist anticonvulsant effect of the bumepamine/
phenobarbital combination in epileptic mice is not due to pharmaco-
kinetic interactions. Furthermore, although ethanol-containing solvents
(as used in the present study for dissolving bumetanide and bumepa-
mine) may potentiate anticonvulsant drug effects (Klein et al., 2014),
this is not a likely explanation for the synergistic effect between bu-
mepamine and phenobarbital, because such an effect was not observed
for bumetanide, although the same solvent was used for both bume-
pamine and bumetanide.

Elimination half-life in mice (∼30min) was comparable for bu-
metanide and bumepamine. Furthermore, following oral administration
in mice, both bumetanide and bumepamine exhibited similar bioa-
vailability (∼40%), which, however, was lower than the bioavailability
reported for bumetanide in humans (Holazo et al., 1984), most likely
due to the much more rapid metabolism of bumetanide in mice.

In the rat kindling model, bumepamine increased the anti-seizure

efficacy of a low dose of phenobarbital in only part of the rats; in these
drug responders, a> 300% increase in focal seizure threshold was
observed, compared to an only 70% ADT increase in responders to
combined treatment with bumetanide and phenobarbital in our pre-
vious study (Töllner et al., 2014). Similarly, the bumetanide prodrug
BUM5 was less effective than bumepamine to increase ADT in kindled
rats (Töllner et al., 2014) and MEST in epileptic mice (Erker et al.,
2016). The finding that only part of the kindled rats respond to com-
bined treatment of bumetanide or bumepamine with phenobarbital is
interesting and deserves further studies, because it adds to our previous
evidence that the amygdala-kindling model is valuable in determining
mechanisms of drug resistance in TLE (Löscher, 2011; Löscher, 2016).
However, based on the present data alone, we cannot exclude that a
larger proportion of animals would have responded to the bumepa-
mine/phenobarbital combination if higher doses were tested, although
in previous experiments with a 3-times higher dose (30mg/kg) of
phenobarbital in fully kindled rats, also only part of the rats responded
with ADT increases in an all-or-none fashion (Löscher et al., 1993).

In contrast to the enhanced efficacy of bumepamine to potentiate
the anticonvulsant effect of phenobarbital, this benzylamine derivative
of bumetanide was significantly less diuretic than the parent drug,
substantiating previous experiments in dogs (Nielsen and Feit, 1978;
Lykke et al., 2015). Based on a large series of structure-activity studies
on aminobenzoic acid diuretics, Nielsen and Feit (1978) concluded that
the carboxylic acid function is a prerequisite for high-ceiling diuretic
activity and that the diuretic response following treatment with ben-
zylamine derivatives such as bumepamine could be explained solely on
the basis of metabolic transformation to the corresponding benzoic
acid. However, as shown by the present data, plasma levels of bume-
tanide following treatment with bumepamine were<5% of those de-
termined after administration of bumetanide, so it is unlikely that bu-
metanide alone explains the diuretic effect observed after a high dose of
bumepamine.

In conclusion, we describe a unique bumetanide derivative that was
selected from a large series of such derivatives, based on brain per-
meability, low diuretic potency, and solubility in tolerable solvents.
Bumepamine may be very useful in sorting out the so-far unknown
mechanisms whereby bumetanide might act when administered at
doses that do not lead to brain concentrations that inhibit NKCC1.
Furthermore, the present data indicate that bumepamine may have
several advantages over bumetanide for CNS targeting including lower
diuretic potency, much higher brain permeability, and higher efficacy
to potentiate the anti-seizure effect of phenobarbital. As shown by the
present data in chronic epilepsy models, bumepamine is a promising
tool compound for target validation and proof-of-concept studies and
will help to develop lead compounds for clinical trials.
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