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Penicillin blocks human o;p; and o1B;v>.s GABA4
channels that open spontancously
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Abstract

We used the open-channel blocker, penicillin (10 mM), as a tool to investigate if the human o3, or ;37,5 y-aminobutyric acid type A
(GABA ) receptor channels opened in the absence of GABA. Application of penicillin to cells expressing the receptors resulted in a transient
inward whole-cell current, the off-current, upon penicillin removal. The amplitude of the off-current was dependent on the duration of the
penicillin application, it reversed in polarity at depolarized potentials and exhibited “run-down” similar to the GABA-activated currents.
Bicuculline (100 uM) blocked the off-current response. Pentobarbital (50 uM) enhanced the peak off-current amplitude by 2.8 and 3.4 in
1Py and o By receptors, respectively. Diazepam (1 pM) only enhanced the off-current peak response in o;3;7y,s receptors (1.6) and
induced the development of an inward current when applied alone. The results are consistent with that the a1 3 or o B1y.s GABA4 receptors
can open in the absence of GABA and raise the question of what role spontaneous channel openings have in the function of GABA,

receptors.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Inhibitory neurotransmission in the brain is mostly me-
diated by y-aminobutyric acid type A (GABA,) receptors.
These receptors are present both at synapses and outside of
synapses on neurons, and when activated by GABA, exci-
tation of the neurons is depressed. The receptor contains
binding sites for GABA and modulatory drugs, such as the
benzodiazepines, general anaesthetics and barbiturates, and
is thought to be a hetero-pentamer containing a Cl~ channel.
Activation of these channels is a common therapeutic
strategy when treating diseases such as generalised anxiety
disorders, muscle spasms and some forms of epilepsy.

To date, at least 19 different mammalian subunits have
been cloned and they are grouped into oy ¢, B1_3, Y1_3 O,
pPi_3, ™, 0 and ¢ families based on subunit amino-acid
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sequence homology (Barnard et al., 1998). Considering
the number of subunits that can form the receptors, variable
functional characteristics can be expected.

Penicillin is an open-channel blocker at GABA, recep-
tors (Twyman et al., 1992) and has been shown to exert a
receptor specific inhibition in native neurons (Yeung et al.,
2003). Penicillin also significantly reduces the leak current
that is present in GABA 4 receptors when the 9’ leucine in
the second transmembrane-spanning region is mutated
(Tierney et al., 1996). We examined in wild-type recombi-
nant GABA, receptors composed of commonly expressed
subunits, a1B;, a;Prys or aPyyss, if we could detect
GABA 4-specific current in the presence of penicillin but in
the absence of GABA. An “off-current” was generated
when the application of penicillin was rapidly terminated,
and it was modulated by GABA 4 receptors’ specific drugs
such as bicuculline, pentobarbital or diazepam. The results
demonstrate that o;B;, a;B1y2s and o;PBryrs GABA4
receptors can open in the absence of GABA. The generation
of the off-current is consistent with a model where penicillin
plugs the channel pore and holds the receptor in an open
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conformation but prevents ion conduction until it is re-
moved. When penicillin is washed off, the collected chan-
nels are transiently open and unplugged and the off-current
is recorded. The off-current provides a tool to study the
current characteristics and pharmacological properties of
spontaneously opening GABA, channels.

2. Material and methods
2.1. Construction and expression of receptors

The human GABA, «; and 3; or B, cDNA sequences
were subcloned into the dual promoter baculovirus transfer
vector pAcUW31 (Clontech, Palo Alto, CA, USA) as
described previously (Birnir et al., 1995). The y,5 cDNA
was subcloned into BamH1/EcoR1 sites following the
polyhedrin promoter in pBacPAK8 (Clontech). To allow
expression of three subunits from one virus, a triple pro-
moter plasmid pPBAC3 was created by ligating a 2.25 kB
BstX1/Hind3 fragment, containing the triple promoter cas-
sette from pAcAB3 (Pharmingen) into BstX1/Hind3 cut
pBacPAKS. The result is a smaller triple promoter plasmid
without a second unwanted EcoR1 site. To create the human
> amino acid sequence, the rat B, cDNA was mutated
N323S, with the oligonucleotidle GAGAAAGCTGC-
TAGCGCCAACAACGAG, using a USE mutagenesis kit
(Pharmacia). This 3, cDNA was subcloned into the BamH1
site following a P10 promoter in pBAC3. The human o,
cDNA was then subcloned into the Bgl/llI/EcoR1 sites
following the other P10 promoter in P,-pBAC3. Finally,
the y,s ¢cDNA was subcloned into the Xbal/Stul sites
following the polyhedrin promoter in «; 3,-pBAC3, creating
a1P2Y2s5-pBAC3. Recombinant baculoviruses were generat-
ed from each transfer plasmid by homologous recombina-
tion as described previously (Birnir et al., 1995). Techniques
for general handling of Spodoptera frugiperda (Sf)9 cells,
production of high titer viral stock and infection procedures
have been described (Birnir et al., 1995).

