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Model-specific effects of bumetanide on epileptiform activity
in the in-vitro intact hippocampus of the newborn mouse
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Abstract

The immature brain has a higher susceptibility to develop seizures, which often respond poorly to classical pharmacological treatment. It has
been recently suggested that bumetanide, which blocks Naþ-dependent Kþ-Cl�-cotransporter isoform 1 (NKCC1) and thus attenuates depola-
rizing GABAergic responses, could soothe epileptiform activity in immature nervous systems. To evaluate whether bumetanide consistently
attenuates epileptiform activity, we investigated the effect of 10 mM bumetanide in five different in-vitro epilepsy models using field potential
recordings in the CA3 region of intact mouse hippocampal preparations at postnatal day 4e7. Bumetanide reduced amplitude and frequency of
ictal-like events (ILE) induced by 8.5 mM Kþ, but it increased the frequency of ILE induced by 1 mM kainate. Inhibition of ligand-gated Cl�

channels by 10 mM gabazine and 30 mM strychnine induced interictal activity (IA) that was only marginally affected by bumetanide. Removal of
extracellular Mg2þ induced both ILE and IA. Bumetanide had no effect on these ILE but enhanced the IA. Low-Mg2þ solution containing 20 mM
4-AP induced late-recurrent discharges, which were slightly attenuated by bumetanide. In summary, our results demonstrate that bumetanide
exerts diverse effects in different in-vitro epilepsy models.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Epileptic seizures are one of the most common neurological
disorder, with a higher incidence in children compared to adults
(Sanchez and Jensen, 2001). Seizures during early childhood
can affect mental capabilities and had been attributed as one
major risk factor for the development of epilepsy (Holmes,
1997). The higher seizure susceptibility of the immature
nervous system (Sanchez and Jensen, 2001) has been attributed
to the depolarizing GABAA receptor mediated responses in
immature neurons (Luhmann and Prince, 1991; Holmes et al.,
2002). These depolarizing GABAergic responses are probably
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caused by an elevated intracellular Cl� concentration ([Cl�]i)
in immature neurons maintained by the activity of the Naþ-
dependent Kþ-Cl�-cotransporter isoform 1 (NKCC1) (Rohr-
bough and Spitzer, 1996; Yamada et al., 2004).

It has been recently demonstrated that bumetanide, a
blocker of NKCC1, attenuates epileptiform activity induced
by elevated extracellular Kþ concentration ([Kþ]e) in the
immature rodent hippocampus in-vitro and in-vivo (Dzhala
et al., 2005). Thus bumetanide would be a candidate for ther-
apeutical interference with childhood epilepsies, where classi-
cal pharmacological treatment often fails (Dulac et al., 1995).
The antiepileptic effect of bumetanide could not be observed
in mice lacking a functional NKCC1 or in the presence of
the GABAA antagonist bicuculline, suggesting that it was
caused by reduced Cl�-accumulation and a subsequent shift
in GABAA receptor mediated membrane responses towards in-
hibition (Dzhala et al., 2005).
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However, Cl� accumulation mediated by NKCC1 is Kþ de-
pendent and elevated [Kþ]e will therefore artificially raise
[Cl�]i and may lead to enhanced GABAA-receptor mediated
membrane depolarization (Russell, 2000). In addition, bume-
tanide-mediated attenuation of GABAergic depolarizations
diminishes epileptiform activity only under the assumption
that GABAergic membrane responses contribute to excitation.
But a variety of studies demonstrate that blockade of GABAA

receptors induces epileptiform activity in immature brains
under in-vitro and in-vivo conditions (Baram and Snead,
1990; Khalilov et al., 1997b; Wells et al., 2000), suggesting
that activation of GABAA receptors may have inhibitory
actions already in the immature brain (Khalilov et al., 1999).

To readress the question whether bumetanide consistently
attenuates epileptiform activity, we investigated the effect of
bumetanide on various in-vitro epilepsy models. We per-
formed field-potential recordings in intact in-vitro hippocam-
pal preparations of immature C57Bl/6 mice and induced
epileptiform activity by elevating [Kþ]e, by bath-application
of 1 mM kainate, by blockade of GABAA and glycine recep-
tors, by lowering the extracellular Mg2þ concentration and
by adding 4-AP to low-Mg2þ containing solution. We observed
that bumetanide attenuated epileptiform activity in the high
[Kþ]e model and in the combined 4-AP/low-Mg2þ model,
whereas an increased epileptiform activity was observed in
the kainate and low-Mg2þ model.

