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Abstract. Spontaneous, single channel, chloride cur-in some ligand-gated channels in the absence of ligand
rents were recorded in 48% of cell-attached patches oand the channels can be seen opening spontaneously.
neurones in the CAL region of rat hippocampal slicesFor example, channels that can be activated by acetyl-
In some patches, there was more than 1 channel activeholine in cultured embryonic muscle have been found to
They showed outward rectification: both channel con-open spontaneously in the absence of acetylcholine
ductance and open probability were greater at depolartjackson, 1986). A similar phenomenon has been re-
ized than at hyperpolarized potentials. Channels actiported for channels normally activated by cyclic nucleo-
vated byy-aminobutyric acid (GABA) in silent patches tides (Picones & Korenbrot, 1995; Tibbs, Goulding, &
on the same neurones had similar conductance and ougiegelbaum, 1997).
ward rectification. The spontaneous currents were inhib- GABA , receptors form the main inhibitory channels
ited by bicuculline and potentiated by diazepam. It wasjn the mammalian central nervous system. When GABA
concluded that the spontaneously opening channels wegngs to the receptors, Gkelective channels open.
constitutively active, nonsynaptic GABAchannels. GABA, receptors can be divided into synaptic and
Such spontaneously opening GARAhannels may pro- nonsynaptic depending on their location on a neu-
vide a tonic inhibitory mechanism in these cells and per-q, (Nusser, Sieghart & Somogyi, 1998). Spontaneous
haps in other cells that have GABAeceptors although  gaga, channel openings have been observed in out-
not having a GABA synaptic input. They may also bé gjqe oyt patches from neurones (Hamill, Bormann &
a target for clinically useful drugs such as the be”ZOd"Sakmann, 1983: Huck & Lux, 1987: Weiss, Barnes &
azepines. Hablitz, 1988; MacDonald, Rogers & Twyman, 1989)
but rarely in cell-attached or inside-out patches. Spon-

Key words: lon channel — Ligand-gated — Patch {aneous GABA channels have also been seenfip
clamp — Single-channel recording — Anesthetics __homomeric receptors (Sigel et al., 1989; Krishek, Moss
Inhibition & Smart, 1996) and recently in reconstituted receptors

carrying mutations in the 2nd or 3rd transmembrane re-
gions (Tierney et al., 1996; Mihic et al., 1997; Pan et al.,
1997; Chang & Weiss, 1998). Spontaneously opening
GABA, channels have not been described in normal,
intact neurones. However, we report here that many

Ligand-gated receptors are normally closed in the abpatches of membrane on intact neurones in the CAl re-
sence of ligand, presumably because the equilibrium begion of the rat hippocampus contain chloride channels
tween closed and open states favors the closed state. Blgat have the characteristics of GARAchannels, yet
binding to the closed or the open state, the ligand them®pen although the patch is not exposed to GABA. Spon-
shifts the equilibrium towards the open state. Howevertaneously opening channels may have considerable func-
the equilibrium is already shifted towards the open statdional significance and play a role in controlling the

steady-state, tonic excitability of these and other neu-

rones. A preliminary account of some of these observa-
- tions has appeared elsewhere (Gage, Birnir & Everitt,
Correspondence tdB. Birnir 1998; Birnir et al., 1999).

Introduction
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Materials and Methods (Clark Electromedical), coated with Sylgard (Dow Corning) and fire-
polished. Their resistance ranged from 10 tovdQ. In the slice, the
CAL1 pyramidal layer was viewed with a dissecting microscope at 100x

HIPPOCAMPAL SLICES magnification, a bright spot selected and the patch pipette containing a

ositive pressure lowered until a slight increase in the pipette resistance

Rat _hippocampal slices were prepared as described previously (Coeras observed. Upon release of the positive pressure, a gigaohm seal
lingridge, C;sg? &dROZe::]SOI‘I,deB4')t. thef_IIYr’] abl7'-to-21-day-old Lat formed either spontaneously or upon gentle suction. Currents were
was anaesthetized and then decapitated. The brain was removed apg., jaq in cell-attached or inside-out patches (Hamill et al., 1981)
put into ice-cold artificial cerebrospinal fluid (ACSF) containingvjn using an Axopatch 200 current-to-voltage converter (Axon Instru-