2.2. Electrophysiology

Cells were infected for an hour with the appropriate
recombinant virus and then incubated at 25 = 1 °C for 24 to
40 h before being used in electrophysiological experiments.
Currents were recorded using standard whole-cell, tight-seal
recording techniques (Hamill et al., 1981). Whole-cell
currents were recorded from voltage-clamped cells at a
pipette potential of —40 mV. At this potential, back-
ground-chloride current was minimized (Birnir et al.,
1995). Patch electrodes were pulled from borosilicate glass
capillaries (1.5 O.D. and 0.86 1.D., Harvard Apparatus,
Edenbridge, UK). The electrodes were fire polished and
had a resistance of 3 to 10 M() when filled with the pipette
solution. All experiments were carried out at room temper-
ature (20—22 °C). The bath solution consisted of (in mM):

180 NaCl, 1 CaCl,, 1 MgCl, and 10 MES (2-(N-morpho-
lino)ethanesulfonicacid) adjusted to pH 6.2 with NaOH. The
pipette solution consisted of (in mM): 178 NaCl, 1 CaCl,, 1
MgCl,, 5 EGTA [ethylene glycol-bis (b-aminoethylether)te-
traacetic acid) and 10 TES (N-Tris(hydroxymethyl)] adjust-
ed to pH 7.2 with NaOH. ATP (4 mM) was included in
some experiments but did not affect the results. GABA (y-
aminobutyric acid), penicillin, bicuculline and pentobarbital
were dissolved in the bath solution whereas diazepam was
first dissolved in dimethylsulfoxide (DMSO).

Currents were monitored with a current-to-voltage con-
verter (Axopatch 200B, Axon Instruments, Foster City,
CA, USA, or EPC7, HEKA Elektronik, Lambrecgt/pfalz,
Germany). Data were digitized using an analog-to-digital
converter (DigiData 1200, Axon Instruments) and a Pulse
plus data acquisition program (HEKA Elektronik) and then
analyzed using a Pulse fit analysis program (HEKA
Elektronik).

2.3. Drug application

Drugs were applied by gravity feed via microperfusion
tubes. All drugs were applied using this fast perfusion
system as it has been shown that both high and low affinity
ligands (Jones et al., 1998) bind rapidly to GABA recep-
tors. After establishing a whole-cell configuration, the cell
was lifted off the bottom of the bath chamber and placed in
front of the drug delivery tubes and the bath flow (>10 ml/
min) was turned on. The rate of solution exchange using this
method is fast. For an open-tip electrode, the solution can be
changed in less than a millisecond (Birnir et al., 1995).
Currents evoked by 100 uM GABA reach 80% of the peak-
current value in 700 ps in outside-out patches from rat
cultured hippocampal neurons (Birnir et al., 2000a) and in
Sf9 cells expressing o;p; GABA,A receptors; currents
evoked by 10 mM GABA reach 90% of the whole-cell
peak-current amplitude within 5 ms (Birnir et al., 1995).
Each test drug concentration was bracketed with a control
concentration in order to prevent differences in currents due
to cellular “run-downs” to be interpreted as drug effects or a
lack thereof (Dalziel et al., 2000).

3. Results

3.1. Off-current is associated with penicillin block of
GABA 4 channels

Penicillin is an inhibitor of GABA, receptors (Twyman
et al., 1992). Fig. 1 shows typical whole-cell current
responses to 10 mM GABA (i) or 10 mM GABA plus 10
mM penicillin (ii) in cells expressing «p; (Fig. 1A) or
a1P1y2 (Fig. 1B) receptors. When GABA alone was applied
to cells expressing a3 or a;Pyy, receptors (Fig. 1Ai and
Bi), the whole-cell current rose to a peak value and then
decayed to a steady-state current level until GABA was
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Fig. 1. Penicillin inhibition of GABA-activated currents in o;3; (A) and
o1B1Ya2s (B) receptors. Currents evoked (a) by 10 mM GABA alone and
then in the same cell (b) in the presence of 10 mM GABA plus 10 mM
penicillin. No inward currents were evoked by 10 mM GABA in a cell
infected with only the y,g baculovirus (Ca) or in a noninfected cell (Da)
whereas 10 mM penicillin alone caused 45 pA (Cb) and 40 pA (Db)
inhibition of the background current in the respective cells. The drugs were
applied for the period indicated by the bars.

washed off. Application of 10 mM penicillin together with
10 mM GABA reduced the peak-current response to only
0.024 £0.012 (n=6) and 0.0 4£0.004 (n=3) of the
response evoked by 10 mM GABA alone, in cells express-
ing a;Py or aPryas cells, respectively. Rapid removal of
GABA plus 10 mM penicillin evoked an inward current
(off-current) that rapidly peaked and then decayed to base-
line. GABA-activated currents or currents activated upon
removal of penicillin alone were never evoked in cells
infected with the <y,s subunit only (=17, Fig. 1C) or
noninfected cells (=13, Fig. 1D).

When the drugs were applied for about § s, the peak off-
current amplitude was half the amplitude of the saturating
GABA current response in cells expressing o 3; (0.48 =

0.05, n=06; Fig. 1A) or a; P25 (0.50 £ 0.14, n=3; Fig. 1B)
receptors.

3.2. Penicillin alone evokes an off-current response in cells
expressing o f3; or o372 receptors

Penicillin has been shown to block currents through
mutated GABA, receptors (Tierney et al.,, 1996) in the
absence of GABA. We examined whether a current could be
detected when penicillin was applied to recombinant o,
and o;Pqy.s receptors in the absence of GABA. Off-
currents in response to penicillin removal were recorded
in 101 cells expressing the o;P; receptors and 96 cells
expressing the a31y,g receptors. Provided that the removal
of penicillin was rapid, most cells gave an off-current upon
penicillin removal. However, in 22% and 20% of the o P
and o;Pyys receptors expressing cells, respectively, that
responded to GABA, an off-current was not recorded when
penicillin alone was removed. Whether the cause of this
variability was associated with non-optimal drug removal or
possibly different forms of, e.g., intracellular modification
or cytoskeletal interactions of the receptors, was not ex-
plored in this study.

