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Abstract

The present study was performed to investigate the effects of depleting intracellular Ca2+ stores on bicuculline- or gabazine-
induced epileptiform excitability. Studies were performed on monolayer rat hippocampal neuronal networks utilising a system that
allowed simultaneous multiple extracellular single-unit recordings of neuronal activity. Hippocampal neuronal networks were pre-
pared from enzymatically dissociated hippocampi from 18-day-old fetal Wistar rats. The cells were cultured in Neurobasal medium
with B27 serum-free supplements directly onto the surface of planar multiple microelectrode arrays with a central recording array
of 64 (4×16) indium-tin thin-film recording electrodes. All cells recorded at 21 days-in-vitro exhibited spontaneous discharge activity
with firing rates between 0.3–30.7 Hz.γ-aminobutyric acid (GABA) produced a concentration-dependent decrease in firing (EC50=9.1
µM) which could be blocked by pre-application of bicuculline methobromide (10µM). Addition of the GABAA-receptor antagonists
gabazine (10µM) or bicuculline (10µM) resulted in the rapid generation of synchronised bursting within all the cells recorded.
Bicuculline exhibited heterogeneity of action on firing rate, whereas gabazine always increased firing. Pre-incubation with thapsigar-
gin, which depletes intracellular calcium stores, resulted in a decrease in the amount of neuronal excitation produced by bicuculline,
but not by gabazine, suggesting that bicuculline-induced neuronal excitation requires release of Ca2+ from intracellular stores.
2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Both bicuculline and gabazine (SR-95531) are com-
petitive postsynaptic-GABAA receptor antagonists
(Johnston, 1996). Bicuculline is a convulsant phtalide
isoquinoline alkaloid and gabazine (SR-95531, 2-(3-
carboxypropyl)-3-amino-6-ρ-
methoxyphenylpyridazinium bromide) is one of a num-
ber of pyridazinyl derivatives of GABA. GABAA-recep-
tor antagonists are commonly used in in vitro models of
simple acute, partial seizures (Fisher, 1989). These

Abbreviations:APV=D(2)-2-amino-5-phosphonopentanoic acid;
CNQX=6-cyano-7-nitroquinoxaline-2,3-dione; DMSO, dimethylsul-
phoxide; DSP, digital signal processing; GABA=γ-aminobutyric acid;
MMEA=multiple microelectrode array; SERCA, sarco-endoplasmic
reticulum Ca2+-ATPases.
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agents block the early stimulus-evoked inhibitory post-
synaptic potential, unmasking the late phase of the gluta-
mate-induced depolarisation which allows the generation
of multiple action potentials (Dingledine and Gjerstad,
1980; Knowles and Schwartzkroin, 1981; Zhang et al.,
1990). Bicuculline and gabazine have been shown to
increase neuronal excitability in the rat hippocampus
both in vivo (Margineanu and Wu¨lfert, 1997) and in
vitro (Wülfert and Margineanu, 1998). Margineanu and
Wülfert (1997) suggested that bicuculline-mediated
increases in neuronal excitability are mediated partly
through a calcium-dependent process in addition to
classical GABAA receptor antagonism, since thapsigar-
gin, which depletes intracellular Ca2+ stores (Treiman et
al., 1998), reduced the epileptiform-like effects of bicuc-
ulline but not gabazine. Further, bicuculline-mediated
increases in field population spike amplitude could be
blocked by the calcium channel antagonist flunarizine
(Margineanu and Wu¨lfert, 1997). Other groups have also



2409D.M. Sokal et al. / Neuropharmacology 39 (2000) 2408–2417

suggested evidence of non-synaptic activation of neu-
ronal excitability by bicuculline. Straub et al. (1990)
showed that the calcium channel antagonist verapamil
blocked bicuculline-induced paroxysmal depolarising
shifts, indicating the involvement of a calcium current.
Bicuculline has also been shown to block a potassium
conductance and prolong calcium-dependent action
potentials in mouse dorsal root ganglion and spinal cord
neurons in culture (Heyer et al., 1982). Uchida et al.
(1996) demonstrated that bicuculline and gabazine had
different effects on GABA- or pentobarbitone-induced
chloride currents in cultured rat hippocampal neurons,
and suggested that this was due to distinct steric proper-
ties of the two molecules.