2. Methods

2.1. Preparation

All experiments were conducted in accordance with EU directive 86/609/

EEC for the use of animals in research and approved by the local ethical

committee. We made all efforts to minimize the numbers of animals and their

suffering. Neonatal (postnatal day [P] 4e7; day of birth ¼ P0) C57Bl/6 mice

were obtained from the local breeding facility and were deeply anesthetized by

hypothermia. The brain was quickly removed and immersed for 2e3 min in

ice-cold artificial cerebrospinal fluid (ACSF). Subcortical areas were abscised,

the hemispheres divided and the hippocampi of both hemispheres carefully

isolated from the cerebral cortex (Khalilov et al., 1997a; Moser et al.,

2006). Isolated hippocampi were fixed in a submerged chamber (volume

2.2e2.5 ml) where they were continuously superfused with ACSF at a rate

of 4e5 ml/min at 31 � 1 �C. Experiments started after recovery for at least

1 h.

2.2. Data acquisition and analysis

Extracellular field potentials were recorded in the CA3 region of the

hippocampus with tungsten electrodes (impedance 4e5 MU, FHC, Bowdion-

ham, ME). Signals were recorded and amplified in AC mode (DPA-2FX, NPI,

Tamm, Germany), low-pass filtered at 3 kHz and stored on a PC using an AD/

DA board (ITC-16, HEKA, Lamprecht, Germany) and TIDA 4.11 software

(HEKA). Extracellular field potentials recorded from up to 4 separate hippo-

campi were obtained simultaneously and were analyzed independently. Most

recordings were analyzed using the program MiniAnalysis 4.3.3 (Synaptosoft,

Leonia, NJ). Field potential discharges were identified according to their

amplitude and shape by appropriate settings of the parameters in the MiniA-

nalysis program. The discharges identified by the program were inspected

by eye, unless the number of events was >1000 and the error rate in the first

100 inspected events was less than 3%. For further analysis MiniAnalysis data-

sets were analyzed in an Excel spreadsheet, where single discharges were

grouped to bursts according to their inter-discharge interval. Epileptiform
activity was characterized by amplitude of discharges, frequency of discharges

within epileptiform bursts (calculated from interspike intervals between a dis-

charge and its predecessor), intervals between epileptiform bursts and number

of discharges per epileptiform burst. In addition, power spectrograms of

epileptiform activity were calculated using a Hamming function (Clampfit

8.1, Axon Instruments, Foster City, CA). For further analysis the power was

averaged in four frequency bands (q: 3e7.5 Hz, a: 7.5e12.5 Hz, b: 12.5e

30 Hz and g: 30e80 Hz). Values were given as mean � standard error of

the mean (SEM). For statistically analysis paired and unpaired two-tailed t-

tests were used. Significance was assigned at a level of <0.05.

2.3. Solutions and drugs

ACSF consisted of (in mM): 126 NaCl, 26 NaHCO3, 1.25 NaH2PO5,

1 MgCl2, 2 CaCl2, 2.5 KCl, 10 glucose (pH 7.4, osmolarity 316 mOsm).

For low-Mg2þ solution MgCl2 was replaced by CaCl2. All solutions were

equilibrated with 95% O2/5% CO2 at least 1 h before use. Bumetanide, gaba-

zine (SR-95531), strychnine and 4-aminopyridine (4-AP) were dissolved in

dimethylsulfoxide (DMSO) and added to the solutions shortly before the

experiment. The DMSO concentration of the final solution never exceeds

0.2%. Strychnine, gabazine, kainate, 4-AP, bumetanide and DMSO were

obtained from Sigma (Taufkirchen, Germany).

