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1 g-Aminobutyric acid (GABA), acting via the GABAA receptor, increased the extracellular
acidi®cation rate of rat primary cultured cerebellar granule cells, measured by the Cytosensor
microphysiometer.

2 The optimal conditions for the measurement of GABAA receptor function in cerebellar granule cells
by microphysiometry were: cells seeded at 9 ± 126105 cells/transwell cup and maintained in vitro for 8
days, GABA stimulation performed at 258C, with a stimulation time of 33 s.

3 GABA stimulated a concentration-dependent increase in the extracellular acidi®cation rate with an
EC50 of 2.0+0.2 mM (mean+s.e.mean, n=7 experiments) and maximal increase (Emax) over basal
response of 15.4+1.2%.

4 The sub-maximal GABA-stimulated increase in acidi®cation rate could be potentiated by the 1,4-
benzodiazepine, ¯unitrazepam (100 nM). The 10 nM GABA response showed the maximal benzodiaze-
pine facilitation (GABA alone, 1.4 mV s71, GABA+¯unitrazepam, 3.8 mV s71, mean increment over
basal, n=7).

5 The GABA-stimulated increase in acidi®cation rate was inhibited by the GABAA antagonist,
bicuculline (100 mM) (90% inhibition at 1 mM GABA).

6 The results of this study show that activation of GABAA receptors in rat cerebellar granule cells
caused an increase in the extracellular acidi®cation rate; an e�ect which was potentiated by
benzodiazepines and inhibited by a GABAA receptor antagonist. This paper de®nes the conditions
and con®rms the feasibility of using microphysiometry to investigate GABAA receptor function in
primary cultured CNS neurones. The microphysiometer provides a rapid and sensitive technique to
investigate the regulation of the GABAA receptor in populations of neurones.
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Introduction

The Cytosensor microphysiometer is a novel tool that has re-
cently become available to measure the extracellular acid-
i®cation rates in populations of living cells by detecting the
extrusion rate of acidic metabolic products (Parce et al., 1989;
McConnell et al., 1993). Living cells are con®ned to a ¯ow
chamber and media is pumped over the cells to maintain
homeostasis. Flow of media is interrupted for a period of time
and, as the media surrounding the cells becomes more acidic
due to cellular production of metabolic products, a measure-
ment of acidi®cation rate is obtained (Parce et al., 1989). A
variety of ligand-receptor interactions have been demonstrated
to produce changes in cellular catabolism which can be mea-
sured by microphysiometry (Parce et al., 1989; McConnell et
al., 1992). The microphysiometer has been successfully used to
examine the stimulation of a number of G-protein-linked re-
ceptors (Owicki et al., 1990; McConnell et al., 1992), tyrosine
kinase-linked receptors (Rice et al., 1991; Owicki et al., 1990;
Nag et al., 1992), and ligand-gated ion channel receptors (Cao
et al., 1991; Raley-Susman et al., 1992). In most cases, func-
tional ligand-receptor interactions of both excitatory and in-
hibitory transmitters result in an increase in cellular
acidi®cation rate, implying an increased metabolic rate
(McConnell et al., 1992), or activation of H+ transporters, for
example, the Na+/H+ antiporter (Wada et al., 1993; Nag et al.,
1995).

The g-aminobutyric acidA (GABAA) receptor is a member
of the ligand-gated ion channel superfamily, which mediates

