
Ž .European Journal of Pharmacology 349 1998 187–197

Differential expression of pre- and postsynaptic GABA receptors in ratB

substantia nigra pars reticulata neurones

Priscilla K.Y. Chan, Chris K.S. Leung, Wing-Ho Yung )

Department of Physiology, Faculty of Medicine, The Chinese UniÕersity of Hong Kong, Shatin, Hong Kong, China

Received 9 October 1997; revised 20 February 1998; accepted 3 March 1998

Abstract

Whole-cell recordings were made from substantia nigra pars reticulata in rat midbrain slices to study the functional expression of pre-
Ž .and postsynaptic GABA receptors in GABA output neurones. Baclofen up to 300 mM dose-dependently activated a weak currentB

which was insensitive to tetrodotoxin and Ca2q-free solution but blocked by Ba2q and 2-OH-saclofen. The maximum current activated by
Ž . Ž . Ž .baclofen 30 mM was 43.0"4.5 pA ns27 , representing only 23% of that in dopamine neurones. Baclofen 1–30 mM also reduced

the frequency of the GABA receptor-mediated miniature inhibitory postsynaptic currents while the distribution of their amplitudes wasA

unaffected. This presynaptic effect of baclofen, prominent at a concentration as low as 1 mM, was sensitive to 2-OH-saclofen and
occluded by Cd2q, but was unaffected by Ba2q. The results suggest a predominant role of the presynaptic GABA receptors in substantiaB

nigra pars reticulata. The relative abundance of pre- and postsynaptic GABA receptor subtypes in this brain region may also beB

important in mediating the anticonvulsant effect of baclofen in rats. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The substantia nigra pars reticulata is one of the output
centers of the basal ganglia circuit. It contains a high
concentration of the inhibitory neurotransmitter g-amino-

Ž . Ž .butyric acid GABA Ottersen and Storm-Mathisen, 1984 .
This observation suggests an important function of
GABA-mediated neurotransmission in this area of the
brain. In fact, GABAergic projections from striatum to
substantia nigra pars reticulata, and from pars reticulata to
thalamus, superior colliculus and tegmentum, are impor-

Žtant in controlling normal voluntary movement Chevalier
.and Deniau, 1990; Parent and Hazrati, 1995 . The nigrotec-

tal projection has also been found to play a role in
Žcontrolling the propagation of epileptic seizures Gale,

.1989; Depaulis et al., 1994 .
While the role of GABA receptors in substantia nigraA

Žpars reticulata has been studied extensively Martin et al.,
1978; Grace and Bunney, 1979; Reisine et al., 1979;
Wurpel et al., 1988; Sakamoto and Hikosaka, 1989; Mark-

.steiner et al., 1995 , the importance of GABA receptorsB
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in this area has gained attention slowly. Previous studies
do suggest a role of GABA receptors in both normal andB

pathological conditions. For example, it has been shown
that intranigral administration of baclofen, the prototypic
GABA receptor agonist, induces turning behaviour inB

Ž .rats Waddington, 1977; Kaakkola, 1980 . It has also been
demonstrated that intranigral injection of baclofen sup-
presses flurothyl seizures in rats in an age-dependent man-

Ž . Žner Sperber et al., 1989 . It is effective in young 16 days
.old rats but is ineffective in adult rats. This finding shows

good parallel with the fact that the density of GABA B

receptor binding sites in substantia nigra is greater in
Ž .young than adult rats Garrant et al., 1992 . It is therefore

tempting to hypothesize that the age-dependency of the
effect of baclofen on convulsion may be the consequence
of changes in expression of GABA receptors. However,B

GABA receptors may exist pre- or postsynaptically. SinceB

activation of the presynaptic receptors is likely to lead to a
decrease of GABA release and therefore disinhibition of
substantia nigra pars reticulata neurones while activation
of the postsynaptic receptors would lead to a direct inhibi-
tion of these cells, it is necessary to have a knowledge of
the relative abundance of these two types of GABA B

receptors.

0014-2999r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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In the present study, we make use of the advantage of
the patch-clamp technique in resolving the pre- vs. post-
synaptic actions of drugs on neurones. We quantified the
postsynaptic response of substantia nigra pars reticulata
neurones to baclofen, and compared with that of dopamine
neurones in the same area. In addition, we tested the
existence of presynaptic GABA autoreceptors on theB

inhibitory nerve terminals by examining the effect of
baclofen on the GABA receptor-mediated miniature in-A

hibitory postsynaptic currents. The results confirm the
existence of pre- and postsynaptic GABA responses inB

substantia nigra pars reticulata neurones. Furthermore, the
data indicate that postsynaptic GABA receptors are onlyB

weakly expressed, suggesting the dominance of presynap-
tic GABA receptors in mediating effects of GABAB B

receptor agonists and antagonists in substantia nigra pars
reticulata of young rats.