124 NaCl, 26 NaHCQ 3 KCl, 1.3 MgSQ, 2.5 NaHPO, 2.5 CaC} ments, Foster City, CA), filtered at 5 kHz, digitized at 44 kHz using a

and 20 glucose. The pH of this solution, when equilibrated with a gas | -
se code modulator (Sony PCM 501) and stored on videotape. Cell-
mixture containing 95% Qand 5% CQ was 7.4. The cerebellum was nu . (Sony ) v P

attached patches were studied since channels in such patches are in a

removed and the brain bisected. The hemi-brain was glued to the CUlormal” state in terms of intracellular ions, modulatory mechanisms

ting stage and immediately submerged in ice-cold ACSF. Slices abougnd architecture. Although in this configuration the membrane poten-

400 pm thick were cut normal to the septotemporal axis using a V"‘gal is not known, channel conductance can still be calculated by di-

brating microslicer (Camden Instruments). The slices were remove iding current amplitude by the difference between the pipette potential

and put onto a petri dish containing |ce-cp|d AC.SF'. The hlppocampusand the reversal potential of the currents. We refer to a positive pipette
was gently separated from the surrounding brain tissue and put into

. o ) ﬁotential as a hyperpolarization and a negative potential as a depolar-
chamber containing ACSF at 35°C and incubated for an hour. At the|zation. We did not correct for liquid junction potentials since the

end of the incubation period, the chamber containing t‘he slices WaZorrection required would have been very small (less than 3 mV) and
removed and stored at room temperature. One of the slices was put in

di hamb d held in ol b id of el vl Would not have affected our conclusions.
a recording chamber and held In place by a grid of paraflel nylon For analysis, currents were played back from the videotape

th_reads glued _to a u-shaped platlngm frame.. A standard dlsseCtIn91rough the Sony PCM, filtered at 2 or 5 kHz and digitized at frequen-

microscope (Wild M5) was used to view the slices. cies of 5 or 10 kHz using a Tecmar analog-to-digital converter inter-
faced with an IBM-compatible PC. The characteristics of currents

SOLUTIONS were analyzed using a computer program called CHANNEL2 written
by Michael Smith (JCSMR, ANU). The amplitude of currents was

The bath solution contained ¢mx: 140 NaCl, 5 KCI, 1 MgCJ, 1.8 measured either from all-points amplitude probability histograms or

CaCl,, 10 HEPES or TES adjusted to pH 7.4 with NaOH. The patch from direct measurements of the amplitude of individual currents.

pipette normally contained (w); 140 choline CI, 1 MgCJ, 1.8 CaClJ, The “mean current” was the average of the digitized current normally

10 HEPES or TES pH 7.4. However, when recording from the inside-measured owea 5 or 10 se@eriod or, where specified, for 60 sec.

out patches the pipette solution contained 14@ MaCl instead of

choline Cl. In four experiments on cell-attached patches from which

spontaneous currents were recorded, the pipette solution contained 7I5esults

mm NaCl and 75 mn choline Cl. Similar spontaneous channels with

the same reversal potential were recorded in the two solutions. Drugs

were normally made up in the pipette solution. Diazepam was first

dissolved in dimethylsulfoxide (DMSO), then in pipette solution. The

final concentration of DMSO was 19m. It has been shown previ-

ously that 190um DMSO does not activate or modulate GARA  High-resistance seals were obtained on 496 cells in the

channels in (_:ultgred hippocampal neurones (Eghbali et al., 1997). Fo yramidal cell |ayer of the CA1 region of rat hippocam-

sudden application of drugs to a patch, a bolus of drug preceded by agal slices. Neither the pipette nor the bath solution con-

to prevent diffusion from the tube) was ejected from the end of a fine! . .

Eeﬂgn tube threaded down the patgh pipetjte to within 0.5to 1 mm fromta'ned any added GABAsgeMaterials and Methods): .
the pipette tip (Curmi et al., 1993). To obtain a narrow diameter tubing/n 236 of these patches, spontaneous channel activity
suitable for insertion into the tip of a patch pipette, a fine teflon tube Was observed. Typical records from one of these patches
(i.d. 0.008, wall 0.004, Cole-Palmer) was pulled to a finer tube over are shown in Fig_ A. The currents reversed at a pipette

a stream of hot air from a modified air-gun. The pulled tubing was potential Vp) close to 0 mV and were Iarger when the