the inhibitory postsynaptic action of GABA. The GABAA

receptor is a heteroligomeric protein, probably comprising ®ve
subunits (Nayeem et al., 1994), which upon agonist activation
opens an integral ion channel and allows the passage of
chloride ions (Bormann et al., 1987). The GABAA receptor is
also the site of action of many psychoactive drugs, including
1,4-benzodiazepines, barbiturates, steroids and alcohols
(Macdonald & Olsen, 1994), which modulate the function of
the GABAA receptor. The techniques currently available for
the direct study of GABAA receptor function are electro-
physiology and 36chloride ¯ux, with additional biochemical
correlates of receptor functionality including the `GABA shift'
and other allosteric modulation of the binding sites located on
the GABAA/benzodiazepine receptor complex (Sieghart,
1995). Whilst the 36chloride ¯ux studies have undoubtedly
provided important information on the GABAA receptor
(Thampy & Barnes, 1984; Lehoullier & Ticku, 1987; Marley &
Gallager, 1989; Miller et al., 1988; Hu & Ticku, 1994), it is a
notoriously di�cult procedure with low sensitivity and is not
universally applicable to all neuronal cell types, particularly
small neurones such as the cerebellar granule cells. The mi-
crophysiometer appears to provide a rapid alternative to
36chloride ¯ux to study the function of the GABAA receptor in
populations of neurones.

The application of microphysiometry to primary cultured
neurones is not fully established, since most work to date has
been performed on transfected cell lines (McConnell et al.,
1992). A number of studies have examined neuronal cells, in-
cluding foetal rat hippocampal cells (Raley-Susman et al.,
1990; 1992; Wada et al., 1992), foetal rat hippocampal glial
cells (Raley-Susman et al., 1992) and foetal rat astrocytes (Cao1Author for correspondence.
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et al., 1991). The system has recently been updated and sig-
ni®cantly modi®ed since these studies, such that cells are now
grown directly on the membrane of the transwell cup instead of
on glass coverslips (Salon & Owicki, 1995).

The use of microphysiometry for studying GABAA receptor
activity in primary cultured neurones has not previously been
demonstrated. In this study we have optimized the application
of microphysiometry to measure reproducible GABAA re-
ceptor-mediated responses in primary cultures of rat cerebellar
granule cells and showed that the system can detect benzo-
diazepine modulation of GABAA receptor function.

Methods

Preparation of rat cerebellar granule cells

Primary cerebellar granule cell (CGC) cultures were prepared
from 8 day post-natal day Sprague-Dawley rats as detailed
previously (Brown & Bristow, 1996), except with the mod-
i®cation of using Dulbecco's modi®ed Eagle Medium
(DMEM; with 2 mM glutamine, 4.5 g l71

D-glucose, without
sodium pyruvate). Brie¯y, cells were isolated by trypsinization
(0.25% w/v, 15 min, 378C), followed by trituration in a DNase
solution (0.004% (w/v), 10 min, 378C) containing a soybean
trypsin inhibitor (0.003% (w/v)). Dissociated cells were sepa-
rated from undigested material by centrifugation (123 g) and
resuspended in DMEM, supplemented with 10% (v/v) foetal
bovine serum (heat-inactivated), 50 mg ml71 gentamicin,
100 iu penicillin, 100 mg ml71 streptomycin and 25 mM po-
tassium chloride (supplemented DMEM). CGCs were seeded
at a variety of densities between 3 and 166105 cells per 12 mm
Transwell cup (coated with poly-D-lysine at 2 mg cm72), and
maintained at 378C in a humidi®ed incubator (95% air/5%
CO2 (v/v)). The cell suspension in each case was diluted in
supplemented DMEM (as above) to create the required cell
number ml71 and 1 ml was pipetted directly onto the transwell
cup membrane. Supplemented DMEM (1 ml) was then applied
to the surrounding well. Growth media were removed and
replaced 18 ± 24 h later with fresh supplemented DMEM
containing 10 mM cytosine arabinoside, to prevent the division
of non-neuronal cells. Cells were maintained in culture (95%
air/5% CO2 (v/v)) for a further 7 days in vitro (DIV) before
experimental treatment.