Fig. 2 shows the current time course when cells express-
ing the receptors are exposed to penicillin alone. Sustained
application of 10 mM penicillin inhibited the background
current slightly, but upon rapid removal of penicillin, an
inward current was recorded that increased rapidly in
amplitude and then decayed. The peak off-current amplitude
varied from cell to cell but was on the average 331 £+ 33 pA
(n=32) and 295+ 47 pA (n=29) for a;Pp; and o;PiVas
receptors, respectively, after 8 s of penicillin application.
Examples of the larger currents recorded are shown in Fig. 2
and were 710 pA (o By, Fig. 2A) and 846 pA (o1 B1Y2s, Fig.
2B) in amplitude. Penicillin inhibition of the background
current varied somewhat. It ranged from 0 to 277 pA and
from 0 to 546 pA in ;B and aP;7y,s cells, respectively,
but was on the average 52 +7 pA (n=50, o;f;) and
83 £ 18 pA (n=50, a|Pyyzs). Cells infected with the vy,g
recombinant virus alone do not express functional GABA
receptors (see Fig. 1C), but 10 mM penicillin still inhibited
the background current. In these cells, the inhibition ranged
from 0 to 255 pA and was on the average 72 + 22 (n=17).
Ten millimolar penicillin inhibited the background current
from 0 to 140 pA in noninfected cells and was on the
average 52 £ 10 pA (n=13). The inhibition of the back-
ground current by penicillin in vy,g and noninfected cells
suggests that penicillin inhibits some native or virus-induced
channels in the Sf9 cells but probably by a different
mechanism from the inhibition of the GABA, receptors
as off-currents were not recorded in vy,g or noninfected cells
when the penicillin application was rapidly terminated.

The rise of the off-current for both receptor types was
fast and well fitted with a monoexponential function (Fig.
2Ai1 a1 By; Bil a1B1y2). The time constants for the current
rise and unblocking of the receptors (t,,) were 28 £ 3 ms
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Fig. 2. Time course of the off-current response. (a) Penicillin (10 mM) alone
was applied to a cell expressing a3y (A) or a;P1y2s (B) receptors for the
duration of the bars. An inward current developed when the penicillin
application was stopped and penicillin was removed. (b) The time course of
the upstroke of the inward current in (a) was fitted with a monoexponential
function (typ: 27 ms o By; 19 ms o B17y2s). (¢) The closure of the channel
after the transient opening (a) followed a monoexponential time course (z.:
0.72 s o1 Py; 0.76 s o1 PB1y2s). The scale bars in (Ba) apply to the current
traces in (Aa). The drugs were applied for the period indicated by the bars.

(n=13) and 23 +£3 ms (n=9) for o;B; and a;B1Y2s
receptors, respectively. The decay of the off-current (Fig.
2Aii oB1; Be oyPyy2), associated with closure of the
channels after the transient opening, also followed a mono-
exponential function with the average time constants (t.) of
0.51£0.07 s (n=14, o;p;) and 0.53+£0.05 s (n=10,
aPBi¥2s)-

We examined if the off-current’s peak amplitude changed
depending on the length of time penicillin was applied for.
Fig. 3 shows how the amplitude of the off-current varied
with the time of exposure to 10 mM penicillin (Fig. 3A and
B). The recordings are continuous for each receptor type and
the penicillin application times were 2, 4, 8, 18 and 24 s.

In both types of receptors (Fig 3Ai oypy, n=7; Aii
a1P1Y2s, #=15), the off-current amplitude increased as the
time of exposure to penicillin was made longer but started to
level off after about 8 s of application. In Fig. 3B, the
average peak off-current value (o;P; triangles, n=35;
a1Pryes circles, n=4) is plotted as a function of the 10
mM penicillin application time. The data were fitted with a
single exponential function with a time constant of 5.4 s and
a Y-axis intercept of 0.3. For both receptor types, the peak
off-current had attained about 80% of the maximal value
after 8 s in 10 mM penicillin. The leveling off and the off-
current’s amplitude plateau level attained demonstrate the
stability of the off-current responses (Fig. 3B). The Y-axis
intercept of the fitted curve gives an estimate of the
instantaneous reaction with penicillin and was about 25%
of the maximal value for the off-current response. After 8 s
of 10 mM penicillin application, the fractional off-current
amplitudes evoked in P, and «a;P;y,s receptors were
0.174+0.02 (n=18) and 0.21 £0.04 (n=25) of the 10
mM GABA-activated peak-current amplitude, respectively.
Using these values, we estimated the instantaneous effect of
penicillin on the a; 31 and a1 B1y,5 receptors to be about 6%
of the saturating GABA-activated current response in the
cells. Also, because the peak off-current amplitude levels off
when in 10 mM penicillin for longer than 8 s, it is possible
to estimate the size of the population of receptors that
interact with 10 mM penicillin. This can be calculated from
the fraction the maximal off-current response (Fig. 3B) is of
the saturating GABA-activated current response. We esti-
mated the population of receptors that responds to penicillin
to be about 20% to 25% of all the receptors expressed in a
cell.