_threa(jed into the pi‘pette via a modified pipette holder which aIIowed‘membrane was depolarized by 80 mV than when hyper-
insertion of the tubing. The tube was connected to a drug reservoir olarized by 80 mV. This outward rectification is evi-
attached to the headstage. A second, large diameter tube was cog- y '

nected to the reservoir and the other end attached to a syringe. BFENt IN thelV curve in Fig. B. Channel conductance
briefly increasing the air pressure in the drug reservoir, solution waswas calculated by dividing the current amplitude by the
forced into the pipette tubing to deliver solution containing a drug to difference betweenV/, and the reversal potential. The
the patch surface. In control experiments in which bath solution con-average conductance of the channel shown in Fig. 1 was
taining no druk? Was(ijnjected into ;he pipette tibp, no effezt(on cha)nnelabout 60 pS when the membrane was depolarized by
activity was observed. Drugs used weraminobutyric acid (Sigma), N/ -
bicuculline methiodide (Sigma), diazepam (Hoffman-LaRoche) and80 mv ( Vp = 80 mV) and about 32 pS Wheer was
DMSO (Sigma). —80 mV.
In all the patches, the currents reversed close to 0

mV, as in Fig. 1. The driving force on ions across a

RECORDING AND ANALYSIS OF CURRENTS channel in a cell-attached patch\is—Eq-V,,, whereV,,

A “blind” patch-clamp technique was used when establishing aiS the membrane POtemian the equili_brium pOtent_ia|
gigaohm seal in the slices. Pipettes were made from borosilicate glastor the permeant ion(s) and, is the pipette potential.

SPONTANEOUS SINGLE-CHANNEL CHLORIDE CURRENTS
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A A B
80 n" ]"” " “l“ lm { H" u ] c/a 0.03
P
pA
40 C |/0 50ms ' 0.04 D
P
20
0 e . PA
_20 Fig. 2. Channel conductance remains the same when a cell-attached
s patch is converted to an inside-out patch. Single-channel currents were
recorded in a cell-attached/§) patch at a pipette potential of -60 mV.
_40 The patch was then ripped off and an inside-a@'af) patch formed. The
all-points histograms were from 16 sec of current records. The channel
conductance was 50 pS in both the cell-attached and inside-out patch.
-60
|4 A potential remained at &, of 0 mV. In inside-out
100ms P patches, the driving force on ions across a channel is
80 ) Eo-V,,, so that the permeant ion would have to have an
L " equilibrium potential of 0 mV. Again the only normally
permeant ion fitting this criterion was Tl Detaching
61 the patch did not change channel conductance, as illus-
B trated in Fig. 2. The single-channel currents in a cell-
A attached patch (Fig& V,, = =60 mV) had an amplitude
P of about 3 pA (Fig. B) corresponding to a conductance
0 of 50 pS. Single-channel currents recorded from the
- same patch after forming an inside-out patch (Fig) 2
had the same amplitude (FigD2and conductance was
6 unchanged.

-80 40 O 40 80
Vp (MV) CHANNEL CHARACTERISTICS

Fig. 1. Spontaneous single channel currents) Channels were re-

corded from a cell-attached patch. The change in membrane potentiathe influence of membrane potential on channels was

(-V,) is given to the left of each current trace. The dotted Iines_ ShOWSUCCESSfully recorded over a range of potentials in 14

the closed current level. Currents reversed a,af 0 mV and dis- . . .

played outward rectificationB) Average current amplitudes from the patCh_eS anc_i the averag)é curve is shown in Fig. A.

patch shown in A are plotted againsVs- The filled triangles show the average spontaneous cur-
rents in 6 patches that were subsequently shown to be
depressed by bicuculline or potentiated by diazepam.

For currents to reverse at\g, of 0 mV, the equilibrium ~ When the membrane was depolarized by 40 mV or more,

potential of the permeant ion(s) would have to be equathe average channel conductance became greater than 40

to the membrane potential. The most likely candidatepS. Depolarization also increased the open probability

for this would be chloride (C) or potassium (K) ions,  of channels as illustrated in FigB3vhich shows average

but the pipette contained no*Kso V,, would not have open probability over a range of potentials in 10 patches

equallede,. We found that the reversal potential was at (a subset of those in Fig A}.

