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1 Whole-cell patch clamp recordings were made from L-cells transfected with 2 combinations of
subunits of the GABA, receptor. Log concentration-response curves were constructed to y-aminobutyric
acid (GABA) on a,,B,,7,. containing cells and compared to those from a,,B, containing cells. The effects
of flunitrazepam, pentobarbitone and alphaxalone on the concentration-response relationships were also
examined.

2 From the log concentration-response curves, GABA had a mean (% s.e.mean) pECs, = 5.2 % 0.09
and slope factor = 1.7 £ 0.02 on a,,B,,7, cells which were significantly different from the values obtained
from a,,B, cells where the pECs, = 5.6 £ 0.02 and the slope = 1.5 £ 0.02.

3 Flunitrazepam produced a parallel leftward shift of GABA concentration-response curves on B, 7.
cells. The ECs, for flunitrazepam = 6.3 + 2.7 nM. No increase in the maxima of the GABA concen-
tration-response curves was found in the presence of flunitrazepam. Flunitrazepam did not potentiate
responses from a,,B, cells.

4 The log concentration-response curves from both populations of cells were shifted to the left by
equal amounts by pentobarbitone. A significant increase in the maximal response to GABA was also
produced by pentobarbitone. This occurred at lower concentrations of pentobarbitone on a,,8, cells.

5 Alphaxalone produced leftward shifts of GABA log concentration-response curves of similar magni-
tudes in both populations of cells. Significant increases in the maxima were found at 100 nM in a,,B, cells
but not up to 1uM in a,,B,y, cells.

6 These results provide further evidence of the modulatory role of the y,. subunit of the GABA,
receptor containing «; and B, subunits. As well as influencing the apparent affinity of GABA and
conferring benzodiazepine modulation, it also appeared to regulate the increase in maximal response
produced in the presence of barbiturates and steroids. This latter effect may imply that barbiturates and
steroids increase the channel open-state probability in the presence of GABA and that this effect is

diminished by the presence of the 7y, subunit.

Keywords: Concentration-response relationship; GABA, receptor; recombinant receptor; benzodiazepine; flunitrazepam;

alphaxalone; pentobarbitone

Introduction

Potentiation of responses mediated by GABA, receptors has
been observed with a number of compounds such as barbit-
urates (Nicoll, 1975), benzodiazepines (Choi et al., 1977) and
steroids (Harrison & Simmonds, 1984). These modulators
selectively potentiate responses at this receptor, which has
since been shown to be composed of a number of subunits
that have been classified as members of «, B, y etc. families
(Schofield et al., 1987; Pritchett et al., 1989; see Luddens &
Wisden, 1991 for review). Functional expression of y-amino-
butyric acid (GABA) receptors has provided a powerful tool
to assess the pharmacological consequences and likely
physiological occurrences of known combinations of these
subunits (Schofield et al., 1987; Pritchett e al., 1989; Mal-
herbe et al., 1990; Puia et al., 1990; 1991; Knoflach et al.,
1992).

Much of the preceding work on the modulation of respon-
ses of recombinant GABA receptors has involved measuring
the %-potentiation of the response to a single concentration
of agonist. Potentiation of individual responses produces a
leftward shift of log concentration-response curves that has
been well documented in intact preparations and isolated
neurones (Barker & Ransom, 1978; Simmonds, 1981; Little,
1984). However, modulation of GABA, receptors by benzo-
diazepines, barbiturates and steroids is thought to involve
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separate sites on the receptor complex and is probably
brought about by different mechanisms. Therefore, to investi-
gate the underlying causes of GABA, receptor potentiation
we have examined the effects of flunitrazepam, pentobarbi-
tone and alphaxalone on the properties of the GABA log
concentration-response curves produced in clonal cell lines
stably transfected with known combinations of subunits.
Furthermore, to investigate the effects of the y, subunit we
have compared the modulation of responses to GABA in
cells transfected with «,B,,y,. subunits (Hadingham et al.,
1992; Horne et al., 1992) with those transfected with only
o,,B; subunits.