2. Materials and methods

2.1. In Õitro slice preparation

With approval of our Animal Research Ethics Commit-
tee, Sprague–Dawley rats aged 2 to 3 weeks were used for
the preparation of acute brain slices. The animals were

Ždeeply anaesthetized i.p. injection of 40 mgrkg of sodium
.pentobarbital and then sacrificed by decapitation. The

brains were rapidly removed and immediately placed in
ice-cold artificial cerebrospinal fluid of the following com-

Ž .position in mM : NaCl 125, KCl 2.0, MgSO 1.2, CaCl4 2

2.5, KH PO 1.2, glucose 11, and NaHCO 26, which was2 4 3

continuously bubbled with 95% O and 5% CO . Thin2 2
Ž .coronal slices 200–250 mm containing the substantia

nigra were sectioned using a vibrating microtome. The
Ž .slices were transferred to a small-volume 0.5 ml perfu-

sion chamber that was mounted on an upright microscope
Ž .Zeiss Axioskop . The slice was weighed down by a nylon
grid and was superfused with artificial cerebrospinal fluid
at a rate of 1.5–2 mlrmin. The artificial cerebrospinal
fluid was maintained at a temperature of 34"18C. Neu-
ronal somata and proximal dendrites of neurones were
directly visualized by a combination of differential inter-
ference contrast optics and contrast-enhanced infrared video
microscopy following the method described by Stuart et al.
Ž .1993 . The dorsal pars compacta of the substantia nigra
consisting a high density of large neurones could be easily
identified. Cells were selected in the ventral pars reticulata.

Ž .Medium- to large-sized neurones )20 mm in diameter
were selected since small neurones were considered as

Ž .local circuit neurones Juraska et al., 1977 .

2.2. Electrophysiological recording

Whole-cell patch-clamp recordings from substantia ni-
gra pars reticulata neurones were obtained using a patch-

Ž .clamp amplifier LMrPCA, List Medical . Whole cell
pipettes typically had a resistance of 4–6 MV when filled

Žwith an internal solution of the following composition in
.mM : K-gluconate 120; KCl 10; EGTA 1.0; MgCl 1.0;2

Na -ATP 2.0; HEPES 10. The pH was adjusted to 7.3 with2

KOH. To study the presynaptic action of baclofen on
GABA receptor-mediated synaptic currents, K-gluconateA

was replaced with KCl. The inclusion of 130 mM of KCl
in the recording pipettes reversed the polarity of GABAA

receptor-mediated currents from outward to inward and

Fig. 1. In voltage-clamp recording, baclofen induced reversible outward
currents in both GABA and dopamine neurones. In this example, the two
neurones were voltage-clamped at y55 mV. Bath application of baclofen
Ž .3, 10 and 30 mM induced outward currents in a dose-dependent
manner. This GABA neuron has an unusually big response to baclofen,
which shows more clearly the dose-dependency. However, for the same
concentration of baclofen, the outward current was still smaller than that

Ž .of the typical dopamine neurone. B Dose–response curves of baclofen-
induced outward currents in both types of neurone. Each neurone was
tested with one to three random noncumulative doses of baclofen with
washing periods in between. The number in the brackets denotes the
sample size. Significant differences in the magnitude of the peak outward
currents were found between the two types of neurones for all doses of

Ž .baclofen greater than 1 mM. )) P -0.01; ))) P -0.001 .
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enhanced their detection presumably by increasing the
driving force on the Cl ions. To study the postsynaptic
effect of baclofen, GTP was freshly dissolved in the

Ž .internal solution 0.5–1 mM . Monitoring through a televi-
sion connected to the camera, a pipette was placed on the
soma of a pars reticulata neurone and conventional whole-
cell recording was made. Normally no series resistance
compensation was applied but the cell was rejected if the

Ž .series resistance increased significantly )20% during
Ž . Žrecording. " -2-amino-5-phosphonopentanoic acid AP5,

. Ž20 mM and 6-cyano-7-nitroquinoxaline-2,3-dione CNQX,
.20 mM were included to eliminate glutamate-mediated

synaptic currents. The current signal was filtered at 3 or 5
Ž .kHz and was taped using a DAT recorder SONY modi-

fied for recording AC and DC signals at a sampling rate of
32 kHz. Pulsed protocols and voltage ramps were gener-

Ž .ated, and on- and off-line digitization 5 kHz were made
via the CED 1401 plus interface and the Patch and Voltage

Ž .Clamp software package Cambridge Electronics Design .
A number of neurones were intracellularly labelled by
including 1% of biocytin in the pipette solution. The slices
were resectioned and tested for tyrosine hydroxylase im-

Ž .munoreactivity as described before Yung et al., 1991 .

2.3. Analysis of synaptic currents

Computer files generated by the CED software contain-
ing information of synaptic currents were analysed by a

program developed in our laboratory. This program uses a
simple detection algorithm similar to that described in

Ž .detail by Vincent and Marty 1993 . Essentially, a synaptic
event is detected when the difference between the average
current values of two brief periods of time, separated by a
gap, exceeds a threshold. The duration of the two time
periods and the gap are adjustable. Once a synaptic current
is detected, information on the time of occurrence, peak
amplitude and kinetics are generated automatically. Other
functions of the program include fitting of the decay of a
synaptic current with a mono-exponential function, genera-
tion of histogram and cumulative probability distributions,
and statistical comparison of two cumulative probability
distributions using the Kolmogorov–Smirnov test. All de-
tected events with the computed parameters are allowed
visual inspection before acceptance.

