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Abstract

Channels were activated, in ripped-off patches from rat-cultured hippocampal neurons, by propofol alone, propofol plus 0.5 ptM GABA
(y-aminobutyric acid) or GABA alone. The propofol-activated currents were chloride-selective, showed outward-rectification and were
enhanced by 1 uM diazepam. The maximum propofol-activated channel conductance increased with propofol concentration from less than 15
pS (10 uM) to about 60 pS (500 uM) but decreased to 40 pS in 1 mM propofol. Fitting the data from 10 to 500 uM propofol with a Hill-type
equation gave a maximum conductance of 64 pS, an ECs, value of 32 uM and a Hill coefficient of 1.1. Addition of 0.5 uM GABA shifted the
propofol ECsq value to 10 uM and increased the maximum channel conductance to about 100 pS. The Hill coefficient was 0.8. The maximum
channel conductance did not increase further when 1 pM diazepam was added together with a saturating propofol concentration and GABA.

The results are compared to effects other drugs have on GABA channels conductance.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The ubiquitous GABA, receptor is the main inhibitory
receptor in the central nervous system. It is a hetero-oligo-
meric protein and is thought to consist of five subunits
organized around a central Cl ™ -selective channel. The bind-
ing of the natural ligand GABA (y-aminobutyric acid)
normally opens the channel (Barnard et al., 1998). Because
of its role in neuronal function and its wide distribution in the
brain, the GABA, receptor has been the target for the
development of many clinically important drugs such as
some general anaesthetics, anxiolytics and antiepileptic
drugs. Propofol, an intravenous general anaesthetic, has
become widely used due to its favourable clinical properties
(Deegan, 1992). Its main site of action is the GABA 4 receptor
(Tanelian et al., 1993; Reynolds and Maitra, 1996; Bruner
and Reynolds, 1998; Belelli et al., 1999; Luo and Sugiyama,
2000). Although it is known that propofol both directly
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activates GABA  receptors and enhances GABA-activated
whole-cell currents (Hara et al., 1993; Orser et al., 1994;
Sanna et al., 1995; Belelli et al., 1996; Krasowski et al., 1998;
Lam and Reynolds, 1998), less is known about the effect of
propofol on single-channel currents (Hales and Lambert,
1991; Orser et al., 1994). In this study, we examined activa-
tion of channels by a range of propofol concentrations (0.5
pM—1 mM) in the presence or absence of 0.5 uM GABA.
The results show that propofol not only activates but sets the
conductance of the GABA channels in rat-cultured hippo-
campal neurons. In the presence of sub-micromolar GABA,
propofol increases the conductance of the channels even fur-
ther. The results are compared to the effects GABA, diazepam
and pentobarbital have on the channel conductance.

2. Materials and methods

Neurons were dissociated from hippocampal slices from
newborn rats and maintained in culture (Curmi et al., 1993).
Experiments were done at room temperature (20—24 °C).
Channels were activated either by switching the solution
flowing through the bath to a solution containing propofol or
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by flowing a solution containing propofol through a narrow
tube superfusing the patch. The extracellular solution con-
tained (mM): NaCl 135, KCl 3, CaCl, 2, MgCl, 2, TES (V-
Tris(hydroxymethyl) methyl-2-amino ethane sulphonic acid)
10, pH 7.4. The intracellular solution contained (mM): NaCl
or choline Cl 141, KC1 0.3, CaCl, 0.5, MgCl, 2, TES 10, pH
7.4. In some experiments, the intracellular solution contained
4 mM ATP (adenosine triphosphate) but this had no detect-
able effect. In experiments on outside-out patches, the intra-
cellular solution also contained 5 mM EGTA. In some
experiments in which the reversal potential of currents was
examined, 116 mM NaCl was replaced with 116 mM Na
gluconate. y-aminobutyric acid (GABA, Sigma) and bicu-
culline methiodide (Sigma) were dissolved in the extracel-
lular solution. Diazepam (Hoffman-La Roche) and propofol
(RBI) were first dissolved in dimethyl sulfoxide (DMSO), as
described by Eghbali et al. (1997) and then added to the
extra-or the intracellular solution. Propofol is lipid soluble
and passes through cell membranes (Deegan, 1992) to reach
its site of action if applied to the intracellular surface of the
plasma membrane.