3. Results

3.1. High [Kþ]e model

Increasing [Kþ]e of the bathing solution to 8.5 mM induced
epileptiform activity in the CA3 region of intact hippocampal
preparations after 15.5 � 1.6 min (n ¼ 36). In all preparations
the epileptiform activity consisted of ictal-like events
(Fig. 1A) starting with a high frequency burst, followed by
single burst discharges during the tonic-clonic and clonic
phase (Fig. 1B). Ictal-like events appeared with a frequency
of 0.008 � 0.03 Hz, corresponding to an inter-event interval
of 117 s. Each ictal-like event consisted on average of 242 �
19.4 (n ¼ 36) single discharges at a frequency of 12.5 �
1.2 Hz and with an average amplitude of 114 � 11.4 mV.
Power spectrograms revealed that the power during an ictal-
like discharge is clearly above baseline levels (Fig. 1C) and
that the power of ictal-like activity is stable during the interval
used for the pharmacological experiments (n ¼ 20, Fig. 1C).

Application of 10 mM bumetanide to the elevated [Kþ]e

bathing solution resulted in a slight but significant ( p ¼
0.003) reduction in the average amplitude of discharges by
9.9 � 1.8% (n ¼ 24, Figs. 2AeD). In addition, the frequency
of ictal-like events was significantly ( p ¼ 0.002) reduced by
13.3 � 4.8% (n ¼ 24) and the frequency of spikes within an
ictal-like event declined by 10.6 � 4.7% ( p ¼ 0.034), while
the number of discharges within an ictal-burst was unaffected
(Fig. 2D). Bumetanide also reduced the power of ictal-like
events (Fig. 2E), which were significantly ( p < 0.05) lower
in the q-, a- and b-frequency bands (Fig. 2F). In control exper-
iments without bumetanide application (n ¼ 20), ictal-like
events were not significantly affected during the recording
interval of 60 min, except of a significant ( p ¼ 0.02) decrease
in q-frequency range by 9.9 � 0.9% (data not shown). In sum-
mary, these results demonstrate that bumetanide reduces
several parameters of the ictal-like events in the high [Kþ]e
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Fig. 1. Epileptiform activity induced by elevated [Kþ]e. A: Field-potential recording in the CA3 region of an intact hippocampal preparation from a P6 mouse.

Application of 8.5 mM [Kþ]e solution induced repetitive ictal-like events (ILE). B: One ILE, as marked in A, displayed at higher temporal resolution. Initial burst

and one of the bursts in the clonic phase are displayed at higher temporal resolution below the trace. C: Power spectrogram of the baseline trace (as calculated from

the gray-colored section of the recording shown in A), of the ILE shown in B (black trace) and of one ILE occurring in the interval used for bumetanide application

in further experiments (Ctrl, gray trace). Note that the power spectrograms of both ILEs are similar and clearly above baseline levels.
model, suggesting that this substance can attenuate epilepti-
form activity.

3.2. Disinhibition model

Next we examined the effect of bumetanide after complete
blockade of ligand-gated Cl� channels. Therefore we did not
only inhibit GABAA receptors, but additionally blocked gly-
cine receptors, which contribute to suppression of epileptiform
activity in the hippocampus (Kirchner et al., 2003). Simulta-
neous inhibition of both GABAA and glycine receptors using
10 mM gabazine and 30 mM strychnine induced epileptiform
activity after surprisingly short application time. In the major-
ity of the preparations (27 out of 34) epileptiform activity
started after 2.8 � 0.3 min with one or two ictal-like events
and subsequently converted into repetitive interictal activity
(Fig. 3A). The initial ictal-like event lasted for 21.4 � 1.5 s
(n ¼ 27) and consisted of 99.7 � 7.5 single discharges occur-
ring at a frequency of 4.4 � 0.26 Hz (Fig. 3B). In the remain-
ing 7 of the 34 investigated hippocampi epileptiform activity
started directly with interictal activity 5.3 � 0.3 min after
application of gabazine/strychnine. Interictal bursts occurred
at an average frequency of 0.046 � 0.003 Hz (n ¼ 34), corre-
sponding to an interval of 21.7 s. Each interictal burst
consisted of 4.6 � 0.4 (n ¼ 34) single discharges with an aver-
age amplitude of 301 � 35 mV occurring at a frequency of
11.4 � 0.7 Hz (Fig. 3C).

