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Abstract:

The aim of this study was to determine whether ethacrynic acid (EA), a loop diuretic with anticonvulsant activity, would affect the
protective action of the conventional antiepileptics (AEDs) carbamazepine (CBZ), phenytoin (PHT), valproate (VPA) and pheno-
barbital (PB) in the mouse maximal electroshock seizure (MES) model. The effects of acute and chronic treatment with EA on these
AEDs were examined. At a single dose of 100 mg/kg ip, EA enhanced the antielectroshock activity of VPA, decreasing its ED��

value from 225.6 to 146.6 mg/kg (p < 0.05), but enhancement was not observed following continuous administration of EA
(12.5 mg/kg) for seven days. Combined treatment of EA with other AEDs had no effect on their ED�� values. The observed interac-
tion between EA and VPA was pharmacodynamic in nature as EA did not alter free plasma (non-protein-bound) and total brain con-
centrations of VPA. Taking into consideration the clinical use of both drugs, this interaction between EA and VPA can be important
for patients receiving these drugs.
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Introduction

Although loop diuretics are drugs mainly used in the
treatment of edema associated with heart failure, cir-
rhosis of the liver and renal diseases [2], there are
clinical data suggesting that loop diuretics can also be
effective anticonvulsants. Furosemide (FUR) sup-
pressed spontaneous spiking and stimulation-evoked
discharges in patients who were intractable to existing
antiepileptic drugs [9]. The use of FUR was also pro-

tective for the development of first unprovoked sei-
zures in adult patients [10]. The anticonvulsant prop-
erties of loop diuretics such as FUR, ethacrynic acid
(EA) and bumetanide (BUM) have been proven in
animal models. Among these three diuretics, high
K�-induced epileptiform activity in rat hippocampal
slices was strongly inhibited by EA [22]. In vivo, EA
and FUR suppressed sound-triggered seizures in
post-ischemic audiogenic seizure-prone rats [27].
However, the mechanism(s) of the anticonvulsant ac-
tivity of loop diuretics are still unclear; one of the sug-
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gested mechanisms is a blockade of K�-Cl� co-
transporters in the brain, especially KCC2 [22, 28].
Loop diuretics block both Na�-K�-2Cl� co-transport
(NKCC) and K�-Cl� co-transport (KCC), not only in
the kidney [8] but also in the brain [25]. The KCC1
co-transporter is highly expressed in tissues such as
the kidney and lung [8], whereas KCC2 is a neuron-
specific isoform [26]. Additionally, the anticonvulsant
activity of loop diuretics could be associated with
changes in the volume fraction of extracellular space
or ionic fluxes associated with cell-volume regulation
[11, 21]. Taking into consideration the anticonvulsant
properties of EA, we decided to evaluate its influence
on the protective activity of the conventional antiepi-
leptic drugs (AEDs) carbamazepine (CBZ), phenytoin
(PHT), valproate (VPA) and phenobarbital (PB). De-
spite the introduction of new AEDs in the treatment of
epilepsy, CBZ and VPA have remained in the group of
first-line drugs for generalized tonic-clonic seizures in
adult patients and the other two, PHT and PB, may be
considered for these types of seizures [5]. Therefore,
in the current study, we used the maximal electro-
shock seizure (MES) model in the mouse, which is re-
garded as an experimental model of tonic-clonic sei-
zures and, to a certain extent, of partial convulsions
with or without secondary generalization [16].

Materials and Methods

Animals

The experiments were conducted on adult male Swiss
mice (body weight 22–26 g). The mice were housed
in colony cages with free access to food and tap water
ad libitum. They were kept under standardized labora-
tory conditions (a 12-h light-dark cycle and a tem-
perature of 21 ± 1°C). The experimental groups, each
consisting of eight animals, were chosen using a ran-
domized schedule; each mouse was used only once.
The animals were tested in strict accordance with the
current guidelines of the European Committee and
Polish legislation on animal experimentation. All ex-
perimental procedures run in this study were ap-
proved by a Local Ethics Committee for Animal Ex-
periments.