Methods

Mouse fibroblasts were maintained and transfected as des-
cribed previously (Whiting et al., 1991; Hadingham et al.,
1992). Cell lines containing a,,B, or a;,B,,y,. (Whiting et al.,
1990) were plated onto coverslips 5 days prior to recording
and expression was induced with 100 nM dexamethasone.
During electrophysiological recordings, cells were bathed in a
solution comprising (mM): NaCl 137, KCl 5, CaCl, 2, MgCl,
1, HEPES 5, D-glucose 11 and sucrose 13, the pH was
adjusted to 7.2 with NaOH. Patch pipettes contained (mM):
CsCl 130, MgCl, 1, HEPES 10 and EGTA 11. The pH was
adjusted to 7.3 with HCl (~13 mM) and intracellular and
extracellular solutions were approximately isotonic (~310
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mOsm). Membrane currents were monitored with a List
LM-EPC7 amplifier at a holding potential of —20 mV. Series
resistance was not monitored or compensated for, as we
previously found no evidence to suggest that significant
clamp errors occurred during experiments similar to those
described here (Horne et al., 1992).

Log concentration-response curves were constructed to in-
cremental concentrations of GABA applied rapidly from a
double barrelled pipette (Horne et al.,, 1992). GABA was
applied for 2—-3s with a 1 min wash period allowed before
the next application to avoid any possible problems caused
by desensitization at the higher concentrations. Responses
were measured at peak height. Concentration-response curves
were redetermined in the presence of modulator and both
curves were fitted to the logistic equation:

¥ = Rua/(1 + (ECso/x)"),

where, R,,, = maximal response, ECs, = concentration pro-
ducing half maximal response, H = slope factor.

Concentration-ratios were calculated from the quotient of
the ECys obtained from the fitted curves in the absence and
presence of modulator.

All bulk materials were obtained from BDH or FSA.
GABA, flunitrazepam, EGTA, HEPES and pentobarbitone
Na were obtained from Sigma. Flunitrazepam and alphax-
alone were initially dissolved in ethanol at 10 mM, EGTA

was initially dissolved in the minimum required CsOH. All
other compounds dissolved into the bathing medium. All
values are given as mean * s.e.mean, and statistical analyses
were by two-tailed Student’s paired ¢ test unless otherwise
stated.

Results

GABA concentration-response curves

o8,y  GABA concentration-response curves were well fit-
ted by the logistic equation (Figure 1) as reported previously
for this cell line (Horne et al., 1992). From the values taken
from individual curves a mean pECs=15210.09 and a
mean slope factor = 1.66 £ 0.019 (n = 96) were obtained. A
poorer fit to the data was obtained when the concentration-
response curves were compared to a model of binding to §
identical, independent sites (Figure 1) which, in turn, was a
better fit than assuming any lower number of binding sites.
When a second concentration-response curve was constructed
on 5 cells, although a consistent reduction in maxima was
obtained, there was no significant difference between the
maxima (P =0.46) or pECs, (P=0.25) of the initial and
repeated curve (Table 1).
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Figure 1 Log concentration-response curves to y-aminobutyric acid (GABA). Top traces show continuous chart records of
responses to incremental concentrations of GABA for receptors composed of a;,8;,y2. (left) and a,,8, (right) subunits of the
GABA, receptor. Responses were measured at peak height and plotted against log concentration of GABA as shown on the lower
graphs which were taken from cells different from those illustrated above. These curves were well fitted by the logistic equation (see
Methods, unbroken line). The broken line is an iterative fit to the data of the equation y = Rp,,/(1 + ECso/x)* as a model of

activation of 5 identical independent sites per receptor.
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Figure 2 Modulation of y-aminobutyric acid (GABA) concentration-response relationships. Each plot shows a control curve (open
symbols) and one repeated in the presence of either 300 nM flunitrazepam, 30 uM pentobarbitone or 1puM alphaxalone (filled
symbols) for both combinations of subunits. All are fitted to the logistic equation. Each pair shows data taken from the same cell.
Potentiation by flunitrazepam was only seen when the y,; subunit was present. With pentobarbitone and alphaxalone, potentiation
was associated with an increase in maxima of the concentration-response curve on «,,B, receptors. This increase in maxima was
only seen with a,,8,,y,1 in the presence of 30 uM pentobarbitone and not at all in alphaxalone up to 1puMm.