Fig. 3C shows the effect of the holding potential on the
peak off-current amplitude. For both receptor types, the
currents were larger at depolarized 40 mV as compared to
hyperpolarized 40 mV (Fig. 3Ci, a1B; n=15; a1P1Y2s n=4)
and showed outward rectification (Cb, o;p; triangles;
a1 P1yzs circles). The peak value of the off-current was also
dependent on the penicillin concentration. In 5 mM peni-
cillin (8 s), the fractional peak off-current amplitude de-
creased, as compared to values recorded in 10 mM penicillin
(see above), to 0.10 £ 0.01 (a1Py, n=7) and 0.09 + 0.04
(a1P1y25, n=6) of the 10 mM GABA-activated peak-
current amplitude.

We have reported previously that GABA-activated
whole-cell currents often decrease in amplitude (“‘run-
down”) when an Sf9 cell expressing recombinant GABA 5
receptors is repeatedly exposed to GABA (Dalziel et al.,
2000). Similar observations have been made for the GABA-
activated current response in neurons (Gyenes et al., 1988;
Stelzer et al., 1988; Lim and Birnir, 2001). We examined in
cells expressing the o;; or o;Piyss receptors where a
“run-down” was recorded if a decrease in the current
amplitude of the GABA-activated response was correlated
with a decrease in the amplitude of the off-current. The
current traces shown in Fig. 4 are from a cell expressing
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Fig. 3. The size of the off-currents in a1 (Aa) and o R;7y2s (Ab) is related to the duration of the penicillin application. Penicillin (10 mM) was applied for
~ 4, ~ 8, ~ 18 and ~ 24 s as indicated by the bars. (B) Normalised peak off-current amplitudes (/*,¢) are plotted against time (s) in 10 mM penicillin. The
currents were normalised to the average off-current value obtained after 8 s in 10 mM penicillin. o; 3; (triangles, n=15), a; B7v2s (circles, n =4). All data points
are the averages of three or more measurements apart from o 3; at 24 s that represents one measurement. S.E.M. is shown if larger than the symbol. The curve
represents an exponential fit data. (C) Current—voltage relationship of the peak off-currents. The off-current in a cell was larger at depolarized 40 mV as
compared to hyperpolarized 40 mV (Ca) in o; By (n=5) and a;B;7y2s (n=>5) receptors. (Cb) An off-current—voltage relationship recorded in cells expressing
o P (triangles, two different cells) or a37y,s (circles, one cell) receptors. The lines simply connect the data points and have no theoretical significance.

Py receptors (Fig. 4Ai—iv) and another cell expressing
a1PB1Y2s receptors (Fig. 4Bi—iv). The current traces are in
time sequence and show that a decrease in the peak off-
current amplitude was correlated with a decrease in the peak
amplitude of the GABA-activated current in the same cell.
In contrast, the level of the background current that was
inhibited by the penicillin did not decrease.

For the o; B, receptors, the current amplitudes evoked by
the 1st and the 2nd application of 10 mM GABA were 1169

and 583 pA and Ist and 2nd off-current amplitudes were
494 and 61 pA. Similarly in o ;y,5 receptors, the current
amplitudes evoked by the 1st and the 2nd application of 10
mM GABA were 2062 and 580 pA and 1st and 2nd off-
current amplitudes were 1613 and 128 pA. The rate and
extent of the decrease in current amplitude varied from cell
to cell. In cells expressing o3 receptors where run-down
was recorded, the reduced GABA-activated peak current
amplitude and the reduced off-current amplitude in the same
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Fig. 4. Run-down of the GABA-activated and the off-current response.
The peak amplitude of the GABA-activated whole-cell current and the
peak amplitude of the off-current response decreased in a time-dependent
manner. The traces (i—iv) were recorded in cells expressing a;p; (A) or
o PB1Yas (B) receptors and are shown in time sequence. GABA (10 mM;
i and iii) or penicillin (10 mM; ii and iv) applications are indicated by
the bars.

cell were on the average 0.65 £ 0.05 (n=06) and 0.43 £ 0.10
(n=0), respectively, of the control response. For a;B1vas
receptors, the values were 0.54 +£0.09 (n=7) and
0.39 £0.07 (n=7) for the GABA-activated and the off-

current response, respectively, recorded in the same cell. In
subsequent experiments (see below) where effects of drugs
on the peak off-current amplitude were examined, each test
concentration was bracketed with a control concentration in
order to prevent differences in currents due to cellular “run-
downs” to be interpreted as drug effects or a lack thereof.
To examine further the generality of the off-current
response in recombinant receptors, we replaced the B,
subunit with the 3, subunit in o By,g receptors and exam-
ined if an off-current was generated upon removal of
penicillin alone. In cells expressing o;P,y»s, inward off-
currents were recorded when applications of 10 mM peni-
cillin alone were terminated (n=5), similar to what had been
recorded for o;B; and a;PBy,s receptors (data not shown).

3.3. Pharmacology of the off-current response

As the penicillin off-current is associated with GABA
receptors, it might be expected to respond to drugs known to
modulate GABA-activated currents. We therefore examined
the effects on the off-current response of the antagonist
bicuculline and the positive modulators pentobarbital and
diazepam.

3.3.1. Antagonist

Bicuculline is a competitive as well as an allosteric
inhibitor of GABA receptors (Birnir et al., 2000a,b; Ueno
et al.,, 1997). Bicuculline blocked the peak off-current
amplitude and reduced the background current.