Optimization of the microphysiometer technique to
measure GABAA receptor-mediated responses

CGCs were seeded at densities of 3, 6, 9, 12 and 166105 cells/
transwell cup and maintained until 8 DIV (as above) and then
placed in the microphysiometer chamber and examined for
responses to 100 mM GABA. Experiments were also performed
on CGC seeded at 96105 cells/transwell cup and maintained
for 7.5 days before being placed in either supplemented
DMEM (without foetal calf serum) or supplemented DMEM
(as above, control) for 12 h, before the response to GABA
(100 mM) was tested. CGC seeded at 96105 cells/transwell cup
and maintained for 8 DIV were examined for their basal and
GABA (100 mM)-stimulated acidi®cation rate at either 378C or
258C, and in another series of experiments, the cells were ex-
posed to GABA (100 mM) for either 33 s or 6 min (258C).

Measurement of cerebellar granule cell extracellular
acidi®cation rate with the microphysiometer

CGC at the required cell density (between 3 and 166105 cells/
transwell cup) were loaded into the microphysiometer cham-
bers and 1 h was allowed for the cells to stabilize. During this
time, the cells reach the required experimental temperature
(378C or 258C depending on the individual experiment) and
running medium (DMEM without serum and bicarbonate,
with 44 mM NaCl, with 2 mM glutamine, with 25 mM KCl)
was perfused over the cells at 100 ml min71. Running medium

was pumped (total pump cycle 1.5 min) between the cells and
sensor and for the measurement of extracellular acidi®cation
rate the ¯ow was halted for a short time (30 s). During the
interruption of medium ¯ow, the cells acidify the medium.
Once ¯ow is started again, the pH in the chamber rises re-
turning to baseline values. The rate of chamber acidi®cation
during interrupted medium ¯ow is determined as the slope of a
linear least-squares ®t to the pH-time data (Owicki et al.,
1990). Previous studies have shown this to be an appropriate
indicator of cellular metabolic rate (Parce et al., 1989). Mea-
surements of acidi®cation rate were determined and expressed
as a mean rate in mV s71. During the initial experiments a
number of pump cycles (involving the pumping of media over
the cells for a set period of time before interruption of ¯ow,
when the media bathing the cells was measured for acidity)
were examined to achieve the best homeostasis for the cells
(such that the raw data reached a stable plateau following the
measurement phase). A total pump cycle time of 1.5 min with
pump on being 1 min and the measurements taken during the
pump o� period between 1 min 5 s to 1 min 28 s (23 s) being
found as the most suitable for examining GABA-mediated
responses. In the majority of experiments GABA was applied
50 s into the pump cycle, taking 7 s to reach the cells, and thus
the response was measured between 3 and 31 s of GABA sti-
mulation, before the pump was switched on to washout the
chamber. With this protocol the GABA stimulation time was
33 s. In a number of the initial experiments, a 6 min GABA
stimulation time was used. In these experiments GABA was
applied at the beginning of the 1.5 min pump cycle and was
present for four consecutive cycles before being washed o�.

Assessment of GABA-mediated responses

Following optimization of the GABA-mediated response, cells
at 8 DIV were examined for their responses to GABA. At 8
DIV, the cells were exposed to 10 mM GABA to test the re-
sponsiveness of the CGC to GABA. The traces were normal-
ized for this e�ect so responses were expressed as % change
from basal acidi®cation rate response. Following a 15 min
washout with running medium, a series of GABA concentra-
tions, 10 nM, 100 nM, 500 nM, 1 mM, 10 mM, 100 mM and 1 mM

(®nal concentrations), were applied to the cells (exposure time
33 s followed by a 15 min washout with running medium be-
fore the next concentration). These experiments provided a
concentration-response trace for each chamber of cells. Fol-
lowing the GABA dose-response, a 30 min washout with
running medium was performed, followed by a 30 min ex-
posure to ¯unitrazepam (100 nM) or bicuculline (100 mM). A
GABA concentration-response curve (10 nM ± 1 mM) in the
presence of ¯unitrazepam (100 nM) or bicuculline (100 mM)
was then performed as described earlier, with control cells
exposed to the GABA concentrations to ensure time-depen-
dent factors were not a�ecting the responses. In another series
of experiments the e�ect of ¯unitrazepam (100 nM) alone and
bicuculline (100 mM) alone were compared to vehicle treated
(0.1% (v/v) ethanol) cells. The usual duration of the experi-
ments was 5 to 7 h.