Drugs

The following drugs were used in this study: eth-
acrynic acid (MP Biomedicals, Solon, OH, USA), car-
bamazepine (Amizepin, Polpharma S.A., Starogard
Gdañski, Poland), valproate magnesium (Dipromal,
ICN Polfa S.A., Rzeszów, Poland), phenytoin (Pheny-
toinum, Polfa, Warszawa, Poland) and phenobarbital
(Luminalum, Unia, Warszawa, Poland). VPA was di-
rectly dissolved in distilled water. EA, CBZ, PHT and
PB were suspended in a 1% solution of Tween 80
(Sigma, St. Louis, MO, USA) in distilled water. The
use of the emulsifier Tween 80 was due to the fact that
CBZ, PHT and PB are water insoluble, or sparingly
soluble in the case of EA. All drugs were injected
intraperitoneally (ip) at a volume of 5 ml/kg body
weight and administered 120 min (PHT), 60 min (PB)
or 30 min (EA, CBZ and VPA) prior to the tests; con-
trol animals received injections of the vehicle. The
route of ip administration and the pretreatment times
were based upon the peaks of the anticonvulsant ef-
fects of the antiepileptic drugs and loop diuretics as
reported in the literature [10, 20]. EA has been shown
to cross the blood-brain barrier [27].

Maximal electroshock seizure (MES) test

Electroconvulsions were produced by an alternating
current (25 mA, 50 Hz, 500 V, 0.2 s stimulus dura-
tion) delivered via ear-clip electrodes by a generator
(Rodent Shocker, Type 221, Hugo Sachs, Freiburg,
Germany). The criterion for the occurrence of seizure
activity was the full tonic extension of both hind
limbs. The protective activities of AEDs administered
separately or in combination with acute (50 and 100
mg/kg, ip) or chronic (12.5 mg/kg, ip) EA administra-
tion were determined as their median effective doses
(ED�� in mg/kg with 95% confidence limits) against
maximal electroconvulsions. Because EA given chroni-
cally at 25 mg/kg caused 18% mortality [17], the maxi-
mum dose of chronic EA was reduced to 12.5 mg/kg.
To evaluate the ED�� values of the various AEDs, at
least three groups of mice (eight animals per group)
were challenged with MES-induced seizures after re-
ceiving progressive doses of an AED. A dose-response
curve for each AED was subsequently constructed on
the basis of the percentage of animals protected
against MES-induced seizure activity. EA was tested
in the MES test at doses that did not influence the
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threshold for electroconvulsions, as reported previ-
ously [17].

Step-through passive avoidance test

The passive avoidance test is generally regarded as
a measure of long-term memory formation [30]. The
pretreated mice were individually placed in an illumi-
nated box (12 × 20 × 15 cm) connected to a dark box
(24 × 20 × 15 cm). A 4 × 7-cm doorway was located
at floor level in the center of the connecting wall. The
dark box was equipped with an electric grid floor. En-
trance into the dark box was punished by an electric
foot shock (0.6 mA for 2 s). Twenty-four hours after
the training trial, a retention test was conducted in
which the same animals with no treatment, were put
into the illuminated box and the latency (time) to en-
ter the dark box was recorded. The mice that avoided
the dark compartment for 180 s were considered to re-
member the task.

Chimney test

Motor performance was evaluated with the chimney
test [1]. The animals had to climb backwards up
a plastic tube (3 cm inner diameter and 25 cm in
length). Motor impairment was indicated as the in-
ability of mice to climb backward up the tube within
60 s.