The majority of electrophysiological studies to date
have concentrated on electrically-evoked field potential
recordings utilising single extracellular microelectrodes
in vivo or in vitro (e.g. Margineanu and Wu¨lfert, 1997),
or two independently manipulated microelectrodes in
vitro (e.g. Scharfman, 1994). Scharfman demonstrated
bicuculline-induced synchronisation between pairs of
CA3 pyramidal cells and non-granule cells of the dentate
gyrus in rat hippocampal slices. We have extended these
studies using simultaneous extracellular recordings from
hippocampal monolayer neuronal networks grown on
multiple-microelectrode arrays (Gross, 1994). This tech-
nology enables the experimenter to record from a large
number of individual cells (up to 256!) and to simul-
taneously evaluate their interactions within a neuronal
network in a single experimental session. Using this sys-
tem, in preliminary studies we have shown that bicucul-
line induces epileptiform-like bursting which is
synchronised between all cells recorded within the hip-
pocampal neuronal network, and that it can be abolished
by antiepileptic drugs (Sokal et al., 1998a).

This report describes the effects of depleting intra-
cellular Ca2+ stores with thapsigargin on bicuculline- and
gabazine-induced epileptiform excitability within mono-
layer hippocampal neuronal networks. Some of the
results presented have been communicated in abstract
form (Sokal et al., 1998a,b).

2. Methods

2.1. Multiple microelectrode arrays

The multiple microelectrode arrays (MMEAs) were
supplied by Guenter Gross (Center for Network Neuros-
cience, University of North Texas, USA;
http://www.biol.unt.edu/cnns/) and comprised 50 mm2

glass carrier plates with an array of 64 (4×16) indium-
tin oxide thin-film electrodes terminating in a central
0.64 mm2 (0.8×0.8 mm) recording area insulated with
polysiloxane resin (Fig. 1A and B; Gross, 1994). Elec-
trode impedance was lowered by applying colloidal gold

to the individual microelectrodes; impedance (range 0.5–
4 MV) was measured with a 50 mV rms, 1 kHz sinus-
oidal signal according to the method of Robinson (1968).

2.2. MMEA preparation

Prior to culturing, MMEAs were cleaned with diluted
tissue grade glassware detergent (10%; Liqui-Nox,
Alconox Inc) and rinsed with ultra-pure water for 20
min. The cleaned MMEA and 4-mm-thick silicon rubber
gaskets (external dimensions: 32×48 mm; internal
dimensions: 27×22 mm) were autoclaved at 120°C for
20 min and left to dry.

The hydrophobic polysiloxane insulation layer on the
MMEA was heat treated by exposure to a brief (1 s)
pulse from a butane flame (Lucas et al., 1986) to allow
the attachment of the cells to the surface. The sterile
silicon rubber gasket was then attached to the MMEA to
form a well to contain the culture media. Poly-D-lysine
(Sigma; 100µg.ml-1) was applied to the central electrode
area, allowed to stand overnight and was removed
before culturing.

2.3. Cell culture

Primary dissociated hippocampal cell cultures were
prepared from hippocampi dissected from 18-day-old
fetal Wistar rats. The method was taken from Goslin and
Banker (1991) with some modifications. During dissec-
tion the brain tissue was kept in calcium/magnesium-free
Hank’s Balanced Salt Solution (Sigma), buffered with
10 mM HEPES (Sigma), adjusted to pH 7.4 with 5%
CO2:95% air mixture, containing penicillin and strepto-
mycin (Gibco). Following trypsinisation (2.5%, Gibco)
and mechanical dissociation with fire-polished sili-
conised Pasteur pipettes, the cells were plated directly
onto the central area of the MMEA at a density of
4.5×105 cells per MMEA. Cells were cultured in anti-
biotic-free Neurobasal medium (Gibco) with B-27
serum-free supplements (Gibco) which permitted long-
term low-density growth of hippocampal neurons in cul-
ture (Brewer et al., 1993). Plating medium contained
Neurobasal Medium, B-27 supplement, L-glutamine
(Gibco), and 10% fetal bovine serum (Gibco) without
antibiotics. The medium was changed once a week by
replacing 50% of the medium with growth medium (as
plating medium without fetal bovine serum). Cultures
(up to 120 days-in-vitro) were maintained at 37°C in 5%
CO2:95% air; for the current studies, recordings were
made between 20 and 22 days-in-vitro.