Analysis of data

Acidi®cation rate responses for each GABA dose and each
treatment were performed in duplicate and are expressed as
mean acidi®cation rate in mV s71+s.e.mean rate from re-
presentative traces (Figures 2 and 3) or at least 7 independent
experiments (Figure 1). Due to a slight variability of basal
acidi®cation rates between populations of cells, responses were
expressed as mean+s.e.mean % change from basal acidi®ca-
tion rate from at least 7 independent experiments for Figures 4
and 5. From each chamber containing a population of cells, an
EC50 and maximal response (Emax) for GABA was determined
for each experiment (GABA alone, or GABA response in the
presence of ¯unitrazepam) by ®tting a nonlinear regression
best-®t line to the data points by use of the sigmoidal con-
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centration-response (variable slope) equation and GraphPad
Prism software. The equation was as follows:

where, X is the logarithm of concentration, Y is the response,
min is the minimum response and max is the maximum re-
sponse, nH is the Hill slope. Statistical signi®cance was tested
by the Wilcoxon Rank test.

Results

The e�ect of cell density on basal and GABA-mediated
acidi®cation responses

For experiments run at 378C, it was observed that at less than
66105 cells seeded/transwell cup the CGC had a very low
basal acidi®cation rate (30+10 mV s71, mean+s.e.mean, n=3)
and responses to GABA (100 mM) could not be detected. The
response to GABA at these low cell densities was presumably
outside the sensitivity of the instrument. Between 6 and 96105

cells/transwell cup, the cells had a higher basal acidi®cation
rate (73+4 mV s71, mean+s.e.mean, n=7) and responded to a
small extent to GABA stimulation (100 mM±1 mM,
6.5+1.2 mV s71, mean+s.e.mean, n=7). Between 9 and
126105 cells, the cells had a basal acidi®cation rate similar to
that of cells seeded at 6 ± 96105 cells/cup and responded
maximally to 100 mM GABA (6.0+1.0 mV s71, mean+-
s.e.mean, n=3). The further increase of cells to 166105 cells/
transwell cup had no e�ect on the basal acidi®cation rate or the
GABA response (data not shown). In subsequent experiments,
cells were seeded at between 9 and 126105 cells/transwell cup.

The e�ect of incubation temperature on basal
acidi®cation rate and maximal GABA-mediated
responses

Figure 1 shows the GABA-mediated responses in CGC at 258C
versus 378C. The response to GABA (100 mM) in cells at 258C
of 9.0+1.2 mV s71 (mean+s.e.mean, n=7) is signi®cantly
greater (P50.05, Wilcoxon Rank test) than responses in cells
at 378C of 6.0+1.0 mV s71 (mean+s.e.mean, n=7). The basal
acidi®cation responses were also signi®cantly reduced
(P50.05, Wilcoxon Rank test) in cells at 258C compared to
the responses in cells at 378C (56+6 and 80+4 mV s71, re-
spectively, mean+s.e.mean, n=7), and this e�ect was partially
responsible for the increased response of the cells at 258C when
basal acidi®cation responses were normalized and stimulated
responses were expressed as a % change from basal acidi®ca-
tion responses (16.2+1.5% and 7.0+1.0% at 258C and 378C,
respectively, mean+s.e.mean, n=7).