Table 1 Changes in the maxima of y-aminobutyric acid
(GABA) log concentration-response curves produced by
flunitrazepam, pentobarbitone and alphaxalone

Treatment
Control

Flunitrazepam
300 nm

Pentobarbitone
3 um

10 uMm

30 uMm

Alphaxalone
1 nMm

10 nM

30 nM

100 nm

300 nM

1000 nm

B,
Amax

-43%42

-52%26

-83+27
+09%20
+12.6 £ 4.0*

HwWww
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B

Amax

-13.7%£29
-135%46

+103%43
+35.1 £ 10.0*
+77.9 £ 18.8*

-77%26
-104 4.7
+32.1£153*

+18.2+7.9*

Log concentration-response curves were produced in cells
transfected with the indicated combinations of subunits of
the GABA, receptor. A second curve was constructed either

in the absence (control) or

presence of the stated

concentration of modulator. Changes in the maxima (Amax)
are indicated as a mean percentage increase (+) or decrease
(—) compared to the initial curve. Statistical analyses were
performed on the untransformed maximal values.

*Statistically significant increase.

S wWwh

&Sl | ww

o, Log concentration-response curves for «,,8, were also
better fitted by the logistic equation than one describing up
to 5 independent sites (Figure 1). A mean pECs, of 5.6 * 0.02
and a slope factor = 1.45 * 0.019 (n = 58) were obtained. The
probability of these mean values being identical to those
from o8,y cells was very low (P<<0.001 for both ECs,
and slope).
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Figure 3 Log concentration-response curve to flunitrazepam. y-
Aminobutyric acid (GABA) concentration-ratios were calculated and
plotted against the corresponding concentration of flunitrazepam.
Each value is the mean * s.e.mean (vertical bars) of 4 individual
shifts.
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Figure 4 Log concentration-response curves to pentobarbitone and
alphaxalone. y-Aminobutyric acid (GABA) concentration-ratios were
calculated in the presence of pentobarbitone (a) or alphaxalone (b)
for both a,,B;,y,1 (open symbols) and «,,B; (filled symbols) combina-
tions of subunits.

When a second concentration-response curve was produc-
ed on 7 of these cells a consistent and significantly different
maximum (P = 0.023) was obtained (Table 1) but no signifi-
cant difference in pECs, was found between the initial and
repeated curve.

Flunitrazepam

®;,8,,y;2 Flunitrazepam (3—1000 nM) produced parallel shifts
to the left of the log concentration-response curve to GABA
(Figure 2) with no significant increase in maximum (Table 1).
Individual log concentration-ratios were plotted against log
flunitrazepam concentration and the logistic equation was
fitted (Figure 3). From this plot, an ECs = 6.4t 2.7 nM,
slope factor =0.99 £ 0.49 and maximum log concentration-
ratio = 0.31 £ 0.03 were obtained.

«;,B; Flunitrazepam (300 nM) produced no significant change
in either the ECs, or the maximum of the concentration-
response curve to GABA (Figure 2, Table 1).

Pentobarbitone

o,;,B,,y,. Pentobarbitone (3—30 uM) produced parallel shifts
of the GABA concentration-response curves (Figure 2).
GABA concentration-ratios were calculated at the level of
the ECs5 and plotted against log pentobarbitone concentra-
tion (Figure 4). Pentobarbitone (30 uM) produced a signi-
ficant increase in the maximum (P = 0.041; Table 1) and a
significant decrease in the slope factor (1.41 £ 0.08 compared
to 1.64 £ 0.11 in controls: P = 0.04) of the GABA concentra-
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Figure 5 Direct activation of the y-aminobutyric acid (GABA)
receptor by pentobarbitone. The trace shows a response to GABA
before, during and after the addition of 300 uM pentobarbitone from
a cell transfected with a,,8, subunits of the GABA, receptor.

tion-response curve. No significant difference in the maxima
of the curves was produced by lower concentrations of
pentobarbitone. :

At higher concentrations pentobarbitone has been shown
to evoke an inward current in these cells (Horne et al., 1992).
Pentobarbitone (300 uM) evoked an inward current 0.2 £
0.06 times that of 3uM GABA and produced a potentia-
tion = 282 + 66.8% (n=4) of this response.

«;,B; Leftward shifts of the log concentration-response
curves were produced by pentobarbitone (Figure 2). Concen-
tration-ratios were calculated from the GABA ECss and
these are compared to those from a,,B,,y, cells in Figure 4.
These shifts were non-parallel, producing increases in the
maxima of these curves (Table 1) that were significantly
different at 10 uM (P = 0.0001) and 30 uM (P = 0.033). The
slope factor was also significantly different in pentobarbitone
(e.g. control = 1.49 + 0.04 compared to 1.32 £ 0.05 in 30 uM
pentobarbitone: P = 0.04).