Measurement of free plasma and total brain

concentrations of valproate

The measurement of the free plasma (non-protein-
bound) and total brain concentrations of VPA was un-
dertaken at a dose of the antiepileptic drug corre-
sponding to its ED�� value in combination with EA
(100 mg/kg) in the MES test. Mice were killed by de-
capitation at times scheduled for the maximal electro-
shock test and blood samples of approximately 1 ml
were collected into heparinized Eppendorf tubes. Si-
multaneously, the whole brains of the mice were re-
moved from their skulls, weighed and homogenized
using Abbott buffer (1:2 w/v) in an Ultra-Turrax T8
homogenizer (Staufen, Germany). The homogenates
were centrifuged at 10,000 × g for 10 min. Blood
samples were centrifuged at 5,000 × g for 5 min, and
plasma samples of 250 µl were transferred to a micro-
partitioning system (Amicon MPS-1, Danvers, MA,
USA) for the separation of free and protein-bound mi-

crosolutes. The MPS-1 tubes were then centrifuged at
5,000 × g for 10 min, and samples of 60 µl of filtrate
or 60 µl of supernatant, appropriately diluted so as to
fall within the linear concentration range, were ana-
lyzed for VPA content by fluorescence-polarization
immunoassay using a TDx analyzer and reagents ex-
actly as described by the manufacturer (Abbott Labo-
ratories, North Chicago, IL, USA). The free plasma
and total brain concentrations of VPA were expressed
in µg/ml of plasma or brain supernatant as the means
± SD of eight determinations.

Statistical analysis

Median effective doses (ED��) were calculated by
computer log-probit analysis according to Litchfield
and Wilcoxon [14]. The 95% confidence limits ob-
tained were transformed into standard errors of the
mean (SE) as described previously [18]. The anticon-
vulsant activities of the tested AEDs injected alone or
co-administered with EA were analyzed using the
log-probit method for single comparisons and a one-
way ANOVA followed by the post-hoc Dunett’s test
for multiple comparisons [19]. A Kruskal-Wallis non-
parametric ANOVA followed by Dunn’s multiple-
comparisons test was used to analyze the results from
the passive avoidance task. The data obtained in the
chimney test were statistically compared using Fish-
er’s exact-probability test. Free (non-protein-bound)
plasma and total brain concentrations of VPA were
statistically analyzed using the unpaired Student’s
t-test. Group differences were considered statistically
significant at p < 0.05.

Results

As shown in Table 1, EA in a single dose of 100 mg/kg
ip potentiated the anticonvulsant activity of VPA, re-
ducing its ED�� value from 225.6 to 146.6 mg/kg
(p < 0.05). EA at the lower dose (50 mg/kg ip) was
ineffective in the MES test. Furthermore, the anticon-
vulsant action of other antiepileptics (CBZ, PB and
PHT) was not influenced by acute administration
of EA (100 mg/kg). Chronic treatment with EA
(12.5 mg/kg) did not affect the protective action of
any of the tested AEDs (Tab. 1).
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In the passive avoidance test, EA given alone
(100 mg/kg) or co-administered at the dose of 100
mg/kg with the tested AEDs did not impair memory
retention (Tab. 2). Similarly, motor performance in
the chimney test was not affected by EA (100 mg/kg)
injected separately or in combination with the AEDs
(Tab. 3).

As shown in Table 4, combined treatment of EA
(100 mg/kg) and VPA (146.6 mg/kg) did not alter ei-
ther free plasma or total brain concentrations of VPA.

Discussion

It has been demonstrated that EA, a loop diuretic,
does not alter the threshold for electroconvulsions at
100 mg/kg ip [17]. The present results show that EA
at the same acute dose enhanced the antiseizure ef-
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Tab. 1. The effect of ethacrynic acid (EA) on the anticonvulsant activ-
ity of antiepileptics in the MES test