The e�ect of GABA stimulation time on the acidi®cation
response

GABA exposure times of 33 s and 6 min are shown in Figure
2. There is a transient spike pattern after a 33 s GABA sti-
mulation, whereas longer stimulation times produce an initial
transient spike followed by a sustained plateau phase until the
GABA is removed. This decline in the GABA response after
about 1 min 30 s of stimulation may represent a desensitiza-
tion of the GABA-induced acidi®cation rate, or possibly a
secondary response. A 33 s GABA exposure time was used in
all subsequent experiments to avoid possible complications of
an attenuated GABA response.

The e�ect of a 12 h serum withdrawal on basal
acidi®cation responses and maximal GABA-mediated
response

Serum deprivation of cerebellar granule cells at 7.5 DIV for
12 h before the measurement of acidi®cation responses in the

microphysiometer resulted in a low basal acidi®cation rate
(35+12 mV s71, mean+s.e.mean, n=3), perhaps indicating
dying or compromised cells. Alternatively, the e�ect could be

12

10

8

6

4

2

0
25 37

Incubation temperature (°C)

A
ci

d
if

ic
at

io
n

 r
at

e
(i

n
cr

ea
se

 o
ve

r 
b

as
al

, µ
V

 s
–1

)

*

Figure 1 E�ect of incubation temperature on GABA-mediated
acidi®cation rate in rat cerebellar granule cells. Rat CGC were
prepared as described in Methods. At 8 DIV, cells were assessed for
their extracellular acidi®cation response to 100 mM GABA (33 s
stimulation) at 25 and 378C by a microphysiometer. Responses are
expressed as mean+s.e.mean increase in acidi®cation rate over basal
in mV s71 for 7 experiments from di�erent cultures. Basal levels of
acidi®cation rate for cells at 25 and 378C are 56+6 and 80+4 mV
s71, respectively. *P50.05, signi®cantly di�erent from the response
at 378C, Wilcoxon Rank test.

GABA
33 s

GABA
6 min

1 min 30 s

75

70

65

60

55

50

A
ci

d
if

ic
at

io
n

 r
at

e 
(µ

V
 s

–1
)

Figure 2 Acidi®cation rate response in CGC at GABA exposure
times of 33 s and 6 min. Rat CGC were prepared as described in
Methods. At 8 DIV, cells were assessed for their extracellular
acidi®cation response at 258C to GABA (100 mM) stimulation times
of 33 s and 6 min by a microphysiometer. For the 33 s exposure,
GABA was administered 50 s into the perfusion cycle (1.5 min), and
for the 6 min exposure, GABA was applied at the beginning of the
perfusion cycle. Measurements of acidi®cation rate were taken during
the period between 1 min 5 s and 1 min 28 s of the 1.5 min cycle
(1 min perfusion, 30 s no perfusion). A washout with running
medium for 6 min was performed between the two GABA exposures.
Graph shows a representative experiment which was repeated on two
further occasions with similar results. Extracellular acidi®cation
responses are given in mV s71.
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the result of lack of other activators of increased acidi®cation
rate which are present in the serum.

Following these initial optimization experiments, the con-
ditions routinely employed to examine GABAA receptor
acidi®cation rate were: cells seeded at 9 ± 126105 cells/trans-
well cup, with experiments performed at a temperature of
258C, with no serum withdrawal before the experiments, and
GABA stimulation time of 33 s.

GABA-mediated acidi®cation responses and modulation
by bicuculline and ¯unitrazepam