2.4. Drugs and statistics

GTP was purchased from Sigma. All other drugs used
were obtained from Research Biochemicals International.
Ž ." -Baclofen was used for all experiments and will be
referred to as baclofen. Dose–response curves were fitted

Ž .to a sigmoidal function by SigmaPlot Jandel Scientific
and the EC estimated from the equation. Numerical data50

are expressed as mean"S.E.M. Kolmogorov–Smirnov
test was used to compare two distributions of synaptic
current interevent intervals or amplitudes using a probabil-

Ž . Ž .Fig. 2. Responses of a GABA neurone upper trace and a dopamine neurone lower trace to bath application of 10 mM of baclofen. The membrane
potentials of both neurones were hyperpolarized and the firing of the GABA neurone was inhibited. The hyperpolarizations in both neurones were

Žaccompanied by a decrease in the input resistance as indicated by the reduced voltage responses to 0.2 nA of hyperpolarizing current injections 150 ms in
.every 2 s . These responses were typical in that the magnitude of hyperpolarization and decrease in input resistance of the dopamine neurone were bigger

than that of the GABA neurone. Both neurones were current-clamped at y55 mV.
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Fig. 3. In this substantia nigra pars reticulata GABA neurone, the
Ž . Ž .response to a saturating concentration 30 mM of baclofen A was

Ž .reduced by 600 mM of 2-OH-saclofen B which was pre-incubated for 5
Ž .min. C The effect of 2-OH-saclofen was washed out. These results

suggest the involvement of GABA receptor in mediating the action ofB

baclofen. The neurone was held at y55 mV.

Ž .ity P threshold of 0.01. Otherwise Student’s t-test was
used using a P value of 0.05.

3. Results

3.1. Identification of GABA and dopamine neurones

It is known that substantia nigra pars reticulata contains
mainly GABA neurones but also some dopamine neurones

Ž .e.g., Yung et al., 1991 . The latter are generally believed
to be neurones displaced from the dorsal pars compacta. In
the present study, the distinction between dopamine and
non-dopamine, putative GABA neurones was based on the
well-documented electrophysiological characteristics of

Ždopamine cells Grace and Onn, 1989; Yung et al., 1991;
.Hausser et al., 1995 . Briefly, dopamine neurones were¨

characterized by a prominent sag of the membrane poten-
Ž . Žtial during a large )30 mV hyperpolarization average

.steady-state to peak ratios0.52"0.03, ns7 , broad ac-
Ž . Žtion potentials )3 ms and low firing rate at rest mean

. Ž .s2.7"0.8 Hz, ns7 . In fact, 12 out of 31 38.7%
dopamine neurones were silent. In contrast, presumed

ŽGABA neurones displayed a modest degree of sag aver-
.age steady-state to peak ratios0.88"0.02, ns16 , rela-

Ž .tively brief action potential -2.5 ms and substantially
Ž .higher firing frequency 8.2"1.0 Hz, ns6 . In agree-
Žment with previous reports Grace and Onn, 1989; Yung et

.al., 1991 , the former type of neurones always showed
positive reaction to immunostaining with antibodies against
tyrosine hydroxylase and could be retrogradely labelled by
microinjection of fluorescent microspheres into the stria-
tum. Presumed GABA neurones were consistently negative
in these tests. These data are not shown. The results
described in the present report were obtained from 91
putative GABA output neurones and from 36 dopamine
neurones.

3.2. Postsynaptic GABA receptors in pars reticulata neu-B

rones

Quantification of the postsynaptic effect of baclofen
was made in voltage-clamp recording, in which a small
outward current was activated in pars reticulata neurones

Ž .clamped at y55 mV Fig. 1A . The response was re-
versible within minutes when baclofen-free artificial cere-
brospinal fluid was reperfused. Since the expression of
currents mediated by postsynaptic GABA receptors hasB

Žbeen shown to be G-protein-dependent Thompson and
.Gahwiler, 1992; Sodickson and Bean, 1996 , GTP was¨

always included in the recording pipette. To demonstrate

Ž . ŽFig. 4. A Current–voltage relationship in the absence and presence of baclofen was determined by giving a voltage ramp from y140 mV to y40 mV,
. Ž .lasting 100 ms to the neurone. The resulting currents were each averaged from 20 traces. B The baclofen-induced current was obtained by subtraction of

Ž .the traces shown in A . In this cell, the reversal potential was y98 mV.
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ŽFig. 5. The small outward current activated by 30 mM baclofen upper
. 2qtrace in this neurone was reduced by preincubation of 1 mM of Ba in