Direct effects were also observed with 300 uM pentobarbi-
tone on these cells (Figure 5). A current =0.98 * 0.16 times
that to 1 pM GABA, a concentration equi-effective to 3 uM
on ;8,7 cells, was evoked and at this concentration the
response to 1 uM GABA was potentiated by 737 £ 261%
(n=4).

Alphaxalone

o;,B,,v22 Alphaxalone (10-1000 nM) produced parallel shifts
of the log concentration-response curve with no change in
the maximum or slope factor (Figure 2, Table 1). As for the
other modulators, log concentration-ratio was plotted against
log alphaxalone concentration (Figure 4).

a,B, Alphaxalone produced non-parallel leftward shifts of
the concentration-response curves producing significant in-
creases in the maxima at 0.1 and 1 puM (Figure 2, Table 1).
Concentration-ratios are plotted in Figure 4. No significant
difference in the slope factor was produced.

Discussion and conclusions

The sigmoidal form of log concentration-response curves has
long been successfully modelled assuming a dynamic reversi-
ble association with a finite number of receptor sites (Hill,
1909; see Mackay, 1977 for overview). This approach contin-
ues to provide strong evidence that the response is essentially



a function of the proportion of the available receptors that
are occupied by the agonist, obtaining a maximum when, at
least in voltage-clamped single cells, all receptors are acti-
vated. From this consideration the ECs, of an agonist should
represent the concentration at which half the receptor popu-
lation is activated and thus provide an estimate of the affinity
of the agonist for the receptor. Whilst this estimate may, for
a number of reasons, prove to be inaccurate (e.g. Colquhoun,
1987), we have assumed that the ECs provided our best
measure for comparison when changes in affinity occur.

Modelling the log concentration-response curves obtained
from both combinations of receptors using the logistic equa-
tion provided good fits to the experimental data. As reported
earlier for a,,B,,y,. receptors (Horne et al., 1992) the con-
centration-response curves to «,,B, receptors were also no
better fitted by assuming up to 5 identical, independent bind-
ing sites (Colquhoun & Ogden, 1988; Bean, 1990). Thus, for
both combinations the possibility remains that cooperativity
of binding occurs within the receptor complex under our
experimental conditions and, therefore, this property appears
not to be dependent upon the y, subunit. As with the
remainder of this discussion our data provide no evidence as
to whether or not any effect of the y,; subunit is dependent
upon the 8 amino acid insert that produces the long variant
(Whiting et al., 1990).

The y,. subunit produced a significantly steeper slope fac-
tor when it was incorporated into the receptor complex. As
suggested by Verdoorn et al. (1990) this may have resulted
from the inclusion of an extra binding site for GABA within
the complex. As those workers also recorded responses to
GABA from receptors comprising each of the subunits alone,
it seems improbable that the y, subunit replaced another
that does not have a binding site for GABA. An alternative
explanation could be that the number of subunits per recep-
tor was increased when the y,; was included, with this sub-
unit acting as an insert to the «, B complex, although this
would seem unlikely. Perhaps a more plausible explanation is
that the y,; may increase the effectiveness of the proposed
cooperative process. Whilst these possibilities are not easy to
investigate by this approach, it does seem clear that the y,;
decreased the potency of GABA at the receptor. Whether
this represented a real decrease in affinity for the recognition
site or merely resulted from the inclusion of an additional
site is unclear.

Concentration-response curves proved to be reasonably
reproducible when repeated on the same cell. A significantly
different (lower) maximal response was found on the second
curve in a,B, cells. When the y, subunit was present this
decrease was also a common but not significantly different
observation. The pECss were not significantly different for
the control and repeated curve for both populations of cells.
Thus, these findings probably reflect a slight ‘run-down’ of
responses over the timecourse of the experiments but this did
not appear to compromise the results obtained.