Fig. 5 shows the control response in 10 mM penicillin in
cells expressing the a3, (Fig. 5A) or the a1 31y,25 (Fig. 5B)
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Fig. 5. Bicuculline blocks the off-current response in o 3; (A) and a1 B1y2s (B) receptors. (a) Off-currents evoked after application of 10 mM penicillin alone
were blocked, in the same cell, when (b) 10 mM penicillin was applied together with 100 uM bicuculline. The drugs were applied for the period indicated by

the bars.
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receptors, respectively, and the effect on the off-current
amplitude of 100 uM bicuculline together with 10 mM
penicillin in the same cell. When 10 mM penicillin alone
was applied, off-current amplitudes of 518 pA (Fig. 5A
a;P) and 483 pA (Fig. 5B aP17y,s) were recorded whereas
the application of 10 mM penicillin plus 100 uM bicuculline
essentially abolished the off-current response. To test for
differences in current amplitude due to cellular run-downs,
off-current’s responses were bracketed with GABA-activat-
ed currents. The GABA-activated currents were identical in
amplitude before and after measurements of the off-currents.
In cells expressing o;P;vas receptors, the penicillin plus
bicuculline off-current was in addition bracketed with off-
currents generated by 10 mM penicillin alone. The average
peak off-current amplitude after penicillin plus bicuculline
application was terminated was 0.06 £ 0.04 (n=7, o;P1)
and 0.03 £ 0.03 (n=6, o;P1Y,s) of the control response to
penicillin alone. The increased inhibition of the background
current, in comparison to the effect of penicillin alone, is in
accordance with the allosteric nature of the inhibition by
bicuculline, but it is also possible that bicuculline inhibits
some native potassium channels in the Sf9 cells (see
Khawaled et al., 1999). We did not explore the effect further
in this study.

3.3.2. Modulators

Pentobarbital is known to enhance GABA-activated
currents in both «;P; and o;P;y,s receptors whereas
incorporation of v, » into the receptors is required for
GABA-activated current enhancement at low micromolar
diazepam concentrations (Barnard et al., 1998).

Fig. 6 shows the effect of 50 uM pentobarbital on the
peak off-current amplitude and the block by bicuculline in
the same cell. When 10 mM penicillin alone was applied,
off-current amplitudes of 74 pA (Fig. 6Ai o;31) and 347 pA
(Fig. 6Bi o1 P1y25) were recorded. The amplitude of the off-
current increased to 523 pA (Fig. 6Aii a,p;) and 735 pA
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(Fig. 6Bii a;P1yzs) when 10 mM penicillin plus 50 pM
pentobarbital were applied together but no off-current was
recorded when the application of 100 uM bicuculline
together with the 10 mM penicillin plus 50 uM pentobar-
bital was terminated (Fig. 6Aiii o B1: Biii a1 B17y2s). To test
for cellular run-downs, current responses to drugs to be
examined were bracketed by GABA-activated currents
(a1PB17y2s) or off-currents generated by 10 mM penicillin
alone (a;P, a;B17y2s). In all cases was the control current
response recovered after the test-drug application. Pento-
barbital (50 uM) when applied alone did not evoke any
current in cells expressing either a1B; (n=3) or aP1Yas
(n=4) receptors. Coapplication of penicillin and 50 uM
pentobarbital enhanced the average off-current peak ampli-
tude by 2.8 £0.5 (n=12) and 3.4+04 (n=9) of the
control response with penicillin alone in cells expressing
the a;PB; or a;P;y2s receptors, respectively. The average
off-current response on the removal of all three drugs
(penicillin, pentobarbital and bicuculline) was 0.04 £ 0.03
(n=12, a;p;) and 0.03 £0.03 (n=7, a;P1y2s) of the
response of penicillin plus 50 uM pentobarbital. As pento-
barbital did not evoke any current when applied alone, the
increased current amplitude recorded in the presence of
pentobarbital plus penicillin must be associated with the
potentiating rather than the activating property of pentobar-
bital at GABA 4 receptors.

Fig. 7 shows the effect of 1 uM diazepam on the off-
current. When 10 mM penicillin alone was applied, off-
current amplitudes of 210 pA (Fig. 7Ai o;3;) and 148 pA
(Fig. 7Bi o1 B1y2s) were recorded. When 10 mM penicillin
plus 1 uM diazepam were applied to these same cells, the
peak off-current amplitude was only enhanced in cells
expressing the a;Piyys receptors (o Py 183 pA; a1P1Yas
354 pA) on the removal of the drugs. To test for cellular run-
downs, responses to drugs examined were bracketed by off-
currents generated by 10 mM penicillin alone (afq,
a1Piyas). In all cases, the control current response was
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Fig. 6. Pentobarbital enhances the peak amplitude of the off-current response in a3 (A) and oy B17y2s (B) receptors. (a) Off-currents evoked after application
of 10 mM penicillin alone were enhanced, in the same cell, when (b) 10 mM penicillin was applied together with 50 uM pentobarbital but blocked when (c) 10
mM penicillin, 50 uM pentobarbital plus 100 pM bicuculline were applied together. The drugs were applied for the period indicated by the bars.
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Fig. 7. Diazepam only modulates a;B;y,s channels. Penicillin (10 mM)
was applied alone or together with 1 pM diazepam to cells expressing o 3
(A) or a1 B1Y2s (B) receptors. (a) Off-currents evoked after application of 10
mM penicillin alone and, in the same cell, when (b) 10 mM penicillin was
applied together with 1 pM diazepam. (C) Inward current developed when
1 uM diazepam alone (b) was applied to a cell but not when 1 uM diazepam
plus 100 pM bicuculline (b) were applied together to the same cell. The
drugs were applied for the period of the bars.

recovered when examined after the test diazepam current
response.