Conventional patch-clamp techniques were used when
establishing a gigaseal and forming patches (Hamill et al.,
1981). Pipettes (10—20 M{)) were made from borosilicate
glass, coated with Sylgard (Dow Corning) and fire-polished.
Currents were recorded using an Axopatch 1C current-to-
voltage converter (Axon instruments), filtered at 5 kHz,
digitised at 44 kHz using a pulse code modulator (Sony
PCM 501). The currents were played back from the videotape
through the Sony PCM and digitised at a frequency of 10
kHz. The currents were then digitally filtered (Gaussian filter)
at 5 kHz (or occasionally 2 kHz) and analysed (CHANNEL?2,
M. Smith, ANU). The amplitude of currents was measured
either from all-points current-amplitude probability histo-
grams or from direct measurements of the amplitude of
individual currents filtered at 5 kHz. We use the terms
“single-channel current” or “single-channel conductance”
for the maximum current or conductance levels observed that
showed direct transitions to or from the zero current or
conductance levels more frequently recorded than would be
expected from the opening and closing of two or more inde-
pendent channels. The average open probability of channels
was measured from opening and closing transitions detected
by setting thresholds levels just above the baseline noise.

The data in Figs. 2 and 4 were fitted with a form of the
Hill equation given by

7 = Vmax [propofol]” / ((ECso)" + [propofol]"). ()

3. Results
3.1. Characteristics of propofol-activated channels

Typical single-channel currents activated by 100 pM
propofol are shown in Fig. 1 (inside-out patch, — Vp=280

mV). Before exposure of the patch to propofol, there was no
channel activity (Fig. 1Aa) but 3.4 pA (43 pS) currents
appeared after applying 100 pM propofol in the bath
solution to the patch (Fig. 1Aa and b). The current traces
in Fig. 1B are continuous and demonstrate the effect of
patch potential on the amplitude and open probability of
currents activated by 100 uM propofol. When the patch was
held at Vp=0 mV (the reversal potential), there was no
channel activity apparent. Channels with a conductance of
about 50 pS were recorded when the patch was depolarised
by 50 mV. When the patch was hyperpolarised by 50 mV,
the conductance of the channels immediately decreased to
18 pS and then all activity ceased until the patch was
depolarised again. In another three patches, the open prob-
ability of the channels was only 0.09 & 0.02 at hyperpolar-
ised 40 mV but increased to 0.45 £ 0.1 when the patches
were depolarised by 40 mV.

The currents showed outward rectification (n=06) (Fig.
1B and C), were enhanced by 1 pM diazepam (n=3, Fig.
1Ca) and were carried by chloride ions (n=3, Fig. 1Cb).
When in symmetrical chloride solutions, propofol-activated
single-channel currents reversed at a pipette potential close
to 0 mV (Fig. 1Cb, inside-out patch). When the chloride
concentration in the bath was lowered to 30 mM, the zero-
current potential shifted to — 39 mV (— Vp), as expected for
chloride-selective channels (rn=3).