Treatment (mg/kg) ED�� (mg/kg) N SE

Acute treatment

CBZ + vehicle 11.9 (9.2–15.3) 24 1.525

CBZ + EA (100) 10.7 (8.5–13.6) 16 1.244

PB + vehicle 19.5 (12.4–30.6) 24 4.493

PB + EA (100) 16.4 (13.5–19.9) 16 1.133

PHT + vehicle 12.1 (10.2–14.5) 8 1.892

PHT + EA (100) 12.3 (10.4–14.6) 24 1.062

VPA + vehicle 225.6 (193.4–263.2) 16 21.650

VPA + EA (100) 146.6 (112.6–191.0)* 24 19.759

VPA + EA (50) 186.6 (153.8–226.5) 16 18.363

Chronic treatment

CBZ + vehicle 11.3 (9.9–12.9) 16 0.750

CBZ + EA (12.5) 11.1 (9.1–13.4) 24 1.245

PB + vehicle 22.1 (18.3–26.7) 16 2.132

PB + EA (12.5) 26.9 (24.5–29.5) 8 1.784

PHT + vehicle 12.1 (10.7–13.8) 16 0.953

PHT + EA (12.5) 13.9 (11.9–16.4) 8 1.604

VPA + vehicle 232.2 (206.9–260.5) 8 13.672

VPA + EA (12.5) 210.4 (172.9–256.0) 16 21.082

Results are presented as the median effective doses (ED�� in mg/kg)
with 95% confidence limits (in parentheses) and SE values. N is the
number of animals at those doses for which anticonvulsant effects
ranged between 4 and 6 probit (16 and 84%) according to Litchfield
and Wilcoxon [14]. * p < 0.05 vs. VPA + vehicle-treated mice
(ANOVA/Dunnett’s test)

Tab. 2. The effect of combined treatment with ethacrynic acid (EA)
and antiepileptics on retention in the passive avoidance test

Treatment (mg/kg) N Latency (s)

Control

EA (100)

CBZ (10.7) + EA (100)

PB (16.4) + EA (100)

PHT (12.3) + EA (100)

VPA (146.6) + EA (100)

8

8

8

8

8

8

180 (180, 180)

180 (162, 180)

180 (153, 180)

180 (180, 180)

180 (180, 180)

180 (122, 180)

Data are presented as the median values (in s) along with the 25��

and 75�� percentiles. N is the number of animals. Not significant vs.
control group (Kruskal-Wallis non-parametric ANOVA/Dunn’s test)

Tab. 3. The effect of combined treatment with ethacrynic acid (EA)
and antiepileptics on motor performance in the chimney test

Treatment (mg/kg) N Percentage of mice
impaired (%)

Control

EA (100)

CBZ (10.7) + EA (100)

PB (16.4) + EA (100)

PHT (12.3) + EA (100)

VPA (146.6) + EA (100)

8

8

8

8

8

8

0

0

0

25

37.5

0

Results are expressed as the percentage of animals that failed to
perform in the chimney test. N is the number of animals. Not signifi-
cant vs. control group (Fisher’s exact-probability test)

Tab. 4. The influence of ethacrynic acid (EA) on plasma and total
brain concentrations of valproate in mice

Treatment (mg/kg) Plasma
concentrations

(µg/ml)

Brain
concentrations

(µg/ml)

VPA (146.6) + vehicle

VPA (146.6) + EA (100)

207.91 ± 29.75

205.25 ± 42.68

53.65 ± 35.68

53.30 ± 25.96

Data are presented as the means ± SD of eight separate determina-
tions. Data were statistically verified using the unpaired Student’s
t-test



fects of VPA against MES-induced convulsions and
had no influence on the remaining AEDs (CBZ, PB
and PHT). This interaction between EA and VPA was
pharmacodynamic in nature as EA did not change
plasma or total brain concentrations of VPA. Our re-
sults are consistent with earlier data showing that
FUR (100 mg/kg), another loop diuretic, can potenti-
ate the anticonvulsant activity of VPA [20].