Application of 10 mM bumetanide to the gabazine/strych-
nine containing bathing solution slightly reduced the
amplitude of epileptiform discharges, while other properties
of the interictal activity remained unaltered (Figs. 3DeF).
Statistical analysis revealed, that bumetanide application
significantly ( p ¼ 0.0009) reduced the amplitude of epilepti-
form discharges by 8.3 � 1.6% (n ¼ 22), but had no signifi-
cant effect on the number of discharges per interictal burst,
the frequencies of interictal bursts and on the frequencies of
discharges within an interictal burst (Fig. 3G). In addition,
bumetanide had no significant effect on the power of epilepti-
form activity (Fig. 3H) in q-, a-, b- and g-frequency range
(Fig. 3I). In control experiments without bumetanide applica-
tion (n ¼ 20), interictal activity was not significantly affected
during the recording interval of 60 min (Fig. 3G). In summary,
these results demonstrate that bumetanide has only little effect
on interictal discharges in the disinhibition epilepsy model of
the hippocampus, suggesting that GABAA and glycine recep-
tors may be necessary to mediate the bumetanide effects.

3.3. Low-Mg2þ model

Although the previous sets of experiments demonstrated
that bumetanide can attenuate high Kþ-induced epileptiform
activity and has only a marginal effect in the presence of
GABAA and glycine receptor antagonists, the conclusions
from these experiments are somewhat hampered by the fact
that elevated [Kþ]e increases the driving force for Cl� uptake
and may thus artificially alter [Cl�]i and GABAA reversal
potential (Korn et al., 1987). In addition, the interictal-like
epileptiform activity induced by GABAA and glycine receptor
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Fig. 2. Effect of bumetanide on epileptiform activity induced by elevated [Kþ]e. A: Field potential recording of ictal-like events (ILE) induced by elevated [Kþ]e in

the CA3 region of an intact hippocampal preparation from a P6 mouse. Application of 10 mM bumetanide slightly reduced the amplitude of ILE. The ILEs marked

with B and C are displayed in higher temporal resolution in panel B and C. D: Statistical analysis of the bumetanide effects on different parameters of epileptiform

activity. Control experiments (open bars) revealed that the properties of ILE were unaltered in the interval used for bumetanide application. Bumetanide (filled

bars) significantly reduced the frequency of ILE, the frequency of discharges within an ILE and the amplitude of discharges. E: Power spectrogram of the control

ILE shown in B (black line) and the ILE shown in C after bumetanide application (gray line). Note that bumetanide attenuated the power. F: Statistical analysis of

the relative power, as compared to control ILEs, in various frequency ranges. Bumetanide significantly reduced the power in the q-, a-, and b-frequency range. Bars

represent mean � SEM. Numbers of experiments are indicated in the bars.
antagonists has completely different properties than the ictal-
like events induced by elevated [Kþ]e and it is not clear
whether bumetanide will effect interictal-like activity already
in the presence of GABAA- and glycine-mediated synaptic
currents. To address these questions we analyzed the effect
of bumetanide on epileptiform activity induced by low-Mg2þ

solution, since it has been demonstrated that under these con-
ditions both ictal-like and interictal-like activity were elicited
in the intact hippocampal preparation of immature mice
(Moser et al., 2006).

In 35 of the 47 investigated hippocampi epileptiform activ-
ity started 10 � 1.0 min after the switch to low-Mg2þ solution
with interictal activity, while in the remaining preparations
epileptiform activity started with ictal-like events after
16.8 � 1.5 min (n ¼ 13). Most of the hippocampi (32 out of
47) showed both interictal- and ictal-like activity (Fig. 4A),
while 12 hippocampi showed only interictal activity and
3 only ictal-like events. Interictal activity had an average
frequency of 0.074 � 0.009 Hz (n ¼ 44), corresponding to an
interval of 13.5 s. Each interictal burst consisted of 2.2 � 0.2
(n ¼ 44) single discharges with average amplitude of 119.4 �
8.6 mV, occurring at a frequency of 18.6 � 2.2 Hz (Fig. 4B).
Ictal-like event lasted for 78.5 � 10.6 s (n ¼ 35) and consisted
of 139 � 12.7 discharges at a frequency of 10.3 � 0.72 Hz and
with average amplitude of 86.7 � 7.8 mV (Fig. 4C). Repetitive
ictal-like events were observed in 23 hippocampi at an average
frequency of 0.008 � 0.0049 Hz.