2.4. Electrophysiological recording

For the recording session the MMEA cultures were
mounted in a microincubation/recording chamber (Gross
and Schwalm, 1994) on the modified stage of a Zeiss
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Fig. 1. (A) Outline of the recording electrode array (centre shown
with orientation arrow) and conducting tracks which lead to the pre-
amplifiers. The scale bar represents 800µm. (B) Phase-contrast image
of the central recording area shown in (A), showing the top three of
the four rows of 16 electrodes. The recording sites are spaced 40µm
apart laterally and 200µm between rows. The transparent thin-film
indium-tin oxide conductors are 10µm wide in the recording matrix
and are deinsulated at their end points with single laser shots then
coated with colloidal gold (black centres). The scale bar represents 200
µm. (C) Phase-contrast image of avidin–biotin labeled neurofilament
immunoreactivity illustrates the branched neuronal network after 21
days-in-vitro. The scale barrepresents 200µm.

Axiovert-10 inverted microscope for recording. The
microincubator temperature was maintained at 37°C
using a TC-344 Dual Heater Controller (Warner Instru-
ments Corp, USA). A modified 35 mm plastic Petri dish
with a heated indium-tin oxide glass window covered
the chamber to prevent condensation and subsequent
changes in the media osmolarity, and to maintain a
quasi-sterile environment. An inlet in the Petri dish
allowed the media to be gassed with moist 5% CO2:95%
air to maintain constant pH.

Simultaneous recording of both spike waveforms and
spike event timestamps from MMEAs was achieved
using a multichannel acquisition processor (Plexon Inc,
USA; http://www.plexoninc.com/; Mason et al., 1998;
Sameshima and Baccala´, 1998). The multichannel acqui-
sition processor provided programmable amplification,
filtering (500 Hz–5 kHz), electrode-site switching, and
digital signal processing of microelectrode signals con-
trolled from a host Pentium II 350 MHz PC with 128
MB RAM running under WindowsNT. Analogue to digi-
tal conversion was performed by 4×16 simultaneously
sampling 12-bit converters running at 40 kHz. Digital
signal processing (DSP) was performed using Motorola
DSP56002 microprocessors running at 40 MHz for spike
waveform capture and sorting. DSP programs were
downloaded from the host Pentium PC using custom
designed software (Rasputin; Plexon Inc, USA). Spikes
were sorted in real-time by the DSP microprocessors
using one pair of experimenter-defined graphical time-
voltage windows per single-unit (neuron) or by template
matching, with the capability to isolate up to four single-
units per microelectrode. In addition, action potentials
were monitored on a five-channel Tektronix 5110 series
oscilloscope, multiple audio speakers and an eight-chan-
nel thermal chart recorder (Thermal Array Recorder WR
3600, Graphtec).

2.5. Immunocytochemistry

After 21 days-in-vitro cells were fixed in 5% acid
alcohol. They were then incubated with primary anti-
body to neurofilament (raised in mouse; Affiniti Ltd.,
UK) followed by biotinylated horse anti-mouse second-
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ary. The antibody complex was visualised by the avidin–
biotin diaminobenzidine method.

2.6. Data analysis

The time of spike events for all active channels were
sent to the host PC through a 16-bit parallel bus at a rate
of 2 MB data per second to an MXI-Bus interface board
(National Instruments) mounted in the host PC. The data
were initially recorded to hard disk and subsequently
transferred to optical disk for archiving. Data were
recorded in a Plexon file format that consisted of the
timestamps for all the spikes events, waveforms and file
information. Data were analysed off-line using special-
ised multiple spike train analysis software designed to
handle multiple large neuronal data sets; initially
SpikeWorks (Plexon Inc, USA) and subsequently
NeuroEXplorer (Nex Technologies, USA;
http://www.neuroexplorer.com/). Data are expressed as
mean±S.E.M. Basal firing levels were recorded at the
230 min time-point. Statistical differences between
groups were assessed using a one-way repeated meas-
ures ANOVA followed by a Tukey or Dunnett’s post
hoc test as appropriate.