0 mV whether the pipette contained choline chloride or Perhaps the most physiologically relevant measure-

50% choline chloride plus 50% NaCl. The channelsment of channel activity is the mean current which is

were therefore not permeable to Nar K*. We con-  dependent on both the open probability of channels and

cluded that the currents were chloride currents. channel conductance. The mean current for the 10

This was confirmed when 3 cell-attached patchespatches, shown plotted against the change in membrane
were converted to inside-out patches and the reversadotential (-V,), shows pronounced outward rectification:
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A A B
60 0.03 0.03
PA P P
0.0 =
g/g/‘/g/ 000 G a o 000 A
60— . PA pA
-80  -40 0 40 80
B osf T Fig. 4. Stability of activity of spontaneous channels. The all-points
T ¢ I histogra_ms are from_ 15 sec current records from a cell-attached patch
nPo I 1 at the pipette potential of —49 mV. Average channel conducta_nce was
I T 55 pS. B) Currents recorded immediately after the patch formatiBj. (
0.4 % I I Currents recorded when the patch had been held for 3 min.
1
00 T 0 4 o of record obtained within 30 sec of formation of a seal
(Vp = —40 mV). There were at least two channels open-
C 40 T ing in the patch, each with a conductance of about 50 pS.
Im //l The open probabilityr(P,) was 0.73 and the mean cur-
rent was 1.92 pA. The histogram from the same patch at
e the same potential 3 minutes later (Fig)4s very simi-
- lar. The conductance of the channels was the sag,
was 0.61 and the mean current was 1.52 pA.
400 40 o0 40 80 The effects of GABA on channel activity were ex-
Vp (mV) amined in a cell-attached patch containing spontaneously

opening channels. Results obtained are illustrated in Fig.
Fig. 3. Effects of changes in membrane potential on the characteristic®- 1€ Spontaneous smgle channel CUfFe"’F :é 20
of spontaneous channel#) (Current amplitude. Single-channel current mV) recorded before (Fig.A and after (Fig. B) injec-
amplitudes were measured from all-points histograms or from direction of 10 um GABA into the pipette tip were not
measurements of the amplitude of individual openings. Current amplichanged in average amplitude. The all-points histograms
tude is plotted against\4,. The open circles show the average current j, Fig. A andB (56—58 sec segments of record) before
amplitude from 8 cell-attached patches. The filled triangles show theand after injection of GABA, both show open channel

average current amplitude from another six patches where currents K b —1pA. Di fth
were later inhibited by 10Gum bicuculline or enhanced by 1(Gm peaks at about PA. Direct measurements of the mean

diazepam. Theews are only visible if they extend beyond the symbols. CUrrentin three pat(_:hey;( = +20 mV) over a period of
(B) Open probability. Open probability for 10 of the patches shown in 60 sec showed an increase from 0.09 + 0.05 pA to 0.27

A was determined from 10 sec current records in which there was a= 0.08 pA. In an additional two patches in which 100
burst of activity. Open and closed thresholds were set as close to thﬁM GABA was perfused into the pipette tip, the mean

baseline as possible so that all subconductance states were includegurrent increased about twofold also. Whether the
Data points show averaga”, and vertical bars denote #4em. (C) G

Mean current. Data points are the averages of mean currents measuredA‘BA was opening a pre\_/!ously silent channel or in-
in the same 10 cell-attached patches aB.iMeasurements were made creasing the open p_mbab"'ty of spontaneous qhannels
from the same 10 sec current records as useitig setting the closed ~ Could not be determined. In the 5 patches studied, two

level at 0 pA, integrating current sampled at 1@8ec intervals and ~ channel openings were never superimposed so there was
dividing by the number of data points. Vertical bars showsgi. no evidence of more than 1 channel in a patch. If GABA
was opening silent channels, their conductance could not

be distinguished from that of spontaneous channels.
for example the mean current was much smaller when

the membrane was hyperpolarized by 80 mV than when

it was depolarized by 80 mV (Fig.G3. A similar (but  SPONTANEOUS CHANNELS ARE BLOCKED BY BICUCULLINE

greater) rectification of the mean current has been de-

scribed previously for GABA-activated channels in gran-To determine whether the spontaneous Channels

ule cells in the dentate gyrus region of the hippocampusvere GABA, channels, we tested the effects of bicucul-