Application of bumetanide had no obvious effect on low-
Mg2þ induced ictal-like activity (Fig. 4D). The amplitude,
the number of discharges per ictal-like event, the frequency
of discharges within an ictal-like event and the frequency of
ictal-like events were not significantly affected (n ¼ 12,
Fig. 4E). In addition, the power of ictal-like events in the q-,
a- and b-frequency range was not significantly altered by
bumetanide, while the power in the g-frequency range was
significantly increased by 30 � 3.4% (n ¼ 12) (Fig. 4F).
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Fig. 3. Effect of bumetanide on epileptiform activity induced by inhibition of GABAA and glycine receptors. A: Field-potential recording in the CA3 region of an

intact hippocampal preparation from a P4 mouse. Combined application of 10 mM gabazine and 30 mM strychnine induced one initial ictal-like event (ILE) and

subsequent repetitive interictal activity (IA). B: The initial ILE shown in higher temporal resolution. C: One interictal burst, as marked in A, displayed in higher

temporal resolution. D: Field potential recording in the CA3 region of an intact hippocampal preparation from a P5 mouse demonstrating the effect of 10 mM

bumetanide on IA. Note the slight amplitude reduction in the presence of bumetanide. The interictal bursts marked by arrowheads are displayed in higher temporal

resolution in E and F. G: Statistical analysis of bumetanide effects on different parameters of IA. Control experiments (open bars) revealed that the properties of

ILE were unaltered in the interval used for bumetanide application. Bumetanide (filled bars) significantly reduced the amplitude of IA while the other parameters

were not affected. H: Power spectrogram of IA recorded before (Ctrl, black line) and during the application of 10 mM bumetanide (Bum, gray line). F: Statistical

analysis of the relative power, as compared to the control interval before bumetanide application. Bumetanide had no significant effect on the power in the analyzed

frequency range. Bars represent mean � SEM. Numbers of experiments are indicated in the bars.
In contrast, 10 mM bumetanide had a clear effect on the inter-
ictal activity (Figs. 4G,H). While the frequency of interictal
events, the frequency of discharges within an interictal burst
and their amplitude remained unaltered in bumetanide, the
number of discharges per events was significantly ( p ¼ 0.018)
increased to 3.4 � 0.5 (n ¼ 21, Fig. 4H), corresponding to
136.4 � 11.1% (Fig. 4I). This increased number of spikes leads
to an enhanced power of interictal epileptiform activity. In the
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Fig. 4. Effect of bumetanide on low-Mg2þ induced epileptiform activity. A: Field-potential recording in the CA3 region of an intact hippocampal preparation from

a P5 mouse. In low-Mg2þ solution both ictal-like events (ILE) and interictal activity (IA) were observed. B: One interictal burst, as marked in A, shown in higher

temporal resolution. C: The initial discharges of an ILE, as marked in A, in higher temporal resolution. D: Subsequent recordings of low-Mg2þ induced ILE before

and after the application of 10 mM bumetanide. E: Statistical analysis of bumetanide effects on different parameters of ILE. The properties of ILE were not altered

in control experiments (open bars) and in the presence of bumetanide (filled bars). F: Statistical analysis of the relative power of ILE, as compared to control ILE

before bumetanide application, in various frequency ranges. Bumetanide significantly increased the power in the g-frequency range. G: Field potential recording

displaying the effect of 10 mM bumetanide on low-Mg2þ induced IA. H: Interictal bursts, as marked in G, recorded before (Ctrl) and after the application of 10 mM

bumetanide (Bum) in higher temporal resolution. Note that the number of discharges within a burst increased in the presence of bumetanide. I: Statistical analysis

of bumetanide effects on different parameters of IA. While control experiments (open bars) revealed that the properties of ILE were unaltered in the interval used

for bumetanide application, bumetanide (filled bars) significantly increased the number of discharges per interictal burst. J: Statistical analysis of the relative power,

as compared to the IA before bumetanide application. Bumetanide significantly increased the power in the b-frequency range. K: Spectrogram displaying the

average relative power of IA from 21 experiments (thick line � SEM indicated by thin, gray lines) after application of 10 mM bumetanide. Note the increase

in the relative power above 10 Hz. Bars represent mean � SEM. Numbers of experiments are indicated in the bars.
presence of bumetanide the power of interictal activity in the
b-frequency range was significantly ( p ¼ 0.02) increased by
46 � 4.1% (n ¼ 21), while the power in the other frequency
ranges was not significantly altered (Figs. 4J,K). In control
experiments, without bumetanide application, the properties
of ictal-like events (n ¼ 13) were not significantly affected
during the recording interval of 60 min, while the amplitude
of interictal activity slightly ( p ¼ 0.035) decreased over time
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(�6.8 � 5.4%, n ¼ 15, data not shown). In summary, these
results demonstrate that bumetanide did not attenuate low-
Mg2þ induced epileptiform activity but instead enhanced in-
terictal activity.