2.7. Drugs

Bicuculline methobromide (Sigma, UK), gabazine
bromide (Sigma, UK) and D(2)-2-amino-5-phosphono-
pentanoic acid (D-APV; Tocris, UK) were dissolved in
culture medium. Thapsigargin (TCS Biologicals, UK)
and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX;
Tocris, UK) were solubilised in dimethylsulphoxide
(DMSO) and dissolved in culture medium, to a final con-
centration of DMSO in recording medium of 0.1% (v/v).
The volume of medium in the chamber was maintained
at 1 ml. Drugs were added directly to the chamber. Drug
action was terminated by aspiration of the medium and
replacement with fresh medium.

3. Results

Following cell seeding, the hippocampal neurons
attached to the MMEA surface within 2–3 h and pro-
ceeded to extend processes after 4–6 h. After 3 days,
a branched network was observed which became more
complex over a period of 2–3 weeks. Cell seeding was
random and neurite growth was unrestricted. This pro-
vided a dispersion of neuronal cell bodies and processes.
There is a quasi three-dimensional arrangement to the
network owing to layering of the neurites, however the
term “monolayer” is still used since the neuronal perika-
rya lie in essentially the same plane. Typical cultures
after 21 days-in-vitro appeared healthy with visible som-
ata and cell processes when stained with avidin–biotin

labeled antibody to neurofilament (Fig. 1C). Staining for
synaptophysin immunoreactivity revealed stable num-
bers of synapses after 3 weeks in vitro (unpublished
data).

At 21 days-in-vitro, all the cells recorded exhibited
spontaneous extracellular discharge activity at 37°C in
Neurobasal medium with firing rates between 0.3–30.7
Hz (8.3±0.8 Hz; 70 cells/6 MMEAs). Spike amplitudes
ranged between 100–600µV with signal-to-noise ratios
ranging from 3:1 to 20:1.

Addition of exogenous GABA (1–100µM) produced
a concentration-dependent decrease in firing (EC50 =
9.1±0.04µM) which was antagonised by bicuculline (10
µM; Sokal et al., 1998a). Firing was abolished in all cells
recorded within the network by the co-application of the
glutamate receptor antagonists APV (10µM) and CNQX
(10 µM; data not shown). When examined, spontaneous
extracellular activity was abolished by the addition of 1
µM tetrodotoxin (data not shown).

Equimolar concentrations (10µM) of bicuculline and
gabazine were selected on the basis of the studies by
Uchida et al. (1996), who showed that bicuculline (10
µM) and gabazine (10µM) reversibly blocked ED30-
concentration GABA-induced currents in cultured hip-
pocampal neurons. Following a period of basal rec-
ording, the cultures were initially treated with either
bicuculline (10µM) or gabazine (10µM) for 60 min.
The drug was then washed off by repeated aspiration
(×2) of the media until firing had returned to basal levels.
The cells were then preincubated with thapsigargin (2
µM; a concentration reported to deplete intracellular
Ca2+ stores by more than 90% within 15 min (Mathes
and Thompson, 1995)) for 20 min before adding either
bicuculline or gabazine to examine the effects of deplet-
ing intracellular calcium.

Both gabazine and bicuculline induced synchronised
bursting between all cells recorded across the hippocam-
pal neuronal network with rapid synchronisation of firing
seen within 60 s of bicuculline or gabazine application
(Fig. 2A and B). Cross-correlation histograms (Moore et
al., 1970) were computed between a single reference cell
and the other remaining cells recorded in the network.
Fig. 3A shows cross-correlation histograms calculated
during basal firing. There appears to be some correlated
firing between some of the neurons as would be expected
in a mature neuronal network. Following bicuculline
addition (Fig. 3B) there was an increase in the firing
frequency with central peaks close to the origin, indicat-
ing tight synchronisation between all the cells in the net-
work. Far from the origin, at around 500 ms, the cross-
correlation was flat signifying that the firing of cell one
was not influential in determining the firing of the other
cells at that time. Similar cross-correlation profiles were
seen before and after during gabazine addition (data
not shown).