(Birnir, Everitt & Gage 1994). line which is thought to inhibit GABA receptors by
Spontaneous channel activity appeared stable andompeting with GABA at its binding site(s) on the re-

could be recorded for many minutes after formation of aceptor. Although there was no GABA bound so that

seal, as illustrated in 1 patch in Fig. 4. The all pointsbicuculline could not compete with GABA, bicuculline

histogram in Fig. A was obtained from a 15 sec segmentstill affected the spontaneous™Gthannels. The effects
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A before GABA 0.06 A 0.1
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Fig. 5. Effects of GABA on spontaneous channels. Current traces were B 00,70 1 2 3
recorded in a cell-attached patch at a pipette potential of 20 WV. ( A
Channel activity before injection of 0v GABA. (B) Channel activity p.

after injection of 10um GABA. The all-points histograms are from 58

sec @) and 56 secR) of current records immediately before and after Fig. 6. Effects of bicuculline on spontaneous channels. Spontaneously
the GABA injection, respectively. opening channels were recorded in a cell-attached patch at a pipette

potential of ~40 mV and then exposed to 10@ bicuculline. Repre-
sentative current traces are shown to the left of a corresponding histo-

. . . gram. The all-points histograms were each obtained from 10 sec current
of 100 pm bicuculline on spontaneous channels in 1records R) before and B) after bicuculline injection.

patch can be seen in Fig. 6. Before introduction of the
bicuculline (Fig. &) average channel conductance was

about 50 pS. About 40 sec after bicuculline injectionhijch there were spontaneous chloride currents, mean
(Fig. 8B), no spontaneous activity could be detected.cyrrent increased. In the 5 patches, the mean current
by bicuculline was obtained in all 7 patches in which theg 14 + 0.03 PAY, = —40 mV). Following exposure to
effects of bicuculline were tested. diazapam for 2.0 + 0.9 min, the mean spontaneous cur-
rent had increased more than 10-fold to 1.76 £ 0.89 pA.

ErFFECTS OFDIAZEPAM ON SPONTANEOUSCHANNELS

CoMPARISON WITH GABA-ACTIVATED CHANNELS
Benzodiazepines are another group of drugs that specifi-
cally modulate GABA, receptors (Smith & Olsen, |n 40 of the 260 silent cell-attached patches, 0.5 piil
1995). The benzodiazepine prototype diazepam hagaBA was injected into the tip of the pipette. In 6 of
been shown to increase both the frequency of channghese patches, channels were activated by the GABA.
opening (Rogers, Twyman & MacDonald, 1994) and An example of currents activated by injection ofui
single-channel conductance (Eghbali et al., 1997; GuyosABA is shown in Fig. 8 Y, = —60 mV). Before
et al., 1999). We examined the effect of diazepam onGABA was injected into the pipette tip, the patch was
spontaneous channel activity in 2 cell-attached and $eld for 17 min and no single-channel currents were
inside-out patches. In the cell-attached patchesu®0  recorded at any pipette potential from -80 to 80 mV (Fig.
diazepam injected into the pipette tip caused an increasgaa). The small currents in Fig.Ab were recorded im-
in open probability of the channels, as illustrated in Fig. mediately after GABA was injected and channels 3 min
7. Before injection of the diazepam (FigAJi channel |ater had an average amplitude of 41 pS (Figc)8 The
openings were infrequent and channel conductance Way relation for the channels activated by GABA was very
about 50 pS\(, = —40 mV). After 10 seconds’ expo- similar to that for the spontaneous channels: there was
sure to diazepam (FigBJ, 2 channels were present, each gytward rectification and the null potential was close to
with a conductance of about 60 pS. The histogram oy mv. These characteristics of GABA-activated chan-

the right in Fig. ‘B shows the increase in channel opennels appeared very similar to those of spontaneous chan-
probability. The overall effect of diazepam on the meanpg|s.

current is shown in Fig. @. Before exposure to diaze-
pam, the mean current was 0.12 pA but had increased to
3.7 pA within 15 sec after diazepam application. Discussion