Ž . 2qthe extracellular medium middle trace . Ba itself caused an apparent
inward current most likely due to blockade of some resting Kq-permea-
bility. The response to baclofen partially recovered when Ba2q was taken

Ž .away from the artificial cerebrospinal fluid lower trace . The neurone
was clamped at y55 mV.

that the weak expression of baclofen-activated current in
pars reticulata GABA neurones was not due to dilution of
other critical cytoplasmic components by the internal solu-

tion, the postsynaptic action of baclofen on dopamine
neurones in pars reticulata was also studied under identical
experimental conditions. It was found that dopamine neu-
rones expressed a more robust response to baclofen. Fig.
1B shows the concentration dependency of the effect of
baclofen. A total of 61 GABA and 34 dopamine neurones
were studied. The results reveal that the magnitude of the
outward current activated by baclofen was consistently
smaller in GABA neurones. For example, at 30 mM of
baclofen, the average outward current activated in GABA

Ž .neurones was 43.0"4.5 pA ns27 , significantly smaller
Žthan that of dopamine neurones 184.9"19.3 pA, ns14,

.P-0.001 . From the dose–response curve, the EC was50

estimated to be 4.5 mM for GABA neurones and 9.2 mM
for dopamine neurones.

In current-clamp recordings, application of baclofen
Ž .3–30 mM produced a dose-dependent and reversible
membrane hyperpolarization in pars reticulata neurones at

Žtheir resting membrane potentials 13 GABA neurones and
.10 dopamine neurones . Consistent with the voltage-clamp

data, the response of dopamine neurones to baclofen was
bigger than that of GABA neurones. Examples of the
responses of the two types of cells to 10 mM of baclofen
are shown in Fig. 2. Although baclofen at this concentra-
tion could typically inhibit the firing of GABA neurones,
the accompanying membrane hyperpolarization and de-
crease in input resistance were always small. In six GABA
cells, baclofen at 10 mM caused a 14.4"1.0% decrease in

Žinput resistance control: 445"67 MV; after baclofen:
.381"59 MV . On the other hand, the same concentration

Žof baclofen caused a 44.5"7.5% control: 328"38 MV;
.after baclofen: 182"28 MV decrease in the input resis-

tance in five dopamine neurones.
The outward current activated by baclofen was not

Žsensitive to preincubation with tetrodotoxin control: 54.1

Ž .Fig. 6. Miniature inhibitory postsynaptic currents were recorded in the presence of tetrodotoxin control , 10 mM baclofen, 30 mM baclofen and washout.
Baclofen dose-dependently reduced the frequency of the currents. The effect was reversible when baclofen was washed out. In this GABA neurone, the

Ž . Ž . Ž .membrane potential was clamped at y55 mV using a high chloride 130 mM electrode. AP5 20 mM and CNQX 20 mM were included in the artificial
cerebrospinal fluid throughout the experiment.
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."8.4 pA; tetrodotoxin: 47.0"9.2 pA, P)0.05, ns7
or with Ca2q-free artificial cerebrospinal fluid supple-

2q Žmented with 10 mM of Mg control: 46.0"11.0 pA;
2q .Ca -free: 42.8"12.6 pA, P)0.05, ns5 . These obser-

vations indicate that baclofen activated the outward current
by a direct postsynaptic action. That the response to ba-
clofen was mediated by GABA receptor was supportedB

by the antagonistic action of 2-OH-saclofen, a commonly
used GABA receptor antagonist. When preincubated forB

at least 3 min, 2-OH-saclofen reduced the current activated
Ž .by 30 mM of baclofen Fig. 3 . The mean values in the

Ž . Ž .absence 34.7"3.3 pA and presence 13.5"1.9 pA of
600 mM of 2-OH-saclofen were significantly different
Ž .P-0.001, ns6 . However, even at this high concentra-
tion, 2-OH-saclofen could not completely eliminate the
response to baclofen. In addition, 2-OH-saclofen when
applied alone sometimes activated a small but observable
outward current.

The involvement of Kq-channels in mediating the effect
of baclofen was studied by determining the reversal poten-
tial of the current and the effect of extracellular Ba2q. Fig.
4 shows the result of a typical experiment in which a
100-ms ramp pulse from y140 mV to y40 mV was
applied to a GABA neurone during control and application
of 30 mM of baclofen. The two current–voltage relation-
ships are plotted in Fig. 4A and the difference between the
two curves is plotted in Fig. 4B. Baclofen-activated current
exhibited a clear inward rectification. In this cell, the
reversal potential of the baclofen-activated current was
found to be y98 mV. The average value obtained from
five cells was y90.4"8.4 mV, which was close to the
calculated equilibrium potential of Kq. Fig. 5 shows the
result of an experiment in which the current activated by
30 mM of baclofen was significantly reduced by adding 1
mM Ba2q in the extracellular medium. In five cells tested,
the control response to baclofen was 32.7"3.7 pA. In the
presence of Ba2q, the current was reduced to 7.3"1.6 pA
Ž .P-0.001 .