Bicuculline and gabazine both increased the rate of
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Fig. 2. Spike train rasters of 17 (A) and 16 (B and C) simultaneously recorded neurons generated inSpikeWorks. Each single vertical line (spike)
represents a single action potential; an increase in the thickness of these lines indicates two or more temporally close action potentials. The rapid
transition between basal firing and (A) bicuculline- (BIC; 10µM) or (B) gabazine-induced (GBZ, 10µM) synchronised bursting can be clearly
seen developing after drug addition. Thapsigargin (THG, 2µM; C) had no effect on synchronisation between cells.

bursting in the hippocampal networks. For these studies,
a burst was defined as a minimum of three spikes occur-
ring with interspike intervals,0.01 s. Gabazine signifi-
cantly increased the firing rate from 7.0±0.9 (230 min)
to 11.8±1.3Hz (60 min;P,0.01; Fig. 4A) and the burst
rate from 32.1±2.3 to 71.3±5.4 bursts.min21 (P,0.001)
in all cells recorded (n=50 cells; 3 MMEAs). Significant
increases at other time-points are shown in Fig. 4A. In
a second group of experiments, addition of bicuculline
significantly increased the rate of firing from 10.3±1.62
(230 min) to 23.6±4.1 Hz (60 min;P,0.01; Fig. 4B)
and bursting from 27.0±3.6 to 112.8±8.8 bursts.min21

(P,0.001) in only 39/72 cells (4 MMEAs). Significant
increases at other time-points are shown in Fig. 4B. The
rate of firing was decreased in 24/72 cells and remained
unchanged in 9/72 cells. This heterogeneity of action on

firing rate was only seen with bicuculline, while gabaz-
ine always increased firing increased firing in all cells
recorded (Fig. 5). Bicuculline also reduced the temporal
fluctuations is firing rate whereas gabazine increased
these variations compared to basal firing (Fig. 5).

Pre-treatment (20 min) with thapsigargin (2µM; n=50
cells; 3 MMEAs) increased the gabazine-induced elev-
ation of firing rate seen beyond the 0 min interval though
this only reached significance at the 20 min interval
(11.9±1.3 to 15.0±1.4 Hz; P,0.01). In contrast,
(analysing only those cells exhibiting increased firing
evoked by bicuculline;n=39/72 cells; 4 MMEAs), pre-
incubation with thapsigargin (2µM) significantly
decreased bicuculline-induced increases in firing rate
(23.6±4.1 to 14.5±2.9 Hz; Fig. 4; 60 min interval) and
burst rate (112.8±8.8 to 82.6±10.4 bursts.min21;
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Fig. 3. Cross-correlation analysis for 15 out of 16 simultaneously recorded neurons (Neuron 2 to Neuron 16) under basal conditions (A) or in
the presence of bicuculline (B; 10µM). All cells are compared to the firing of a reference neuron, Neuron 1 (shown as an autocorrelogram). The
increased firing frequency seen with all cells at 0 ms following the addition of bicuculline is an indication of synchronisation between all the cells
analysed within the network. They-axis represents the number of spikes per second.

P,0.001) beyond the 30 min interval. During the initial
20 min following bicuculline addition the increase in fir-
ing rate mediated by bicuculline in the presence of thap-
sigargin was identical to that during bicuculline alone
(Fig. 4B).

In a third group of experiments, thapsigargin alone (2
µM; n=32 cells; 2 MMEAs; Fig. 4C) significantly
increased spontaneous firing rate from 11.8±1.1 to
13.8±1.3 Hz (P,0.001) and burst rate from 58.7±7.5 to
70.6±6.7 bursts.min21 (P,0.001), but had no effect on
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Fig. 4. Effect of thapsigargin (THG) pre-treatment on the mean spon-
taneous firing rate±S.E.M of 50 cells recorded from 3 MMEAs, in the
presence of (A) gabazine (GBZ), (B) bicuculline or (C) alone. THG
(2 µM) was added to the bath 20 min prior to co-application of gabaz-
ine (10 µM) or bicuculline (10 µM). Data points represent the
mean±S.E.M. Significant increases from basal firing rate (230 min),
assessed with one way repeated-measures ANOVA followed by a Dun-
nett’s post hoc test, are indicated by **,P,0.01. Significant differ-
ences between groups, assessed with one-way repeated-measures
ANOVA followed by a Tukey post hoc test, are indicated by+P,0.05;
++P,0.01; or+++P,0.001.. Addition of THG caused a transient (2
min duration) decrease in firing due to the vehicle (0.1% DMSO; data
not shown).

synchronisation (Fig. 2C). The action of the vehicle
(0.1% DMSO) alone evoked an initial transient 10–15%
decrease in firing rate (data not shown) which returned
to basal levels within 2 min.