3.4. Kainate model

To gather more information on the effect of bumetanide
on ictal-like epileptiform activity, we also investigated the
effect of bumetanide on ictal-like epileptiform activity evoked
by the excitotoxin kainate (Khalilov et al., 1999). Bath-
application of 1 mM kainate induced ictal-like activity in the
CA3 region of intact hippocampal preparations (Fig. 5A)
that started 16.7 � 3.2 min (n ¼ 32) after kainate application.
Ictal-like events appeared with a frequency of 0.006 �
0.0008 Hz, corresponding to an average inter-event interval of
164 s. Each ictal-like event consisted on average of 141 � 15
(n ¼ 32) single discharges at a frequency of 11.6 � 0.9 Hz
and with an average amplitude of 99.3 � 12.1 mV.

Application of 10 mM bumetanide to kainate-containing
bathing solution significantly ( p ¼ 0.006) increased the fre-
quency of ILE to 279.5 � 57.3% of the values under control
conditions (n ¼ 17, Figs. 5B,C). The amplitude, frequency
and number of spikes within an ictal-like event remained
unaffected. This increased occurrence of ictal-like epilepti-
form bursts was reflected by an enhanced power (Fig. 5D),
which was significantly ( p < 0.05) higher in q-, a- and b-
frequency bands (Fig. 5E). In control experiments without
bumetanide application (n ¼ 15), the properties and the power
spectrograms of ictal-like events were not significantly af-
fected during the recording interval of 60 min. In summary,
these results demonstrate that bumetanide increased the fre-
quency and power of kainate-induced ictal-like events, sug-
gesting that in this model bumetanide enhances epileptiform
activity.

3.5. 4-AP/low-Mg2þ model

To evaluate the effects of bumetanide on various types of
epileptiform activity, we also investigated late recurrent dis-
charge (LRD) activity, which can be induced in the immature
hippocampus by the combination of the 4-AP and low-Mg2þ

model (Kilb et al., 2006). After washing of 20 mM 4-AP con-
taining low-Mg2þ solution epileptiform activity started with
a long lasting burst of discharges, reminiscent to ictal-like
activity, which gradually transformed into repetitive short
bursts typical for LRD activity (Fig. 6A). These repetitive
bursts occurred at a frequency of 0.32 � 0.29 Hz (n ¼ 38)
Fig. 5. Effect of bumetanide on epileptiform activity induced by kainate. A: Field potential recording of ictal-like events (ILE) induced by 1 mM kainate in the CA3

region of an intact hippocampal preparation from a P5 mouse. B: Effect of bumetanide on kainate-induced ILE. Application of 10 mM bumetanide increased the

frequency of ILE. C: Statistical analysis of the bumetanide effects on different parameters of epileptiform activity. Control experiments (open bars) revealed that

the properties of ILE were not significantly altered in the interval used for bumetanide application. Bumetanide (filled bars) significantly increased the frequency of

ILE, while the frequency of discharges within an ILE, the amplitude of discharges and the number of discharges per ILE were not significantly affected. D: Power

spectrogram of ictal-like activity shown in B before (Ctrl, black line) and during the application of 10 mM bumetanide (Bum, gray line). In the presence of

bumetanide an obvious increase in the power was observed. E: Statistical analysis of the relative power, as compared to the control interval before bumetanide

application. Bumetanide significantly increased the power in the q-, a-, and b-frequency range. Bars represent mean � SEM. Numbers of experiments are indicated

in the bars.
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and consisted of 6.3 � 0.6 single discharges with an average
amplitude of 104.6 � 9.9 mV and frequency of 8 � 0.6 Hz
(Fig. 6B).