3.3. Presynaptic GABA receptors in pars reticulataB

y Ž .When using Cl 130 mM as the major anion in the
internal solution, most of the GABA neurones displayed
spontaneous inward going synaptic currents in the pres-

Ž .ence of the glutamate receptor antagonists AP5 20 mM
Ž . Ž .and CNQX 20 mM . As reported before Ye et al., 1997 ,

these spontaneous postsynaptic currents were sensitive to a
low concentration of the GABA receptor antagonist bicu-A

Ž .culline 1 mM and reversed polarity at a potential close to
the equilibrium potential of Cl ion. Thus, they were re-
versed inhibitory postsynaptic currents. The frequencies
and average amplitudes of these spontaneous currents var-
ied widely from one cell to another. Many of them were
action potential dependent, as indicated by the effect of
adding 0.5 to 1 mM of tetrodotoxin which eliminated an

Žaverage of 61% of the events control: 3.82"0.84 Hz;

.tetrodotoxin: 1.50"0.24 Hz, ns25 . The remaining
synaptic currents are referred to as miniature inhibitory
postsynaptic currents and presumably represent basal,
quantal release of GABA from nerve terminals which
synapse on the GABA neurones.

Ž .When baclofen 1–30 mM was applied in the superfu-
sion medium, the frequency of occurrence of the miniature
inhibitory postsynaptic currents was quickly reduced. An
example is shown in Fig. 6 in which 10 and 30 mM of
baclofen strongly reduced the frequency of the inhibitory
postsynaptic currents of a pars reticulata neurone. This
effect was readily reversible when baclofen was taken out
Ž . Ž .Fig. 6 or when 2-OH-saclofen 400 to 600 mM was
applied in the presence of baclofen.

To analyse the effect of baclofen on the distribution of
the frequency and amplitudes of the miniature inhibitory
postsynaptic currents, histograms of the interevent inter-
vals and peak amplitudes were constructed. As illustrated

Ž .Fig. 7. A Histogram distributions of the interevent-intervals of the
miniature inhibitory postsynaptic currents in control, 10 mM baclofen, 30
mM baclofen and washout. Baclofen increased the frequency of occur-
rence of longer intervals thus distorting the shape of the distribution. The
number of events analysed were 215 for control, 84 for 10 mM baclofen,
62 for 30 mM baclofen and 200 for wash. The binwidth used was 160

Ž .ms. Intervals longer than 800 ms were not plotted. B On the other hand,
despite a decrease in the total number of events, the shape of distribution
of the amplitudes was not affected by baclofen. The bin width used was 4
pA. These effects of baclofen on the distributions were clearly reversible.
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Ž .Fig. 8. A Cumulative probability of interevent intervals using the same set of data shown in Fig. 7A. Baclofen at 10 and 30 mM shifted the trace to the
Žright indicating an increase in the mean interevent intervals. These distributions were significantly different from the control P-0.01, Kolmogorov–

. Ž . ŽSmirnov test . B The amplitudes in the presence of 10 and 30 mM baclofen did not show a large and consistent deviation from the control P)0.05,
. Ž . Ž .Kolmogorov–Smirnov test . C In another cell, 2-OH-saclofen 600 mM antagonized the effect of baclofen.

in Fig. 7A, 10 and 30 mM of baclofen reduced the total
number of miniature inhibitory postsynaptic currents oc-
curred in a period of time and therefore shifted the in-
terevent intervals to longer values. However, despite a
reduction in frequency, the distributions of the peak ampli-

Ž .tudes were unaffected Fig. 7B . Fig. 8A and B show the
cumulative probability distributions generated from the
same set of data shown in Fig. 7. The Kolmogorov–Smir-
nov test showed that there was no statistical difference
Ž .P)0.05 among the amplitude distributions but a signifi-

Ž .cant difference P-0.001 was found among the in-
terevent interval distributions. Out of 25 cells tested, statis-

Žtical differences between the frequency distributions P-
.0.01 were found in 22 cells treated with 1–30 mM of

baclofen. In contrast, statistical differences in the ampli-
tude distributions were found in seven cells only. The
amplitudes in four cells were increased but decreased in

the remaining three cells. The inhibitory effect of baclofen
on the synaptic current frequency was also antagonized by
2-OH-saclofen. A typical example is illustrated in Fig. 8C.
The shift in the interevent intervals towards longer value in
the presence of baclofen was reversed by 600 mM of
2-OH-saclofen. In a total of five cells tested, the mean
frequency of the miniature inhibitory postsynaptic currents
before application of baclofen was 1.13"0.20 Hz, which
was reduced by 30 mM of baclofen to 0.47"0.16 Hz
Ž .P-0.01 . 2-OH-saclofen at 600 mM restored the fre-

Žquency to 0.78"0.22 Hz P-0.05, compared to ba-
.clofen alone; P)0.1, compared to control .