4. Discussion

These experiments have revealed that: (1) bicuculline
and gabazine induced similar synchronised bursting
between all cells recorded, however their response to
thapsigargin greatly differed; (2) thapsigargin alone
increased both bursting and firing in monolayer hippo-
campal neuronal networks; (3) preincubation with thap-
sigargin blocked bicuculline-mediated but not gabazine-
mediated increases in firing and burst rate; and (4) bicuc-
ulline had a heterogeneous effect on firing while gabaz-
ine increased firing in all cells recorded.

A major advantage of this new multielectrode tech-
nique is that it allows recordings of a large number of
cells to be made from long-term, mature preparations.
In the current study we have limited our recordings to
preparations after 21 days-in-vitro, however we have
recorded from hippocampal preparations after 120 days-
in-vitro. Using the same system, Gross has recorded
from spinal cord preparations aged over 300 days-in-
vitro (Gross, 1994). It appears that GABA and glutamate
are the predominant neurotransmitters in these mature
hippocampal neuronal network preparations as shown by
the effects of GABA, bicuculline, APV and CNQX.
Excitatory synaptic transmission within the network was
inhibited by the addition of APV and CNQX. This dem-
onstrates that the spontaneous activity seen in these mon-
olayer hippocampal neuronal networks is generated by
neurons that fire only if synaptically activated and not
by neurons that are intrinsically bursting (Getting, 1989).
Therefore, this basal dynamic state can be considered as
an intrinsic property of the network and not that of the
individual cells.

Cross-correlation analysis provided a measure of the
expected past and future spiking probability of the cells
relative to a reference cell (Moore et al., 1970) and pro-
vides a measure of synchronisation within the neuronal
ensemble. The profiles of the cross-correlation histo-
grams seen during bicuculline and gabazine bursting are
indicative of a target neuron receiving a common excit-
atory input (Abeles, 1982) and mirrors computer model-
ling of neuron pairs showing monosynaptic excitation of
a postsynaptic neuron driven by a periodic presynaptic
neuron (Moore et al., 1970).

Blockade of GABAergic inhibition by bicuculline has
been previously shown to induce synchronised burst dis-
charges between CA3 pyramidal cells and non-granule
cells of the dentate gyrus in rat hippocampal slices
(Scharfman, 1994). The present study has shown that
both gabazine and bicuculline can induce synchronised
bursting between all cells recorded in monolayer hippo-
campal neuronal networks. The development of
synchronous bursting within the hippocampal culture
suggests that there must be an intact network present in
vitro. This view is supported by Oliver et al. (1978) who
showed that spontaneous, sustained, rhythmic, interictal
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Fig. 5. Firing rate histograms (bin-width 20 s) for (A) 16 simultaneously recorded hippocampal neurons showing the heterogeneity of action after
bicuculline (BIC) addition (10µM; indicated by horizontal bar). Firing rate was increased in 9/16 cells, decreased in 4/16 cells, and remained
unchanged in 3/13 cells. (B) In comparison, addition of gabazine (GBZ; 10µM; indicated by horizontal bar) increased firing in all cells recorded.

spiking in hippocampal slices required intact synaptic
transmission in addition to increased extracellular pot-
assium and a convulsant drug.