3.2. The propofol concentration sets the single-channel
conductance

The maximum conductance of the propofol-activated
channels was related to the concentration of propofol
applied. The effect of propofol concentration on single-
channel conductance is shown in Fig. 2 for an inside-out
patch (A, — Vp=40 mV), an outside-out patch (B, Vp=40
mV) and a cell-attached patch (C, — Vp=40 mV). Propofol
was applied in the bath solution. In Fig. 2A, before exposure
to propofol, there was no channel activity (Fig. 2Aa), but
when the patch was exposed to 20 uM propofol, single-
channel currents with amplitude of 0.7 pA (17 pS, Fig. 2Aa
and b) appeared. When the propofol concentration was
increased to 500 uM, the maximum single-channel current
amplitude increased to 2.2 pA (55 pS, Fig. 2Aa and c). The
maximum single-channel currents were smaller in amplitude
in I mM propofol as shown in Fig. 2B. Initially, there were
no channels active in the patch (Fig. 2Ba) but after being
exposed to 1 mM propofol, 1.2 pA single-channel currents
(30.5 pS) appeared (Fig. 2Bb). Similar results were recorded
in another two patches. Fig. 2C shows cell-attached patch
single-channel currents that were evoked when 100 pM
propofol was perfused into the bath. Before propofol expo-
sure, there were no channels active in the patch but 52 s after
propofol exposure 1.7 pA (Fig. 2Ca and b; 42.5 pS) single-
channel currents were recorded. When propofol was washed
out of the bath, channel activity ceased (Fig. 2Ca). For
propofol to reach its site of action to activate single-channel
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Fig. 1. Characteristics of channels activated by 100 uM propofol. (A) Single-channel currents from an inside-out patch (— Vp=_80 mV). (a) Before application
of propofol, there were no channels active in the patch. When 100-uM propofol was added in the bath solution 3.4 pA (43 pS) currents were activated. b. The
propofol-activated currents at a faster time scale. The currents were filtered at 5 kHz and the broken line represents the baseline current level. (B) The effect of
membrane potential on the amplitude and open probability of channels activated by 100 uM propofol in an inside-out patch. The two 16-s traces are
continuous, the pipette potential is given above the trace and arrows indicate when the potential was changed. The broken line represents the baseline current at
Vp =0 mV. (Ca) Current—voltage relationship. Currents recorded in 500 uM propofol alone (squares) and 500 uM propofol plus 1 uM diazepam (circles) in an
inside-out patch. Diazepam was applied in the bath solution. (Cb) Chloride selectivity. Single-channel current amplitude in an inside-out patch is plotted against
the pipette potential. The currents were first recorded in symmetrical Cl~ solutions (circles, 146 mM) and then when the bath Cl™ concentration had been
lowered to 30 mM (isoosmolality was maintained with gluconate, squares). The reversal of the currents was shifted to — Vp=—39 mV.

currents, it must have first crossed the cell membrane into the
cell and then entered the membrane in the patch. That
propofol diffuses readily across membranes and rapidly
attains equilibrium is not surprising as it is very lipophilic
(Deegan, 1992). When all channel activity had ceased, 100
UM propofol was again applied in the bath and activated the
full conductance channel in 58 s (data not shown). Propofol
was applied to seven other cell-attached patches and in six of
those single-channel currents were evoked.

Single-channel conductance as a function of propofol
concentration recorded in 25 patches is shown in Fig. 2D.
The data from inside-out and outside-out patches are pooled

because there did not appear to be any difference between
them. Current amplitudes recorded in patches depolarised by
40 or 60 mV were used to calculate single-channel con-
ductance since the current—voltage relationship in this
potential range was nearly linear (see Fig. 1C). The average
conductance increased as the propofol concentration was
raised. It was 13 £ 4 pS in 10 uM propofol but had increased
to 62+ 7 pS in 500 uM propofol. In 1 mM propofol, the
single-channel conductance decreased to 40 £ 7 pS. The data
were fitted with a Hill-type equation (Eq. (1)) over the range
of 1-500 uM propofol. The half-saturating concentration for
propofol (ECsg) was 32 £4 pM, the Hill coefficient
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Fig. 2. The propofol concentration determines single-channel current amplitude. (A) Single-channel currents from an inside-out patch (— Vp=40 mV).
Currents, 0.7 pA (17 pS), were activated by 20 uM propofol (a and b) and increased to 2.2 pA (55 pS) when the propofol concentration was raised to 500 pM
(a and c). (B) Single-channel currents in an outside-out patch (Vp=40 mV). Propofol (1 mM) activated 1.2 pA (30 pS) currents (a and b). (C) Single-channel
currents in a cell-attached patch (— Vp=40 mV). 1.7 pA (45.2 pS) currents were activated by 100 uM propofol (a and b). Initially more than one channel
was active in the patch (a). When propofol was washed out, the amplitude of the single-channel currents became smaller until they disappeared (a). Currents
were filtered at 5 kHz in A and B and 2 kHz in C. The propofol was applied in the bath solution. The solid lines above the current traces represent the time
drugs were applied for, broken lines the level of the baseline currents and the broken/dotted line in C, the period when propofol was washed out. The
placement of the lower case letters in Aa, Ba and Ca indicate from where the expanded traces in b and ¢ were taken. The same terminology is applied
throughout he paper. (D) Propofol dose—conductance relationship. The data were obtained from 21 inside-out and four outside-out patches at depolarised
potentials of 40 or 60 mV. Data points represent the average maximum conductance for three or more patches + S.E.M. if larger than the symbol. The curve
is a fit by Eq. (1) (see Materials and methods) to the data apart from the conductance evoked by 1 mM propofol that was not included.
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1.1 + 0.1 and the maximal channel conductance was 64 + 3
pS (*=0.99).