In the presence of 10 mM bumetanide the number of
discharges per LRD was significantly ( p ¼ 0.004) reduced
by 28.1 � 5.3% (n ¼ 27, Figs. 6C,D) and their amplitude
was slightly, but significantly ( p ¼ 0.033) attenuated by 7.5 �
4.6% (Fig. 6E), while the frequency of LRD (102 � 4.2%) and
the frequency of discharges within an LRD (103 � 5.6%) were
not affected (Fig. 6E). In accordance with this significant
decrease in the number of discharges per LRD, the power of
epileptiform activity was also reduced by bumetanide (Figs.
6F,G). Bumetanide caused a significant decrease in the power
of LRD in all analyzed frequency ranges. In control experi-
ments (n ¼ 18) without bumetanide application LRD proper-
ties were not significantly affected during the recording
interval of 60 min, while a significant ( p < 0.05) power
increase in q- and a-frequency range occurred over this time
(data not shown). In summary these results demonstrate that
in the 4-AP/low-Mg2þ model bumetanide attenuates LRD-
like epileptiform activity.
4. Discussion

The findings of the present study can be summarized as
follows: (i) In the CA3 region of P4eP7 mouse whole hippo-
campal preparations different in-vitro epilepsy models induced
epileptiform activity with distinct properties. (ii) Ictal-like
activity induced by elevated [Kþ]e was attenuated by bumeta-
nide. (iii) Interictal activity elicited by blockade of GABAA

and glycine receptors was unaffected by bumetanide. (iv) In
the low-Mg2þ model interictal activity was enhanced by
bumetanide, while the ictal-like events were unaffected. (v) Kai-
nate-induced ictal-like activity was enhanced by bumetanide.
(vi) In the combined 4-AP/low-Mg2þ model, the late recurrent
discharges were slightly attenuated by bumetanide. In summary,
these results demonstrate that bumetanide did not consistently
attenuate epileptiform activity but exerts distinct effects on
epileptiform activity in different in-vitro epilepsy models.

The main finding of the present study is that bumetanide
has differential effects on epileptiform activity induced by
distinct in-vitro epilepsy models. In accordance with previous
findings by Dzhala et al. (2005), we observed that bumetanide
Fig. 6. Effect of bumetanide on epileptiform activity induced by application of 20 mM 4-AP under low-Mg2þ conditions. A: Field-potential recording in the CA3

region of a whole-hippocampus preparation from a P7 mouse. Application of 20 mM 4-AP in low-Mg2þ solution induced initial ictal-like bursts, followed by late

recurrent discharges (LRD). B: Three LRD, as marked in A, displayed at higher temporal resolution. C, D: Subsequent recordings of LRDs induced by 4-AP/low-

Mg2þ conditions before (Ctrl) and after the application of 10 mM bumetanide. Note that the number of discharges per LRD was reduced in the presence of

bumetanide. E: Statistical analysis of bumetanide effects on different LRD parameters. While in control experiments the properties of LRD were unaltered in

the interval used for bumetanide application (open bars), bumetanide (filled bars) significantly reduced the number of discharges per LRD and their amplitude.

F: Statistical analysis of the relative power, as compared to control experiments before bumetanide application. Bumetanide significantly decreased the power

from q- to g-frequency range. G: Spectrogram displaying the average relative power of LRD from 27 experiments (thick line � SEM indicated by thin, gray lines)

in the presence of 10 mM bumetanide. Note the reduction in relative power. Bars represent mean � SEM. Numbers of experiments are indicated in the bars.
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attenuated the ictal-like epileptiform activity in the high [Kþ]e

model. However, in the whole hippocampal preparation, bu-
metanide induced a decrease in amplitude and frequency of
epileptiform discharges, instead of a switch in the discharge
pattern observed in slice preparations (Dzhala et al., 2005).
This discrepancy can be explained most likely by differences
in functional connectivity between both preparations. Al-
though a general increase in excitation underlies the ictal-
like epileptiform activity observed under elevated [Kþ]e

(McBain, 1994; Dzhala and Staley, 2003), an altered Cl� ho-
meostasis due to a decreased electromotive force for Kþ-Cl�

cotransport may also contribute to seizure generation (Korn
et al., 1987). Therefore an artificial elevation of [Cl�]i and
a corresponding positive shift in EGABA can not be excluded
in the high [Kþ]e model. Hence, the suppressing effect of bu-
metanide on epileptiform activity may only be observed under
elevated [Kþ]e conditions.