The concentration-response curves were shifted to the left
when the GABA response was potentiated. In the case of the
«,,p; combination the shift was often non-parallel with an
increase in the maximum response. Therefore, the ECs, was
always used as a measure for comparison as outlined above.
When the two receptor combinations were compared, there
was little difference in the magnitude of the shift of the
concentration-response curve produced by alphaxalone over
the concentration-ranges tested (Puia ez al., 1990). Similarly
both receptors were sensitive to pentobarbitone both for
potentiation of GABA and direct receptor activation. There
was, however, a difference in the magnitude of the potentia-
tion produced by the 10 uM concentration of pentobarbitone.
It is difficult to explain this finding. It may represent differ-
ences in the apparent affinity for pentobarbitone at the two
receptors, although this would seem unlikely as concentra-
tions immediately above and below 10 uM did not produce
different effects. This was difficult to investigate further as
higher concentrations of pentobarbitone directly activated
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the receptor. In contrast to alphaxalone, the slope factor of
the GABA concentration-response curve was significantly
different (lower) in the presence of pentobarbitone. This
occurred whether the y, subunit was present or not. Whilst
it is not easy to interpret this change in slope factor it
presumably emphasized that whilst the modulation of GABA
by barbiturates and steroids has been found to be similar
mechanistically, their loci of action may be different.

As reported by Pritchett ez al. (1989), the inclusion of the
Y21 subunit was required before flunitrazepam modulated the
GABA response. No significant effect was found on «,,B,
receptors whilst concentration-dependent shifts in a;,B,,y.
concentration-response curves were produced. From these
shifts an ECs was calculated for flunitrazepam of about
6 nM. Whilst this is slightly smaller than the value we obtain-
ed earlier (Horne et al., 1992) for flunitrazepam (~18 nM)
the values fall within each others 95% confidence limits and
so are unlikely to represent a significant difference.

An increase in the maximum of the GABA concentration-
response curve was produced by pentobarbitone on both
receptors and by alphaxalone on «,,B, receptors. Flunitraze-
pam, by contrast, produced shifts in «,,B;,y, curves with no
increase in maximum. It may be that the different mechan-
isms by which these compounds modulate GABA underlie
the differences on the maxima. Thus, whilst flunitrazepam
has been shown to increase the frequency of openings, both
pentobarbitone and alphaxalone-like ‘steroids have been
shown to produce an increase in the mean open time of the
activated channel (Study & Barker, 1981; Callachan et al.,
1987). That the increase in maxima produced by these com-
pounds may be due to a reduction of desensitization seems
unlikely as pentobarbitone increased rather than'decreased
the fade of the response seen with high concentrations of
GABA. The increase in frequency produced by flunitrazepam
would therefore presumably be limited to submaximal con-
centrations, and then only when the y,; subunit was present.
These data are consistent with benzodiazepines exerting their
effects through an increase in the affinity of GABA for its
recognition sites.

If the increase in maxima produced by pentobarbitone and
alphaxalone was caused by an increase in channel open time,
then the y,_ subunit appears to influence this effect as well.
Of the concentrations of pentobarbitone tested, only the
highest (30 uM) produced a significant increase in the maxima
when the y,; subunit was present whereas 10 uM was effec-
tive, in this respect, on «,B, receptors. Similarly, whilst
alphaxalone up to 1 pM produced no increase in the maxima
of concentration-response curves in a;,B,,y,. cells, 100 nM was
sufficient to produce this effect when the 7y, subunit was
omitted from the combination of subunits. These results may
imply that either the y,. subunit limits the maximal increase
in channel open time produced by the modulator or that, in
the absence of a modulator, the probability of channel open-
ing during agonist occupation is limited when this subunit is
not present. Therefore, in the presence of a modulator there
would be a greater opportunity for an increase in channel
open time and, thus an increase in the maximal response.
This would also indicate that the probability of channel
activation following the binding of GABA is increased by the
inclusion of the y, subunit.

In summary, our data provide further evidence that the y,
subunit regulates the pharmacology of the GABA, receptor.
As previously reported by Pritchett et al. (1989), this subunit
was required before a,,B, containing receptors were modu-
lated by flunitrazepam. Although we obtained no evidence
for a y, regulation of the change in GABA affinity produced
by pentobarbitone and alphaxalone, this subunit did alter the
increase in the maximum potentiation of the GABA response
produced by these modulators.

We would like to thank Alison Macaulay for maintenance of the
cultured cell lines and Roy Hammans, Andy Butler and Susan
Shadbolt for photographic assistance.
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