3.3. Currents activated by sub-micromolar concentration of
GABA plus propofol

To examine the effect of propofol on low-conductance
(<30 pS) GABA-activated channels, different concentra-
tions of propofol were added to patches already exposed to
0.5 uM GABA in the pipette solution. Similar to the currents
activated by propofol alone, the currents activated by GABA
alone showed outward-rectification (results not shown), as
reported previously (Eghbali et al.,, 1997). The effects of
propofol in three inside-out patches are shown in Fig. 3. In
the patch shown in Fig. 3A (— Vp=40 mV), the single-
channel current amplitude activated by 0.5 uM GABA was
1.4 pA (35 pS, Fig. 3Aa and b). It increased to 3.2 pA (80 pS,
Fig. 3Aa and c) in the presence of 100 pM propofol.

Results from another patch are shown in Fig. 3B. Repre-
sentative current traces are shown and the all-points histo-
grams are from 20 s current records. Before exposure to
propofol, the maximum conductance of single-channels
activated by 0.5 pM GABA was 20 pS (—Vp=40 mV,
Fig. 3Ba). Following exposure of the patch to 1 uM propofol,
the single-channel conductance increased to 33 pS (Fig.
3Bb) and to 55 pS in the presence of 10 uM propofol as
can been in the all-points histograms shown to the right of
the current traces (Fig. 3Bc). Single-channel conductance
increased further following exposure to 100 pM propofol,
and there were two channels present in the patch, each with a
conductance of 72 pS represented by the two large peaks in
the corresponding all-points histogram (Fig. 3Bd). Results
from the third inside-out patch are shown in Fig. 3C. In the
presence of 0.5 uM GABA alone, there were no channels
active in the patch (results not shown) but upon addition of
500 uM propofol, channels were activated. The maximum
single-channel conductance activated by the 500 uM propo-

Fig. 3. The effect of a range of propofol concentrations on conductance in
the presence of 0.5 pM GABA. (A) Single-channel currents from an inside-
out patch (— Vp=40 mV). 1.4 pA (35 pS) currents were activated by 0.5
1M GABA alone (a and b) but increased to 3.2 pA (80 pS) in the presence
of 100 uM propofol plus 0.5 pM GABA (a and c). (B) Single-channel
currents from an inside-out patch (—Vp=40 mV). The all-points
histograms are from 20 s of current records and representative currents
are shown. The single-channel current amplitudes in 0.5 pM GABA alone
(a) or together with 1 (b), 10 (c) or 100 (d) uM propofol were 0.8, 1.3, 2.2,
2.8 pA or 20, 33, 55 and 72 pS, respectively. (C) Single-channel currents
from an inside-out patch. The pipette potential was — 60 mV apart from a
brief period when the patch potential was changed to 60 mV that can be
seen in (a) where the currents are reversed. In the presence of 0.5 uM
GABA alone, no channels were activated during the recording period. 5.4
PA (90 pS) channels were activated in the presence of 500 uM propofol
plus 0.5 pM GABA (a and b) and decreased to 3.6 pA (60 pS) in amplitude
when the propofol concentration was lowered to 10 pM (a and c) in the
presence of 0.5 pM GABA. The broken lines indicate the level of the
baseline current. GABA was present in the pipette solution whereas
propofol was applied in the bath solution.

fol in the presence of 0.5 uM GABA was 90 pS (— Vp=60
mV, Fig. 3Ca and b). Following exposure of the patch to 10
uM propofol in the continuing presence of the GABA, the
maximum conductance decreased to 60 pS (Fig. 3Ca and c).

The relationship between propofol concentration and
channel conductance in the presence of 0.5 uM GABA is
illustrated in Fig. 4. The concentration-conductance curve
for channels activated by propofol plus GABA was bell-
shaped. As in the absence of GABA, the single-channel
current amplitude was depressed in 1 mM propofol (Fig. 4).