To investigate this possibility, we used other epilepsy
models that do not artificially enhance [Kþ]e and probably
do not interfere with Cl� transport processes. We found that
ictal-like events were hardly affected in the low-Mg2þ model,
indicating that ictal-like activity was not attenuated per-se by
bumetanide. To support this finding we also used the kainate-
model as a third in-vitro model of ictal-like activity. These
experiments revealed that bumetanide can even enhance
ictal-like activity. In summary, these experiments clearly
show that the suppressing effect of bumetanide on ictal-like
activity critically depends on the model used.

Because interictal activity induced by GABAA receptor
blockade was not affected by bumetanide, Dzhala et al.
(2005) suggested that the bumetanide effect was mediated
via GABAA receptors. In accordance with their results, we
also found that bumetanide only slightly affected the interic-
tal-like epileptiform events induced by the complete block
of ligand-gated Cl� channels. The only significant effect was
a slight decrease in discharge amplitude, which may be caused
by a non-synaptic effect of bumetanide (Sykova, 2004). How-
ever, to address the question whether the lack of bumetanide
effect in the disinhibition model really indicates that ligand-
gated Cl� channels are required to mediate its anticonvulsant
action, we investigated an additional model of interictal-like
activity. We found that bumetanide slightly enhanced the
power of interictal-like activity in the low-Mg2þ model, indi-
cating that in the presence of functional ligand-gated Cl�

channels bumetanide still did not attenuate interictal-activity.
Thus, the lack of bumetanide effects on the interictal-activity
in the disinhibition model did not necessarily indicates that
ligand-gated Cl� channels are required to mediate the attenu-
ating effect of bumetanide.

In contrast to the findings that bumetanide enhanced epilep-
tiform-discharges in the kainate and the low-Mg2þ model,
epileptiform-activity was attenuated in the 4-AP/low-Mg2þ

model. In this model the attenuation of power corresponds
to the significant reduction in the number of discharges per
burst. On the contrary, the enhancement of low-Mg2þ induced
interictal-like activity in the b-frequency range corresponds to
in increase in the number of discharges within an interictal
burst. Since the repetitive spikes following the initial discharge
represents synchronized synaptic interactions (Miles et al.,
1984), a change in the number of discharges per burst indicates
that bumetanide may influence synaptic interactions. One pos-
sible explanation for the different effects of bumetanide on the
number of discharges per epileptiform burst is that interictal
bursts and LRD are maintained by distinct synaptic networks,
which are differentially influenced by bumetanide. This possi-
bility is supported by the finding, that interictal bursts and
LRD have a distinct pharmacology (Zhang et al., 1994). On
the other hand, we can not exclude that the repetitive discharges
during LRD will increase [Kþ]e (Hablitz and Heinemann,
1987) and thus affect [Cl�]i homeostatic processes (Korn
et al., 1987).

In summary, the experiments performed in the present study
demonstrate that the suppressing effect of bumetanide on ictal-
like epileptiform activity critically depends on the model used
and that in some models epileptiform activity may also be en-
hanced by bumetanide. However, this enhanced epileptiform
activity in in-vitro models does not necessarily imply that bu-
metanide exerts proepileptogenic effects in-vivo. The effect
of bumetanide is not necessarily mediated by alterations in
Cl� homeostasis. One major function of bumetanide-sensitive
Naþ-dependent Kþ-2Cl� cotransport is the control of plasma
osmolarity via its central role in renal secretion. Bumetanide in-
duces diuresis thereby leading to hyperosmotic dehydration
which in turn increases the size of the extracellular space
(Sykova, 2004). Hence, under in-vivo conditions bumetanide
may mediate its effects by targets outside the CNS, in particular
as experimental data suggest that bumetanide only poorly
crosses the bloodebrain barrier (Javaheri et al., 1993). Even
in an in-vitro situation bumetanide may alter extracellular
space, because NKCC1 is one major element of cellular volume
regulation (Russell, 2000). An effect of bumetanide on the
extracellular volume fraction must thus be considered under
in-vivo and in-vitro conditions, because changes in the extracel-
lular volume fraction affect epileptiform activity in a variety of
preparations including the immature hippocampus (Sykova,
2004; Kilb et al., 2006). Therefore, bumetanide-induced alter-
ations of the extracellular space or other non-synaptic effects
may contribute to its soothing effect on in-vitro and in-vivo neo-
natal seizures, as has already been proposed by Fukuda (2005).
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