We have shown previously (Eghbali et al., 1997)
that diazepam modulates GABAchannels in cultured We have found that there are spontaneously opening
hippocampal neurones when applied to the inside surfacehloride channels in 48% of cell-attached patches on
of inside-out patches. Whenulv diazepam was applied pyramidal neurones in the CA1 region of rat hippocam-
to the intracellular face of inside-out patches=¢ 5) in  pal slices. The currents have characteristics similar to
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Fig. 7. Effects of diazepam on spontaneous channels. Current trace§'9- 8- GABA-activated channels. ﬁMIGABA was '”JECtedh'”tO”the_
were recorded in a cell-attached patch at a pipette potential of —40 mV/AiP Of the pipette. The pipette potential was ~60 m\”/ and th eda -po;]nts
The pipette solution contained no GABA. The all-points histograms are"iStograms are from 20 sec current records in a cell-attached pajch. (

from 5 sec of current record. Representative current traces are shown fctivation of channels by GABA.4) There W?f no channer: activity fgr
the left of each histogramAj Channel activity before injection of 10 17 minutes before GABA was injected into the pipette. The trace shows

wM diazepam. Current traces Bhshow 13 sec after diazepam injection I‘?}Ck of activit.y_ovgr a 400 msec period))(Cur.rents recorded imm_e-
into the patch pipetteB) Mean currents in the same patch as\iand diately after injection of GABA. ¢) GABA-activated currents 3 min

B were measured over four 5 sec periods. Mean currents were (:alcu"pcter GABA |n_ject|0n. B) IV relation of the chanr|1_e|s actlvateld byd
lated by setting the closed level at 0 pA and integrating currentsCABA shown inA. Average fully open current amplitudes are plotte

sampled at 10Qusec intervals. The integrated current value was then against ¥,
divided by the number of data points.
a small fragment of nerve terminal in the pipette tip, it
would have to be very small to fit inside the pipette tip
those of channels activated by GABA in quiet patchesand not prevent formation of a gigohm seal. Finally if a
that show no spontaneous activity in the same cells. Fursmall fragment of nerve terminal were present, any
thermore, the spontaneous channels were inhibited b ABA associated with it would soon be diluted in the
bicuculline and enhanced by diazepam, both considerecklatively much larger volume of the pipette and the
specific modulators of GABA receptors. Therefore, it channel activity would disappear as the GABA concen-
is reasonable to conclude that the spontaneous singleration fell. This was never seen in any of the 236
channel currents are generated by GABrceptors. patches showing GABA channel activity. The argu-

It might be thought that the channels were activatedment that the tip might have picked up some GABA is
by GABA from fragments of nerve terminal trapped in also difficult to sustain. Fluid was flowing out of the
the pipette tip or GABA that enters the pipette tip beforepipette tip because of the induced positive pressure until
seal formation. We think these possibilities unlikely for we contacted the membranseg Materials and Meth-
the following reasons. If there were an intact nerve ter-ods). Even if some GABA had entered the tip, again it
minal still attached to the membrane in the pipette, wewould soon be diluted in the relatively vast volume of the
would have expected to see spontaneous IPSCs but nopépette solution and channel frequency should have
were seen. Even if there were an intact nerve terminatiropped. Again, this was not seen. In a similar study on
there, it is clear that there would be single channels acgranule cells in the dentate gyrus region of hippocampal
tivated in the subsynaptic membrane. And if there wereslices where the same techniques were used (Birnir,
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Everitt & Gage, 1994), there was no comparable sponnonsynaptic receptors as the subsynaptic receptors would
taneous channel activity. This further supports our conbe less widespread and probably still covered by nerve
clusion that there was no undetected source of GABAterminals. In comparison with subsynaptic receptors, the
activating the channels in neurons in the CA1 region. nonsynaptic GABA receptors may contain different