The data were obtained from 16 inside-out patches
(—Vp=40 or 60 mV) and were fitted with a Hill-type

A
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Fig. 4. Relationship between channel conductance and propofol concen-
tration in the presence of 0.5 pM GABA. The data were obtained from 16
inside-out patches at depolarised potentials of 40 or 60 mV. Data points
represent the average maximum conductance for three or more patches +
S.E.M. if larger than the symbol. The solid curve is a fit of Eq. (1) (see
Materials and methods) to the data over the concentration range of 1-500
UM propofol. The broken line shows the relationship between 1 and 500
UM propofol in the absence of GABA (from Fig. 2D) for comparison.

equation (Eq. (1)) over the range of 1-500 uM propofol. The
half-saturating concentration (ECso) was 10 + 3 pM, the Hill
coefficient 0.8 £ 0.2 and the maximal channel conductance
was 98 £ 8 pS (+*=0.98). The dependence of channel
conductance on propofol concentration in the absence of
GABA is shown for comparison (broken line).

In five experiments, 1 uM diazepam was added to
patches in which channels had been activated with high
(100 or 500 uM, n=3) or low (10 or 50 puM, n=2)
concentrations of propofol in the presence of 0.5 pM
GABA. Only with the low concentrations of propofol (plus
GABA) was channel conductance increased by diazepam;
from 50 to 70 pS and from 80 to 119 pS in the presence of
10 and 50 pM propofol, respectively. For comparison,
channels activated by 0.5 pM GABA plus 1 uM diazepam
had an average conductance of 68 + 6 pS (three outside-out
patches, Vp=40 mV).

The open probability of the channels in the presence of
propofol plus GABA was greater than in the presence of
either drug alone. In the presence of 0.5 uM GABA alone, it
was 0.05 £0.02 (— Vp=40 mV; n=3 inside-out patches)
but upon addition of propofol, the open probability increased
t0 0.87 £ 0.01. A similar observation was made by Hales and
Lambert (1991). The open probability of chloride channels
directly activated by 100 uM propofol alone was 0.49 + 0.12
(— Vp=40; n=17 inside-out patches).

4. Discussion
Propofol is generally thought to depress excitatory activ-

ity of neurons by enhancing the inhibitory GABAergic
system. The results show that propofol both activates and

modulates GABA, channel conductance in rat-cultured
hippocampal neurons.

4.1. Direct activation of channels by propofol

The graded effect of propofol on channel conductance has
not been described before although direct activation of
channels by propofol has been reported previously. Hales
and Lambert (1991) activated 29 pS channels with 30 uM
propofol in outside-out patches in bovine chromaffin cells. In
their study, the lowest concentration of propofol that could
activate channels was 10 uM, whereas Orser et al. (1994)
using 2 pM propofol, activated channels of about 30 pS in
outside-out patches from cultured murine hippocampal neu-
rones. Hales and Lambert (1991) did not activate whole-cell
currents when propofol was applied to the inside of bovine
chromaffin cells. This is perhaps not surprising if propofol
enters its binding side from the extracellular side of the
membrane. Propofol passing the cell membrane might
immediately be diluted in the much larger volume of the
bath solution and never reach the required concentration to
activate channels. This is in contrast to the cell-attached and
inside-out patches used in this study, where the volume of the
solution in the pipette is much smaller than the volume of the
bath solution, and propofol can, therefore, rapidly attain
equilibrium concentration across the membrane. In whole-
cell recordings from neurones or cells expressing reconsti-
tuted GABA 4 receptors, the ECs values for direct activation
by propofol range from 1 to 129 uM (Hara et al., 1993; Orser
et al., 1994; Krasowski et al., 1998; Belelli et al., 1996). In
the present study, the ECsy value (32 + 4 uM) for direct
activation by propofol of single channels is within the ECs,
value range reported from whole-cell current measurements.

The slow rate of activation of the channels that is
observed can stem from at least two sources: in inside-out
and cell-attached patches, it may reflect the time it takes for
propofol to reach the equilibrium concentration across the
membrane. This can, however, not be the case for the
outside-out patches and indicates a slow rate of activation
of the receptors, similar to what we have reported for GABA-
activated channels in initially silent, outside-out patches (see
Birnir et al., 2001). It is possible that this property of the
receptors is related to their non-synaptic location.