Figure 3 shows the typical responses from two separate po-
pulations of cerebellar granule cells (8 DIV, originating from
the same culture) to increasing concentrations of GABA
(10 nM± 1 mM). The basal acidi®cation rate varied between
populations of cells from the same cultures (Figure 3, typically
ranging between 45 to 65 mV s71). To allow the comparison of
data within and between experiments, the GABA stimulated
response data were normalized relative to the basal acidi®ca-
tion rate. Expressing the data as an absolute increment over
basal has been considered and found not to improve the var-
iance of the data compared to % over basal. The re-
presentative cells shown in Figure 3 reveal that the absolute
incremental response to the high concentrations of GABA (10,
100, 1000 mM) are higher in the 60 ± 62 mV s71 basal level cells
(8.0, 10.3, 9.2 mV s71 over basal, respectively) than the 46 ±
47 mV s71 basal level cells (6.4, 8.6, 6.3 mV s71 over basal,
respectively), but when expressed as % over basal are essen-
tially the same. This suggests that the GABA response is re-
lated to the initial basal value and may be the result of
variations in the cell number on the transwell cups. In most of
the experiments (e.g. Figure 3) at the lower concentrations of
GABA (510 mM), possibly due to the small signals, this e�ect
is more di�cult to detect. Most previous studies have pre-
sumably come to the same conclusion that the basal levels
a�ect the magnitude of the stimulated response and generally
express the data as % over basal (e.g. McConnell et al., 1992).

Figure 4 shows the cumulative GABA-induced concentration-
response relationship which gives a best-®t GABA EC50 value
of 2.0+0.2 mM (mean+s.e.mean, n=7 experiments), Emax of
15.4+1.2% over basal and a Hill slope value of 0.8. Figure 5
demonstrates that the GABA-induced acidi®cation rate can be
signi®cantly potentiated (P50.05) at low GABA concentra-
tions (10 nM ± 1 mM GABA) by 100 nM ¯unitrazepam (max-
imal potentiation occurs at 10 nM GABA, the mean increment
of 1.4 mV s71 over basal is potentiated by 271% in the presence
of ¯unitrazepam to 3.8 mV s71 over basal, n=7) and inhibited
by bicuculline (100 mM) administered 30 min before and dur-
ing the GABA stimulation period. Flunitrazepam (100 nM) or
bicuculline (100 mM) in the absence of GABA do not sig-
ni®cantly a�ect the extracellular acidi®cation rate (¯uni-
trazepam: 1.3+0.6%, bicuculline: 4.0+2.5% increase over
basal (vehicle 0.1% v/v ethanol) levels, mean+s.e.mean, n=3).

Discussion

The results presented here show that GABA, acting via the
GABAA receptor, can increase the extracellular acidi®cation
rate in primary cultures of rat cerebellar granule cells, and
demonstrate the feasibility of using microphysiometry for
measuring GABAA receptor function. The sub-maximal
GABA-induced increase in acidi®cation rate can be po-
tentiated by the 1,4-benzodiazepine ¯unitrazepam and in-
hibited by the competitive GABAA receptor antagonist
bicuculline.

The conditions that produce the most reliable and con-
sistent response to GABA are shown to be cells seeded between
9 and 126105 cells per transwell cup, at 258C, with response
data expressed as % of basal acidi®cation rate. The GABA
response obtained in rat cerebellar granule cells by use of the
microphysiometer demonstrates typical GABAA receptor-
mediated characteristics (Sieghart, 1985). The response to
GABA was concentration-dependent with a best-®t EC50 of
2.0 mM, very similar to that previously obtained from electro-
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Figure 3 Acidi®cation rate response to increasing GABA concen-
trations in two populations of rat cerebellar granule cells. Rat CGC
were prepared as described in Methods. At 8 DIV, cells were assessed
for their extracellular acidi®cation response to increasing concentra-
tions of GABA (10 nM± 1 mM, 33 s stimulation, 258C application
indicated by arrows) by a microphysiometer. A washout period of
15 min with running medium occurred between each GABA
concentration. (&) and (^) Typical concentration-response relation-
ships from 2 populations of cells derived from the same culture to
show the GABA responses at the extremes of the range of basal
acidi®cation responses (mean basal acidi®cation rate was 56+6 mV
s71, n=7). Extracellular acidi®cation rate responses are given in mV
s71.
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Figure 4 Cumulative GABA concentration-response relationship.
Cerebellar granule cells were prepared as described in Methods. At 8
DIV, cells were assessed for their extracellular acidi®cation response
to increasing concentrations of GABA (10 nM± 1 mM, 33 s
exposure) by a microphysiometer. A washout period of 15 min
with running medium occurred between each GABA concentration.
Results are expressed as mean % change over basal acidi®cation
rate for 7 experiments from di�erent cultures performed in
duplicate; vertical lines show s.e.mean. The graph shows the best-
®t line with an EC50 for GABA of 2.0+0.2 mM, an Emax of
15.4+1.2% and a Hill slope of 0.8. Curve ®tting was performed by
the sigmoidal concentration-response equation (variable slope)
implemented with Prism software.
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physiological studies in cerebellar granule cells; 1.6 mM at 5
DIV (Zheng et al., 1994) and 2.3 mM at 5 ± 12 DIV (Robello et
al., 1993). The GABA response declines at 41 min 30 s of
GABA (100 mM) stimulation, which may represent a desensi-
tization of the response since it is consistent with previous
studies of GABAA receptor desensitization (Cash & Subbaro,
1987). The pharmacology of the response is typical of the
GABAA receptor subtype (Macdonald & Olsen, 1994); it can
be blocked by bicuculline (100 mM) and potentiated by the 1,4-
benzodiazepine, ¯unitrazepam (100 nM). The potentiation of
the GABA response by ¯unitrazepam is restricted to sub-
maximal GABA concentrations, as has been shown previously
(Lehoullier & Ticku, 1987).