No enhancement of the off-current’s peak amplitude was
observed after exposure of the cells expressing o3, recep-
tors to 1 pM diazepam (80% confidence level). In five cells,
it was 1.2 £ 0.1 of the control response whereas in cells
expressing o 312 receptors (n=9), the average off-current
enhancement on removal of penicillin plus 1 uM diazepam
was 1.6 £ 0.1 of the control response with penicillin alone.
Neither diazepam nor pentobarbital appeared to have large
effects on the rate of decay of the off-current and the time
constants (t.) were similar to those obtained in the absence
of the modulators. The rate of decay of the off-current after
removal of 10 mM penicillin plus 50 uM pentobarbital was
0.52+0.10 s (n=7) and 0.55 £ 0.09 s (n=7) for o; 3, and
a1 PB1Y2s, respectively, and after removal of 10 mM penicil-
lin plus 1 pM diazepam, it was 0.70 £ 0.09 s (n=5) for
o Pryas.

We have shown that both diazepam and penotobarbital
can enhance the off-current response. We then examined if
diazepam and pentobarbital when applied alone could
induce an inward current in the absence of penicillin. Fig.
7C shows an experiment where 1 uM diazepam alone and
then in the presence of 100 pM bicuculline was applied for 1
min to a cell expressing a;P;y,s receptors. The peak
amplitude of the 10 mM GABA-activated current in the
cell was 823 pA. In the presence of 1 pM diazepam alone,

an inward current of 135 pA developed (Fig. 7Ci). The
current returned to the baseline level when diazepam was
washed out of the bath (Fig. 7Ci). Similar results were
obtained in 10 other cells. The presence of 100 uM bicucul-
line together with the 1 uM diazepam blocked (n=5) the
development of the inward current (Fig. 7Cii). The maximal
value of the diazepam induced inward current as a fraction
of the 10 mM GABA-activated peak current amplitude in
the same cell was on the average 0.08 £ 0.02 (n=11).
Diazepam (1 uM) did not induce an inward current in cells
expressing o3, receptors (n=3) or noninfected cells
(n=4). We then examined what effect pentobarbital had
on the baseline current properties of cells expressing the
receptors. Higher concentrations than 50 uM of pentobar-
bital were not examined as already at concentrations as low
as 100 uM, pentobarbital gates the channels (Dalziel et al.,
1999). When we applied 50 uM pentobarbital alone for 1
min to cells expressing «P;y2s (n=4) or a;p; (n=10)
receptors, there was no development of an inward current
recorded (results not shown).

4. Discussion

Our aim was to examine if GABA 4 receptors made from
common classes of subunit families (o, p and -y) could open
in the absence of GABA and be modulated by drugs. We
recorded the channel activity in the whole-cell configuration
as it has been suggested that spontaneous channels may
arise when patches are ripped off and away from intact cells.
We chose to make the receptors from the oy, Bjor B, and
Y25 subunits as these are expressed in many parts of the
brain (Laurie et al., 1992; Wisden et al., 1992).

To examine if a;B; and Py, receptors open in the
absence of GABA, we used penicillin (Twyman et al.,
1992), an open channel blocker of GABA, receptors. The
hypothesis was as follows: if the channels open spontane-
ously, penicillin will block the channels, collecting them in
an open but blocked conformation that will be revealed as
transiently open channels (the off-current) when penicillin
is washed off the cell. A possible complication is if
penicillin by binding to the receptor biases the equilibrium
state of the closed channel towards the open state. In this
study, it is not possible to separate the blocking effect of
penicillin from the plausible effect penicillin may have on
the latency of openings of the receptors. However, recent-
ly, Yeung et al. (2003) recorded currents generated by
GABA, receptors in hippocampal neurons that were not
blocked by 20 mM penicillin. Despite the absence of
channel blockage, the authors reported no current enhance-
ment by penicillin, suggesting that the plausible enhancing
mechanism by penicillin was not present. In order to
record the fast off-current response (ms), removal of
penicillin had to be rapid and required the solution
exchange around the cell to be fast. The Sf9 cells are
small, spherical in shape and can be lifted off the bottom
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of the bath. Drugs can therefore be applied and removed
fast, allowing synchronous activation, blocking and
unblocking of the receptors in the surface membrane of
the cell. Slow removal (bath application and removal) of
the penicillin masked the transient current, presumably due
to nonsynchronized unblocking of the transiently opened
channels. The results are consistent with the occurrence of
spontaneous openings of o By, o;P2y2s and o P;yas
GABA, receptors in the absence of GABA.

The pharmacological properties of the off-current re-
sponse were similar to the pharmacological properties of
GABA-activated currents. The off-currents were blocked by
bicuculline. As a pure competitive inhibitor of GABA
binding, the bicuculline might not be expected to complete-
ly inhibit the off-current response but rather decrease the
population of receptors that opened in the presence of
penicillin. The receptors presumably remained closed as
long as bicuculline was bound. In this context, it has been
shown that bicuculline inhibits pentobarbital-gated receptors
although the pentobarbital binding site is not thought to
overlap with the GABA binding site (Nicoll and Wojtowicz,
1980; Lim and Birnir, 2001). Recently, bicuculline was
shown to decrease the open probability of spontaneously
opening GABA, single channels in hippocampal neurons
(Birnir et al., 2000a,b). Our results are in agreement with the
allosteric as well as the competitive nature of the inhibition
of the receptors by bicuculline.