4.2. Modulation of channels by propofol

In the presence of 0.5 uM GABA, the half-maximal effect
of propofol on channel conductance was shifted to a lower
concentration (10 pM) and the maximal single-channel
conductance was greater (100 pS) than with propofol alone
(34 uM, 60 pS). For modulation of GABA-activated currents
by propofol in whole-cell experiments on neurons or cells
expressing reconstituted receptors, the ECsq values are
similar and range from about 3 to 30 puM (Hara et al.,
1993; Adodra and Hales, 1995; Belelli et al., 1996; Krasow-
ski et al., 1998; Lam and Reynolds, 1998). The channel was



M. Eghbali et al. / European Journal of Pharmacology 468 (2003) 75-82 81

120

(PS)

102 10" 10° 10" 10 10%® 10*
[Drug ] (uM)
——— GABA+1uMDz —— GABA

----- PF +0.5uM GABA ——~ PF
------- PB + 0.5 uM GABA

Fig. 5. Effects of drugs on channel conductance. Drugs evoke single-
channel conductance that is related to the drug itself and the drug
concentration. The maximal single-channel conductance and the drug half-
saturation concentration (ECs, value) are determined by the combination of
drugs present. The curves represent fits to single-channel conductance data
by a Hill-type equation. The fits for propofol (PF) were calculated from the
data shown in Figs. 2 and 4. The fits for GABA alone and GABA plus 1
puM diazepam (Dz) are from Birnir et al. (2001) and for pentobarbital (PB)
from Eghbali et al. (2000).

more open in the presence of both drugs than in either GABA
or propofol alone.

4.3. Effects of drugs on conductance

The physiological and pharmacological properties of the
GABA 4 receptors are dictated by the subunit isoforms that
make up the receptors (Barnard et al., 1998). In cultured
neurons, a wide range of channel conductances (7 to 110 pS)
has been reported, with the most commonly reported con-
ductance being in the range of 20 to 30 pS (see, e.g. Mathers,
1991). The wide range of channel properties reported in
cultured neurons may be partly due to different types of
GABA, receptors present, different levels of intracellular
modifications or associations with intracellular proteins, but
are probably also related to different conductance stage
(subconductance stage) of the single-channel. The effect of
propofol on the channel conductance is not unique. We have
previously shown that the conductance is related to the
GABA concentration (Fig. 5; Birnir et al., 2001) and both
benzodiazepines and barbiturates can increase the conduc-
tance of low conductance GABA 4 channels (Fig. 5; Eghbali
et al.,, 1997, 2000; Guyon et al., 1999; Birnir et al., 2000,
2001). Single-channel conductance has also been correlated
with agonist concentration in cyclic nucleotide-gated chan-

nels (Ruiz and Karpen, 1997) and in AMPA receptors
(Rosenmund et al., 1998; Smith and Howe, 2000).

The maximal single-channel conductance in the presence
of saturating propofol concentration plus 0.5 utM GABA is
similar to the maximal conductance reported for the channels
when activated by GABA alone or GABA plus 1 pM
diazepam (Fig. 5; Birnir et al., 2001). This suggests that the
limiting conductance for these channels, in 146 mM Cl™
experimental solutions, is around 100 to 120 pS. Propofol
appears to be more effective in modulating the channels than
pentobarbital as saturating pentobarbital concentrations plus
0.5 uM GABA only gave maximal conductance of 60 pS
(Fig. 5; Eghbali et al., 2000). The results indicate that the
drugs act synergistically to increase the channel conductance.

4.4. Drug effects and physiology

Together, our results show that it is the final combination
of drugs that determines the single-channel characteristics
and the apparent affinity of the receptors for the agonist (see
Fig. 5). These receptors are most likely non-synaptic in
origin and can be expected to affect baseline properties of
the neuron. They may have a significant role in effects of
drugs on neuronal activity where the time scale is long such
as, e.g., during anaesthesia. Inhibition is graded and pre-
cisely tuned by the concentration of GABA and other drugs
present. The end result is a dynamic and efficient inhibitory
system. Most of our studies have been done on cultured
neurons. It is therefore necessary to examine if similar
effects of GABA and other drugs are observed at non-
synaptic GABA receptors on neurons in brain tissue.
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