In contrast to the postsynaptic effect of baclofen, the
ability of baclofen in reducing the frequency of miniature
inhibitory postsynaptic currents was clearly seen at con-
centrations as low as 1 mM, achieving an inhibition of

Ž .50.0"5.4% ns4 . Inhibition of the frequency of synap-

Ž . Ž .Fig. 9. Mean values obtained from 10 neurones with wash revealed that baclofen significantly reduced the frequency A but not the amplitude B of the
Ž .miniature inhibitory postsynaptic currents )) P-0.01, Student’s paired t-test . The responses to 10–30 mM of baclofen were pooled.
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Ž . 2qFig. 10. A Typical recordings showing that 1 mM of Ba did not affect the inhibitory action of baclofen on the miniature inhibitory postsynaptic
2q Ž .currents recorded in a pars reticulata neurone. In the presence of 1 mM of Ba , baclofen 30 mM still caused a significant and reversible decrease in the

Ž . 2q 2qfrequency. B Histogram distributions of the interevent intervals. The sampling periods were 170 s for control, 184 s for Ba , 222 s for Ba plus
baclofen and 144 s for wash. Note that in the presence of baclofen, a longer period was analysed to capture more events.

Ž . 2q Ž .Fig. 11. A In this set of typical recordings from a pars reticulata GABA neurone, Cd 200 mM caused a significant reduction in the number of
2q Ž .tetrodotoxin-resistant inhibitory postsynaptic currents. In the presence of Cd , a saturating concentration of baclofen 30 mM did not further reduce the

2q Ž .miniature inhibitory postsynaptic current frequency indicating that its effect was largely occluded by Cd . B Histogram distributions of the interevent
Ž . 2q 2qintervals in the corresponding test periods shown in A . The sampling periods were 104 s for control, 164 s for Cd and 166 s for Cd plus baclofen.
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tic currents at other concentrations of baclofen were: 56.0
Ž . Ž ."8.0% 3 mM, ns4 ; 62.6"4.9% 10 mM, ns5 ;

Ž .62.3"5.5% 30 mM, ns7 . Fig. 9 summarized the
presynaptic effect of baclofen on 10 pars reticulata GABA
neurones that were stable enough to allow the effect of
wash to be recorded. The effect of baclofen was clearly
selective on the frequency but not the amplitudes. The data
were pooled from results using 10 and 30 mM of baclofen,
as 10 mM of baclofen is already saturating.

To test the involvement of potassium and calcium chan-
nels in the presynaptic effect of baclofen, the effects of
Ba2q and Cd2q were also examined. It was found that 1
mM of Ba2q, which largely blocked the baclofen-activated
postsynaptic outward current, could not reverse the in-
hibitory action of baclofen on the miniature inhibitory

Žpostsynaptic current frequency control: 1.62"0.19 Hz;
baclofen: 0.72"0.16 Hz; plus Ba2q: 0.59"0.13 Hz,

. 2qns5 . Similarly, preincubation with 1 mM of Ba can-
Žnot prevent the inhibitory effect of baclofen control:

2.18"0.98 Hz; Ba2q: 1.64"0.62 Hz; plus baclofen:
. 2q0.78"0.55 Hz, ns5 . Ba itself did not have a consis-

tent and significant effect on the miniature inhibitory
Ž .postsynaptic current frequency P)0.05 while baclofen

Ž .still caused a significant reduction P-0.05 . An example
is shown in Fig. 10. On the other hand, in five other cells
tested, 200 mM of Cd2q itself reduced the synaptic current
frequency from 2.35"0.75 Hz to 0.99"0.20 Hz. In the
presence of Cd2q, baclofen at 30 mM reduced the fre-

Ž .quency to 0.75"0.20 Hz 19.9"13.9%; P)0.05 . A set
of typical data is shown in Fig. 11. In contrast, baclofen at
the same concentration alone in seven other cells caused a
62.3"5.5% inhibition in the frequency.

4. Discussion

4.1. Postsynaptic GABA receptors are weakly expressedB

in pars reticulata

Ž .Baclofen even at a saturating concentration G30 mM
can only activate a small outward current in substantia
nigra pars reticulata GABA neurones at their resting mem-
brane potentials. Nevertheless, the EC obtained in the50

Žpresent study 4.5 mM and 9.2 mM for GABA and
.dopamine neurones respectively is comparable to the value

of 3 mM reported in a recent study on dissociated hip-
Ž .pocampal CA3 neurones using the more active y -baclo-

Ž .fen Sodickson and Bean, 1996 . The properties of the
baclofen-activated postsynaptic current are also consistent

Žwith those reported in other brain areas Gahwiler and¨
Brown, 1985; Misgeld et al., 1995; Sodickson and Bean,

.1996 . On the other hand, dopamine neurones in pars
reticulata expressed a more robust response to baclofen. It
is possible that differences in the dialysis properties be-
tween the two types of cells may affect the relatively
availability of GTP and therefore underlie the apparent

differences in their responses to baclofen. Alternatively, a
simple explanation of the much weaker current in GABA
neurones is that fewer GABA receptors are expressed.B

This conclusion would suggest that, in the GABA neu-
rones of pars reticulata, fast postsynaptic GABA recep-A

tor-mediated inhibition plays a more important role than
that mediated by GABA receptors. The result is consis-B

tent with the observation that spontaneous and evoked
synaptic currents recorded in these cells are dominated by
the fast, GABA receptor-mediated inhibitory post-A

Žsynaptic currents Stanford and Lacey, 1996; Leung et al.,
.1996; Ye et al., 1997 .