The GABA-induced response in cerebellar granule cells is
small (approx. 14 ± 16% increase over basal acidi®cation rate)
in comparison to the responses generated by activation of G-
protein coupled (carbachol stimulates about 20% increase over
basal acidi®cation rate) and tyrosine kinase-linked receptors
(nerve growth factor stimulates about 30% increase over basal
acidi®cation rate, McConnell et al., 1992). With insu�cient
examples of ligand-gated ion channel responses with this sys-
tem (e.g. Raley-Susman et al., 1992), it is not possible to say
whether this small e�ect on extracellular acidi®cation rate is a
characteristic of ligand-gated ion channel receptors in general,
or a feature of the GABAA receptor-induced response in cer-
ebellar granule cells. It is also worth noting that the G-protein-
and tyrosine kinase-receptor responses were measured in
transfected cell lines which may give abnormally high extra-
cellular acidi®cation rates and receptor densities in comparison
to primary cultured neurones.

These studies show the feasibility of employing the techni-
que of microphysiometry in the study of GABAA receptor
function in populations of neurones. The procedure is con-
sistent and sensitive and provides an alternative technique to
36chloride ¯ux, which is the usual method to measure GABAA

receptor function in populations of neurones (Thampy &
Barnes, 1984; Lehoullier & Ticku, 1987; Marley & Gallager,
1989; Miller et al., 1988; Hu & Ticku, 1994). There are several
possible advantages of microphysiometry over the 36chloride
¯ux technique to study GABAA receptor function. For ex-
ample, the potential of using extended treatment times, during
which the cells can be continuously perfused to maintain via-
bility, the rapid and `real-time' acquisition of data, and the
ability to measure multiple concentrations and drug e�ects on
the same population of cells, due to the ability to washout the
compounds.

This study is the ®rst to demonstrate a GABAA receptor-
mediated increase in extracellular acidi®cation rate in primary
cultured CNS neuronal cells with a microphysiometer. The
technique detected the classical pharmacological pro®le of the
GABAA receptors; the inhibition by bicuculline and po-
tentiation of the response by benzodiazepines. The micro-
physiometer provides a rapid and sensitive technique to
investigate the regulation of the GABAA receptor in popu-
lations of neurones.
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Figure 5 Modulation of GABA-mediated extracellular acidi®cation
rate in rat CGC by ¯unitrazepam and bicuculline. Rat CGC were
prepared as described in Methods. At 8 DIV, cells were examined for
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from GABA response by the Wilcoxon Rank test.
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