Release of Ca2+ from endoplasmic reticulum is depen-
dent on active sequestration of Ca2+ from the cytoplasm

into the stores, a process carried out by sarco-endoplas-
mic reticulum Ca2+-ATPases (SERCAs). Inhibition of
SERCAs by thapsigargin prevents the re-uptake of Ca2+

which leaks passively from the stores into the cytoplasm
(Thastrup et al., 1990), therefore the Ca2+-releasing
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action of thapsigargin is dependent on the Ca2+ turnover
of the cell. Thapsigargin at the concentration used in the
present study (2µM), has been reported to deplete intra-
cellular Ca2+ stores by more than 90% within 15 min
(Mathes and Thompson, 1995). However at this concen-
tration thapsigargin is reported to have additional effects
(Thomas and Hanley, 1994) which include inhibition of
various Ca2+-entry pathways, including the capacitative
pathway (Geiszt et al., 1995) and L-type and T-type Ca2+

channels (Rossier et al., 1993). The ability of thapsigar-
gin to increase neuronal excitability in dissociated hippo-
campal neurons may explain its potentiation of gabazine-
induced increases in firing rate and burst rate. The mech-
anism through which thapsigargin increases firing rate is
yet to be established. Previous studies have not exam-
ined the effects of thapsigargin on basal firing rate in
hippocampal neurons. However, Wu¨lfert and Margine-
anu (1998) found that thapsigargin had no effect on hip-
pocampal CA3 field potentials evoked by fimbrial stimu-
lation in the absence of bicuculline however a small
increase in the amplitude of the first population spike in
the presence of gabazine and thapsigargin over gabazine
alone. Also, Harvey and Collingridge (1992) showed
that thapsigargin had no effect on basal synaptic trans-
mission but blocked the induction of long-term potenti-
ation at 1µM.

The results therefore suggest that bicuculline-induced
neuronal excitability requires release of Ca2+ from intra-
cellular stores, a finding supported by van der Linden et
al. (1993) who demonstrated that bicuculline increased
intracellular Ca2+ in hippocampal neurons. Indeed, in
hippocampal CA1 neurons in vitro, bicuculline has also
been shown to enhance stimulus-dependent rise in intra-
cellular calcium, while the baseline calcium levels
remained unchanged (van der Linden et al., 1993).

During the initial 20 min period following bicuculline
addition in the presence of thapsigargin the temporal
profile is identical to that following bicuculline alone
(Fig. 4B). This initial increase in firing rate is likely to
be due to the bicuculline-mediated release of the remain-
ing Ca2+ in the intracellular stores which has not leaked
passively into the cytoplasm during the thapsigargin
incubation period. The subsequent decline in firing rate
occurs once all the remaining Ca2+ has been released by
the actions of bicuculline in the presence of the blockade
of Ca2+ re-uptake by thapsigargin.

Other studies have also found that the mode of action
of gabazine and bicuculline differs. Uchida et al. (1996)
demonstrated that bicuculline and gabazine have differ-
ent effects on GABA- or pentobarbitone-induced chlor-
ide currents in cultured rat hippocampal neurons. Bicuc-
ulline blocked currents induced by both GABA and
pentobarbitone while gabazine only antagonised currents
induced by GABA. The authors suggested that this may
be due to GABA and pentobarbitone acting at different
sites or due to bicuculline and gabazine having different

sensitivities to the different GABAA-receptor isoforms
(Bureau and Olsen, 1993). Gabazine and bicuculline are
also thought to differ with their relative potencies for
high and low affinity GABAA binding sites, with gabaz-
ine being more potent at high affinity sites and bicucul-
line being more potent at low affinity sites (Johnston,
1991). Margineanu and Wu¨lfert (2000) have recently
shown that bicuculline and gabazine differ in their
actions on paired-pulse inhibition in rat hippocampal
CA3 in vivo. They suggested the possibility that bicucul-
line and gabazine differ in their relative potencies as
antagonists at pyramidal cells compared to inhibitory
interneurons, with gabazine being more active on inhibi-
tory neurons.

In conclusion, while the two GABAA-receptor antag-
onists, gabazine and bicuculline, both increased the burst
rate of neurons in monolayer hippocampal networks only
gabazine increased the firing rate in all cells recorded.
The use of MMEAs with multichannel technologies
enabled simultaneous recording of both multiple extra-
cellular single-unit activity and neuronal ensemble
activity, which in the present study has revealed the het-
erogeneity of action of bicuculline on firing rate. Further,
the use of thapsigargin has shown that the action of bicu-
culline is mediated through an intracellular calcium-
dependent process, in contrast to gabazine.
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