4.2. Presynaptic GABA receptors dominate in pars retic-B

ulata

The presynaptic effect of baclofen is demonstrated by
its ability to selectively reduce the frequency of miniature
inhibitory postsynaptic currents without a major effect on
the distribution of the amplitudes. In contrast to the post-
synaptic action, this effect is prominent even at a concen-
tration of baclofen as low as 1 mM. The results are
therefore consistent with experiments on rat-brain slices
Ž . Ž .Floran et al., 1988 and synaptosomes Giralt et al., 1990
showing that the release of GABA from nerve terminals in
pars reticulata is sensitive to baclofen. Stanford and Lacey
Ž .1996 demonstrated that baclofen not only reduced the
magnitude of evoked inhibitory postsynaptic currents in
pars reticulata neurones but also reduced the amount of
paired-pulse depression. The latter action has generally
been accepted as an indication of a presynaptic origin, and
is believed to be a consequence of reduced transmitter

Ž .release Stuart and Redman, 1991 . However, the mecha-
nism of this phenomenon has not been further elucidated.
Our results therefore extend the above findings by directly
demonstrating that the basal release of GABA in pars
reticulata is also modulated by presynaptic GABA au-B

toreceptors.
The GABA inputs to the substantia nigra pars reticulata

neurones are heterogeneous. It is known that inhibitory
synaptic inputs originate not only from the striatum but

Ž .also from the globus pallidus Smith and Bolam, 1989 ,
Žneighbouring pars reticulata GABA neurones Rick and

. ŽLacey, 1994 and interneurones Nitsch and Riesenberg,
.1988 . Since it has been estimated that the striatonigral

terminals contributed about 80% of spontaneously released
Ž .GABA Lantin Le Boulch et al., 1991 , it is reasonable to

expect that a significant portion of the presynaptic GABA B

receptors are on these terminals. Thus, these receptors
could be important in controlling activity-dependent GABA
release, if any, from the striatonigral terminals.

Although an inhibitory effect of baclofen on
tetrodotoxin-resistant inhibitory postsynaptic currents has
been demonstrated in a number of cell types including

Žthalamic neurones Ulrich and Huguenard, 1996; Le Feu-
. Žvre et al., 1997 , cultured midbrain neurones Jarolimek
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.and Misgeld, 1992; Rohrbacher et al., 1997 and hip-
Žpocampal CA1 neurones Doze et al., 1995; Jarolimek and

.Misgeld, 1997 , the mechanism of this process is still
unsettled, and may vary from one synapse to another
ŽThompson and Gahwiler, 1992; Doze et al., 1995;¨

.Rohrbacher et al., 1997 . In the present study, the lack of
effect of Ba2q on the action of baclofen indicates that
opening of Kq-channels is not involved. On the other
hand, in the presence of Cd2q, the inhibitory effect of
baclofen was largely occluded. Under this condition, ba-
clofen could only reduce the frequency of the miniature
inhibitory postsynaptic currents by 20%, much less than
the 62% inhibition when baclofen was used alone. Thus,
the data suggest that baclofen reduces the frequency of
these synaptic currents by inhibition of Cd2q-sensitive
Ca2q-channels. Inhibition on the release process down-
stream of Ca2q-influx may play a minor role only. Since
the basal release of GABA was reduced significantly by
Cd2q itself and not Ba2q, we conclude that the miniature
inhibitory postsynaptic currents recorded were to a large
extent dependent on resting Ca2q-influx and that baclofen
reduced them by mainly inhibiting this process. This
mechanism may also contribute to the presynaptic effect of
baclofen on evoked and spontaneous, action potential-de-
pendent inhibitory postsynaptic currents observed by Stan-

Ž .ford and Lacey 1996 . The pars reticulata neurones are
Ždifferent from the midbrain cultured neurones Rohrbacher

.et al., 1997 and neurones in the thalamic sensory nuclei
Ž .Le Feuvre et al., 1997 in which the inhibitory effects of
baclofen on tetrodotoxin-resistant currents are mainly due
to inhibition of a mechanism downstream of Ca2q-influx.
This situation is also in contrast to the result shown by

Ž .Doze et al. 1995 in hippocampal CA1 neurones that a
Cd2q-sensitive mechanism was observed only after facili-
tation of miniature inhibitory postsynaptic currents by
raising the extracellular concentration of Kq. Nevertheless,
the data are consistent with the notion that the effect of
baclofen is stronger when Ca2q influx contributes to the

Ž .release of transmitter Misgeld et al., 1995 .