There have been previous reports of spontaneouslgombinations of subunits. Spontaneous currents have
opening GABA, channels in outside-out patches from been seen in cells expressing non-mutated GABA
cultured neurones (Hamill et al., 1983; Huck & Lux, subunits, presumably occurring in homomeric receptors.
1987; Mathers, 1991; Weiss et al., 1988; MacDonald efThe activity is species-dependent: GABAeceptors
al., 1989) and in expression systems (Sigel et al., 198%ormed by rat and mouse, but not human or bovipge,
Krishek et al., 1996). Some mutations in GABA&han-  subunits exhibit spontaneous channel activity (Sigel et
nels have been shown to induce spontaneous channal., 1989; Birnir et al., 1992; Krishek et al., 1996). The
opening (Tierney et al., 1996; Mihic et al., 1997; Pan ethippocampus differs from most other brain regions in
al., 1997; Chang & Weiss, 1998). Spontaneous chloridénaving a higher expression @f than other subunits
channels with a unitary conductance of about 30 pS havéhroughout development (Wisden et al., 1992; Brooks-
been recorded in inside-out patches from cultured hipKayal et al., 1998): elsewhere in the brain fhesubunit
pocampal neurones (Franciolini & Nonner, 1987) but itis the most common. It is possible that the spontaneous
was not reported whether they were affected by druggurrent activity recorded in the CA1 pyramidal neurones
that modulate GABA receptors. Until now, there has may be linked to the presence of tBe subunit in these
been no report of spontaneously opening GAB#han-  receptors. On the other hand, tRe subunit is also ex-
nels in intact, native neurones. On the other hand, therpressed in the granule cells but no spontaneous activity
have been convincing reports of spontaneous channeVas detected in cell-attached patches on dentate gyrus
activity in nicotinic ACh channels in cultured embryonic neurones (Wisden et al., 1992; Birnir et al., 1994). The
skeletal muscle (Jackson, 1986) and in cyclic nucleotidehippocampal GABA receptors responsible for the spon-
gated receptors (Picones & Korenbrot, 1995; Tibbs et al.taneous channel openings cannot be homomeric since the
1997). The probability of these receptors being open iurrent was modulated by diazepam.yA,, 3 subunit is
less than we observed for the GARAhannels in the needed for modulation of GABAreceptors by benzo-
CA1 region but greater than for the GARAhannels in  diazepines so the receptors probably containgd sub-
the dentate gyrus region. What determines the spontasnit which is highly expressed in the hippocampus post-
neous opening frequency of the receptors is not knownnatally (Wisden et al., 1992; Brooks-Kayal et al., 1998).

The properties of the spontaneous channels are simi-  Bicuculline competitively inhibits GABA binding to
lar to those of some other GABAchannels. An out- GABA, receptors (Zukin, Young & Snyder, 1974; Ueno
wardly rectifying GABA, channel with a high conduc- et al., 1997) but it also inhibits currents activated by
tance at depolarized potentials has been described in raentobarbitone and steroids (Nicoll & Wojtowicz, 1980;
dentate gyrus neurones in situ (Birnir et al., 1994), inBarker et al., 1987; Peters et al., 1988; Rho, Donevan &
guinea pig hippocampal neurones in situ (Gray & John-Rogawsk, 1996; Ueno et al., 1997). Since the binding
ston, 1985) and in cultured hippocampal neuronesites for pentobarbitone and steroids do not appear to be
(Fatima-Shad & Barry, 1992; Curmi et al., 1993). Lower the same as the GABA binding site, this has been taken
conductances have been reported for GAB#hannels as evidence for allosteric inhibition of these currents by
in expression systems (Blair et al., 1988; Mathers &bicuculline (Amin & Weiss, 1993; Ueno et al., 1997).
Wang, 1988; Angelotti & MacDonald, 1993) and in The inhibition of spontaneous single-channel currents we
some cultured neurones (Bormann, Hamill & Sakmannrecorded when bicuculline was applied to a patch (Fig. 6)
1987; Mathers & Wang, 1988; MacDonald et al., 1989)indicates that bicuculline can affect channel open prob-
but high conductance channels are not peculiar to hipability directly and does not inhibit these receptors
pocampal neurones since 70-90 pS channels activated logerely by displacing GABA from its binding site.
GABA have been recorded in cultured spinal cord neu- It has been shown previously that benzodiazepines
rones (Smith, Zorec & McBurney, 1989). Considering increase both the open probability (Rogers et al., 1994)
there are at least 19 GABAsubunits that can form and conductance (Eghbali et al., 1997; Guyon et al.,
pentameric channels (Barnard et al., 1998), a variety 01999) of GABA, channels. The effects of diazepam de-
single-channel conductances is hardly surprising and alscribed here are further evidence that the spontaneous
ready the composition of reconstituted receptors ha€l™ channels are GABA channels. Since in our experi-
been shown to affect single-channel conductarsse ( ments no GABA was present, the results indicate that
e.g., Angelotti & MacDonald, 1993; Barnard et al., diazepam does not influence GARAeceptors merely
1998). by changing the affinity of the receptor for GABA.