VPA has a broad spectrum of antiepileptic activity
and is accordingly believed to possess multiple
mechanisms of action [29]. The anticonvulsant prop-
erties of VPA are related to its blockade of the
voltage-dependent sodium [23] and T-type calcium
channels [13]. An activating effect on potassium con-
ductance has also been discussed as a potential
mechanism for the action of VPA [7]. Further, numer-
ous neurochemical studies have indicated the interac-
tion VPA with the GABAergic neurotransmitter sys-
tem. VPA elevates brain GABA levels and potentiates
GABA responses, possibly by enhancing synthesis
and inhibiting degradation of the neurotransmitter [4,
15]. Furthermore, the effect of VPA on neuronal ex-
citation mediated by the N-methyl-D-aspartate (NMDA)
subtype of glutamate receptors may be important for
its anticonvulsant effects [3, 15]. Additionally, the re-
duction of �-hydroxybutyrate (GHB) release caused
by VPA might be another antiseizure action of VPA as
GHB has been suggested to play a critical role in the
modulation of absence seizures [15]. However, the
MES test is a model of generalized tonic-clonic sei-
zures in humans, so this mechanism is unlikely to be
involved with respect to present data.

At present, the anticonvulsant mechanism(s) of
VPA, which could be responsible for the improved
protection of mice injected with EA against MES-
induced seizures, are unknown. One of the possible
mechanisms involved could be an activation of potas-
sium channels by VPA. It has been suggested that
neuronal seizure activity can be abolished by an aug-
mentation of outward potassium currents [31]. On the
other hand, it has also been suggested that the antiepi-
leptic action of loop diuretics including EA is by
blockade of the KCC2 co-transporter in the brain [22,
28]. It is known that an extracellular rise in K+ occurs
during acute epileptiform events [6]. The KCC2
transporter is thought to play an important role in the
regulation of neuronal intracellular Cl– ([Cl–]i) and
external K+ ([K+]o) in the brain, i.e., the maintenance
of low [Cl–]i and the buffering of [K+]o concentrations
[24]. Under normal conditions, the KCC2 co-transporter

is an efflux pathway with the direction of driving
force being dictated by the outwardly directed K+

chemical potential maintained by an Na+-K+-ATPase;
however, it can also function as a net influx pathway
under conditions of elevated [K+]o and lead to Cl– ac-
cumulation [24]. The blockade of this influx exerts an
antiseizure effect [27]. Taking into consideration this
anticonvulsant activity of EA in conjunction with the
activation of outward potassium currents by VPA, it is
likely that the combined action of both drugs could
provide better protection of neurons against an in-
crease of extracellular K+ and therefore seizures.

Loop diuretics have been demonstrated to possess
antiseizure properties after systemic administration in
different animal models [12, 27]. For example, EA at
the dose of 90 mg/kg by intravenous infusion sup-
pressed sound-triggered seizures in post-ischemic rats
[27]. In the current study, at the subthreshold dose of
100 mg/kg ip, EA enhanced the anticonvulsant activ-
ity of VPA. Despite the anticonvulsant properties of
EA, its toxicity should be considered in relation to the
clinical use of this drug. Loop diuretics can cause side
effects such as ototoxicity, and the risk is greatest with
EA, which accounts for its low frequency of use com-
pared with other loop diuretics [2]. The enhancement
of the anticonvulsant activity of VPA was only ob-
served after a single (100 mg/kg) administration of
EA but not after chronic administration (12.5 mg/kg).
Because lower doses of EA were used during chronic
treatment, the concentrations of EA in the brain were
probably too low to be effective. Furthermore, we did
not observe interactions between EA and the remaining
AEDs (CBZ, PHT and PB), which is consistent with
studies performed on the interaction of FUR with these
AEDs [20]. From the preclinical point of view, the use of
EA in patients receiving CBZ, PHT or PB is presumed to
be neutral regarding their anticonvulsant potency.

In summary, the current study showed that EA po-
tentiated the anticonvulsant action of VPA in mice and
that EA did not change free plasma and total brain
concentrations of VPA. As FUR has also intensified
the antiseizure action of VPA in the MES test in mice
[20], it can be concluded that loop diuretics potentiate
the anticonvulsant activity of VPA, which may have
some clinical importance for patients receiving such
drugs. It would be of interest to make a detailed study
on this subject using more advanced electrophysio-
logical methods.
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