Pentobarbital in a concentration-dependent manner is a
modulator, an agonist or an inhibitor at GABA, receptors
whereas diazepam only has positive modulatory effects on
the receptors (Barnard et al., 1998; Rabow et al., 1996). It is
not known whether the different effects of pentobarbital on
the receptors arise from occupation of one or more binding
sites. Both pentobarbital and diazepam enhanced the off-
current amplitude in oy 37,5 receptors whereas diazepam did
not enhance the off-current in ;3 receptors in accordance
with the y, subunit requirement for current enhancement by
low micromolar concentrations of GABA. Surprisingly, with
time diazepam, and not pentobarbital, induced an inward
current when the drugs were applied alone. The inward
current was only recorded in cells expressing the o PBY2s
receptors. The difference in results between the two drugs
when applied alone is probably related to their mechanism of
modulation and possibly to the desensitization of the recep-
tors. In GABA-activated channels, pentobarbital has been
shown to increase the mean-open time and the single-channel
conductance (MacDonald and Olsen, 1994; Eghbali et al.,
2000) whereas diazepam is known to increase the frequency
of openings, the single-channel conductance and decrease the
latency of openings of GABA, receptors (MacDonald and
Olsen, 1994; Eghbali et al., 1997; Guyon etal., 1999; Birnir et
al., 2001; Lindquist et al., 2003) and does not act as an agonist
at the receptors (Barnard et al., 1998). That only diazepam
affects the opening rate of the channels (frequency and
latency of openings) may possibly explain the difference
observed on the baseline-current properties between diaze-

pam and pentobarbital in this study plus the difference
recorded in the decay rate of the currents when the drugs
were washed off. The average decay of the off-current was
only prolonged after exposure to diazepam, suggesting a
longer lasting and therefore greater cumulative effect by 1 pM
diazepam as compared to 50 pM pentobarbital.

In Sf9 cells expressing o3 and oy By,5 receptors, the
instantaneous effect of penicillin is small. The estimated
instantaneous effects were about 6% of the saturating
GABA response in the cells, and despite the cells express-
ing homogenous receptor population, only about 20% to
25% of the receptors responded to penicillin. In diazepam
alone, the maximal inward current was about 10% of the
saturating current response to GABA in cells expressing
a1P1yas receptors. Although the frequency of the GABAA
spontaneous-channel openings in this study is low, it is
nevertheless significant and raises the possibility that
spontaneous openings of other GABA, receptors have
been overlooked.

We showed recently in hippocampal neurons that in the
absence of spontaneous openings, the latency of channel
opening in response to GABA or the agonist THIP can be in
minutes but is decreased in the presence of diazepam (Birnir
et al., 2000b, 2001; Lindquist et al., 2003). On the other
hand, in the presence of spontaneous openings, the current
response to GABA is fast and reaches a peak current within
milliseconds (Birnir et al., 2000a), suggesting that sponta-
neous openings may be essential features of the molecular
mechanism underlying the fast response to GABA observed
e.g. during whole-cell recordings and synaptic transmission
at synapses. The off-current response provides a tool to
study the properties and role of spontaneously opening
GABA, channels active in a cell.

Acknowledgements

We thank the Swedish Research Council (Y0924,
K2002-33X-13408-03A, K2004-33X-13408-05A), Ake
Wibergs Stiftelse, Swirds Stiftelse, Crafoordska Stiftelsen,
Segerfalks Stiftelsen, Kungliga Fysiografiska Sillskapet and
the Medical Faculty at Lunds University for financial
support.

References

Barnard, E.A., Skolnick, P., Olsen, R.W., Mohler, H., Sieghart, W., Biggio,
G., Braestrup, C., Bateson, A.N., Langer, S.Z., 1998. International
Union of Pharmacology: XV. Subtypes of y-aminobutyric acidA recep-
tors: classification on the basis of subunit structure and receptor func-
tion. Pharmacol. Rev. 50, 291-313.

Birnir, B., Tierney, M.L., Pillai, N.P., Cox, G.B., Gage, P.W., 1995. Rapid
desensitization of a;3; GABA, receptors expressed in Sf9 cells under
optimised conditions. J. Membr. Biol. 148, 193-202.

Birnir, B., Eghbali, M., Everitt, A.B., Gage, P.W., 2000a. Bicuculline,
pentobarbital and diazepam modulate spontaneous GABA, channels
in rat hippocampal neurons. Br. J. Pharmacol. 131, 695—704.



32 C.E.L. Lindquist et al. / European Journal of Pharmacology 496 (2004) 2332

Birnir, B., Everitt, A.B., Lim, M., Gage, P.W., 2000b. Spontaneously open-
ing GABA, channels in CA1 pyramidal neurones of rat hippocampus.
J. Membr. Biol. 174, 21-29.

Birnir, B., Eghbali, M., Cox, G.B., Gage, P.W., 2001. GABA concen-
tration sets the conductance of delayed GABA, channels in outside-
out patches from rat hippocampal neurons. J. Membr. Biol. 181,
171-183.