The nature of the receptors generating the spontane- In 15% of 40 quiet patches, injection of GABA into
ous currents is unclear. It seems most likely that they ar¢he pipette activated channels. This suggests that these
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patches contained a different kind of channel, or perhap8imir, B., Tierney, M.L., Howitt, S.M., Cox, G.B., Gage, P.W. 1992.
the same kind of channel but in a different state. It may A combination of humarm, and@, subunits is required for forma-

; " ; tion of detectable GABA-activated chloride channelsSid cells.
be that the subunit composition of the receptors display Proc. R. Soc250307-312

ing s_p_ontaneous openings dlffersf from Fhat of recepi“or%lair, L.A.C., Levitan, E.S., Marshall, J., Dionne, V.E., Barnard, E.A.
requ!rlng GABA for Chf’i_nnel openlng. Itis also possible 1988. Single subunits of the GABAreceptor form ion channels
that intracellular conditions which affect channel prop-  with properties of the native recept@cience242577-579

erties have changed: for example, phosphorylation of th&ormann, J., Hamill, O.P., Sakmann, B. 1987. Mechanism of anion
receptor, protein clustering or interactions with the cyto- permeation through channels gated by glycine and gamma-
skeleton (Rabow, Russek & Farb, 1996; Essrich et al., aminobutyric acid in mouse cultured spinal neuronksPhysiol.
1998; Wang et al., 1999). Exposure of spontaneousl 385243-286 _ _ _

opening channels to GABA in 5 patches increased theoksKayal AR., Jin, H., Price, M., Dichter, M.A. 1998. Develop-

. mental expression of GABA receptor subunit mRNAs in indi-
mean Current but the Conducltance of channels remained vidual hippocampal neurons in vitro and in vivd. Neurochem.
the same, i.e., there was an increasely, the product 70:1017-1028
of the number of channels in a patch and their mean ope@ihang, Y., Weiss, D.S. 1998. Substitutions of the highly conserved M2
probability. Whether the increase in mean current leucine create spontaneously opening riyeiminobutyric acid re-
caused by GABA was due to an increasanifthe num- ceptors.Mol. Pharmacol.53:511-523
ber of channels active in the patch) or to an increase irrollingridge, G.L., Gage, P.W., Robertson, B. 1984. Inhibitory post-
open probability of spontaneous channels is not known, Synaptic currents in rat hippocampal CA1 neurongsPhysiol.
Given that GABA activated channels in only 15% of 356551-564 - .

. . . Curmi, J.P., Premkumar, L.S., Birnir, B., Gage, P.W. 1993. The influ-
silent _patches but increased mean current in all 5 patche;s ence of membrane potential on chloride channels activated by
containing spontaneous channel that were tested, it Gapa in rat cultured hippocampal neurons. Membrane Biol.
seems very likely that GABA was increasing the open 136:273-280
probability of spontaneous channels but this was not in€ghbali, M., Curmi, J.P., Birnir, B., Gage, P.W. 1997. Hippocampal
vestigated further in this Study_ GABA, channel conductance increased by diazepamture

The spontaneously opening receptors may have a 38871-75 .
role in providing a nonsynaptic background tonic inhi- Essrich, C., Lo.rez, M., Benson, J.A., Fritschy, J.M., Luscher, B. 1998.
bition of neurones but this needs to be confirmed with ~FoStSynaptic clustering of major GABAreceptor subtypes re-
- . quires they2 subunit and gephyrirNat. Neuroscil:563-571
whole cell recordmg with perforated p{a‘t,Ches' The en'Fatima-Shad, K., Barry, P.H. 1992. A patch-clamp study of GABA-
hancement of spontaneous channel activity by diazepam  ang strychnine-sensitive glycine-activated currents in post-natal tis-
suggests that such channels may be a target for the ben- sue-cultured hippocampal neurofsoc. R. Soc250:99-105
zodiazepines and perhaps for other drugs such as barkiranciolini, F., Nonner, W. 1987. Anion and cation permeability of a
turates and general anaesthetics. chloride channel in rat hippocampal neurods.Gen. Physiol.
90:453-478

Gage, P.W., Birnir, B., Everitt, A.B. 1998. Spontaneously opening
tonic GABA, channels in rat CA1 hippocampal neuromfsoc.
Austr. Phys. & Pharm. So@9:256P

Gray, R., Johnston, W. 1985. Rectification of single GABA-gated chlo-
ride channels in adult hippocampal neurods.Neurophysiol.

Amin, J., Weiss, D.S. 1993. GABAreceptor needs two homologous 54:134-142 o .
domains of the3-subunit for activation by GABA but not by pen- GUyon, A., Laurent, S., Paupardin-Tritsch, D., Rossier, J., Eugene, D.

We thank Graeme Cox for discussions and helpful comments.
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