Dalziel, J.E., Cox, G.B., Gage, P.W., Birnir, B., 1999. Mutant human
o1 R1(T262Q) GABA, receptors are directly activated but not modulat-
ed by pentobarbital. Eur. J. Pharmacol. 385, 283—-286.

Dalziel, J.E., Cox, G.B., Gage, P.W., Birnir, B., 2000. Mutating the highly
conserved TM2 9" leucine residue in the « or the 3, subunit produces
subunit specific changes in the function of human «;3; GABA4 recep-
tors. Mol. Pharmacol. 57, 875—-882.

Eghbali, M., Curmi, J.P., Birnir, B., Gage, P.W., 1997. Hippocampal
GABA, channel conductance increased by diazepam. Nature 388,
71-75.

Eghbali, M., Gage, P.W., Birnir, B., 2000. Pentobarbital modulates y-ami-
nobutyric acid-activated single-channel conductance in rat cultured hip-
pocampal neurons. Mol. Pharmacol. 58, 463 —469.

Guyon, A., Laurent, S., Paupardin-Tritsch, D., Rossier, J., Eugene, D.,
1999. Incremental conductance levels of GABA, receptors in dopami-
nergic neurons of the rat substantia nigra pars compacta. J. Physiol. 516,
719-7317.

Gyenes, M., Farrant, M., Farb, D.H., 1988. “Run-down” of y-aminobuty-
ric acidA receptor function during whole-cell recording: a possible role
for phosphorylation. Mol. Pharmacol. 34, 719—-723.

Hamill, O.P.,, Marty, A., Neher, E., Sakmann, B., Sigworth, F.J., 1981.
Improved patch-clamp techniques for high resolution current record-
ing from cells and cell-free membrane patches. Pflugers Arch. 391,
85-100.

Jones, M.V., Sahara, Y., Dzubay, J.A., Westbrook, G.L., 1998. Defining
affinity with the GABA, receptor. J. Neurosci. 18, 8590—8604.

Khawaled, R., Bruening-Wright, A., Adelman, J.P., Maylie, J., 1999. Bicu-
culline block of small-conductance calcium-activated potassium chan-
nels. Pflugers Arch. 438, 314-321.

Laurie, D.J., Wisden, W., Seeburg, P.H., 1992. The distribution of thirteen

GABA, receptor subunit mRNAs in the rat brain: III. Embryonic and
postnatal development. J. Neurosci. 12, 4151-4172.

Lim, M.S.F., Birnir, B., 2001. Heterogeneity of functional GABA recep-
tors in rat dentate gyrus neurons revealed by a change in response to
drugs during the whole-cell current time-course. Neuropharmacology
40, 1034-1043.

Lindquist, C.E.L., Ebert, B., Birnir, B., 2003. Extrasynaptic GABA 4 chan-
nels activated by THIP are modulated by diazepam in CA1 pyramidal
neurons in the rat brain hippocampal slice. Mol. Cell. Neurosci. 24,
250-257.

MacDonald, R.L., Olsen, R.W., 1994. GABA, receptor channels. Annu.
Rev. Neurosci. 17, 569-602.

Nicoll, R.A., Wojtowicz, J.M., 1980. The effects of pentobarbital and
related compounds on frog motoneurons. Brain Res. 191, 225-237.
Rabow, L.E., Russek, S.J.A., Farb, D.F., 1996. From ion currents to ge-
nomic analysis: recent advances in GABA 4 receptor research. Synapse

21, 189-274.

Stelzer, A., Kay, A.R., Wong, R.K., 1988. GABA, receptor function in
hippocampal cells is maintained by phosphorylation factors. Science
241, 339-341.

Tierney, M.L., Birnir, B., Pillai, N.P., Clements, J.D., Howitt, S.M., Cox,
G.B., Gage, P.W., 1996. Effects of mutating leucine to threonine in
the M2 segment of «; and B, subunits of the GABA, a3, receptors.
J. Membr. Biol. 154, 11-21.

Twyman, R.E., Green, R.M., MacDonald, R.L., 1992. Kinetics of open
channel block by penicillin of single GABA4 receptor channels from
mouse spinal cord neurones in culture. J. Physiol. 445, 97—127.

Ueno, S., Bracamontes, J., Zorumski, C., Weiss, D.S., Steinbach, J.H.,
1997. Bicuculline and gabazine are allosteric inhibitors of channel
opening of the GABA, receptor. J. Neurosci. 17, 625—-634.

Wisden, W., Laurie, D.J., Monyer, H., Seeburg, P.H., 1992. The distribu-
tion of 13 GABA, receptor subunit mRNAs in the rat brain: 1. Telen-
cephalon, diencephalon, mesencephalon. J. Neurosci. 12, 1040—1062.

Yeung, J.Y., Canning, K.J., Zhu, G., Pennefather, P., MacDonald, J.F.,
Orser, B.A., 2003. Tonically activated GABA, receptors in hippocam-
pal neurons are high-affinity, low-conductance sensors for extracellular
GABA. Mol. Pharmacol. 63, 2—8.



	Penicillin blocks human alpha1beta1 and alpha1beta1gamma2S GABAA channels that open spontaneously
	Introduction
	Material and methods
	Construction and expression of receptors
	Electrophysiology
	Drug application

	Results
	Off-current is associated with penicillin block of GABAA channels
	Penicillin alone evokes an off-current response in cells expressing alpha1beta1 or alpha1beta1gamma2s receptors
	Pharmacology of the off-current response
	Antagonist
	Modulators


	Discussion
	Acknowledgements
	References