4.3. Relation to GABA binding sites and epileptic seizuresB

Previous studies by autoradiographic techniques
Ž .Bowery et al., 1987; Chu et al., 1990 have shown that
binding sites for baclofen in substantia nigra pars reticulata
are always higher in density than that in the pars compacta.
However, a recent study on the cloning of GABA recep-B

Ž .tor Kaupmann et al., 1997 showed that GABA receptorB

mRNA is highly expressed in the pars compacta and much
less so in pars reticulata. These data suggest that the
GABA binding sites in pars reticulata may originate fromB

postsynaptic GABA receptors located on the dendrites ofB

the pars compacta dopamine cells or from presynaptic
GABA receptors on nerve terminals projecting fromB

other brain areas. The present finding that the GABA

neurones expressed only a weak postsynaptic GABA B

response is consistent with these scenarios.
It is well known that inhibitory synaptic inputs are the

major factor in controlling the activities of substantia nigra
pars reticulata neurones. Since a saturating concentration
of baclofen can only produce a weak postsynaptic current

Ž .in these neurones while a low concentration -3 mM
already reduces the frequency of the miniature inhibitory
postsynaptic currents by half, the present study suggests
that the presynaptic receptors may be the major subtype of
GABA receptors mediating the anti-convulsant effect ofB

baclofen in young rats. However, it is obvious that in order
to better define the role of GABA receptors in epilepticB

seizures, the expression of both pre- and postsynaptic
GABA receptors in different ages need to be examined.B

Acknowledgements

The authors wish to thank Dr. G.L. Ye for her excellent
technical assistance. W.H. Yung also wishes to thank Prof.
B. Sakmann and Dr. M. Hausser for allowing him to learn¨
the slice–patching technique in their laboratory. This work
was supported by grants awarded to W.H.Yung by the

ŽResearch Grants Council of Hong Kong CUHK 227r94M
.and CUHK 4234r97M .

References

Bowery, N.G., Hudson, A.L., Price, G.W., 1987. GABA and GABAA B

receptor site distribution in the rat central nervous system. Neuro-
science 20, 365–383.

Chevalier, G., Deniau, J.M., 1990. Disinhibition as a basic process in the
expression of striatal functions. Trends Neurosci. 13, 277–281.

Chu, D.C.M., Albin, R.L., Young, A.B., Penny, J.B., 1990. Distribution
and kinetics of GABA binding sites in rat central nervous system: aB

quantitative autoradiographic study. Neuroscience 34, 341–357.
Depaulis, A., Vergnes, M., Marescaux, C., 1994. Endogenous control of

epilepsy: the nigral inhibitory system. Prog. Neurobiol. 42, 33–52.
Doze, V.A., Cohen, G.A., Madison, D.V., 1995. Calcium channel in-

volvement in GABA receptor-mediated inhibition of GABA releaseB

in area CA1 of the rat hippocampus. J. Neurophysiol. 74, 43–53.
Floran, B., Silva, I., Nava, C., Aceves, J., 1988. Presynaptic modulation

of the release of GABA by GABA receptors in pars compacta andA

by GABA receptors in pars reticulata of the rat substantia nigra.B

Eur. J. Pharmacol. 150, 277–286.
Gahwiler, B.H., Brown, D.A., 1985. GABA -receptor-activated Kq¨ B

current in voltage-clamped CA pyramidal cultures. Proc. Natl. Acad.3

Sci. USA 82, 1558–1562.
Gale, K., 1989. GABA in epilepsy: the pharmacologic basis. Epilepsia 30

Ž .Suppl. 3 , S1–S11.
Garrant, D., Sperber, E., Moshe, S.L., 1992. The density of GABA´ B

binding sites in the substantia nigra is greater in rat pups than in
adults. Eur. J. Pharmacol. 214, 75–78.

Giralt, M.T., Bonanno, G.B., Raiteri, M., 1990. GABA terminal autore-
ceptors in pars compacta and in pars reticulata of the rat substantia
nigra are GABA . Eur. J. Pharmacol. 175, 137–144.B

Grace, A.A., Bunney, B.S., 1979. Paradoxical GABA excitation of nigral
dopaminergic cells: indirect mediation through reticulata inhibitory
neurons. Eur. J. Pharmacol. 59, 211–218.



( )P.K.Y. Chan et al.rEuropean Journal of Pharmacology 349 1998 187–197 197

Grace, A.A., Onn, S.P., 1989. Morphology and electrophysiological
properties of immunocytochemically identified rat dopamine neurons
recorded in vitro. J. Neurosci. 9, 3463–3481.

Hausser, M., Stuart, G., Racca, C., Sakmann, B., 1995. Axonal initiation¨
and active dendritic propagation of action potentials in substantia
nigra neurons. Neuron 15, 637–647.

Jarolimek, W., Misgeld, U., 1992. On the inhibitory actions of baclofen
and g-aminobutyric acid in rat ventral midbrain culture. J. Physiol.
451, 419–443.

Jarolimek, W., Misgeld, U., 1997. GABA receptor-mediated inhibitionB

of tetrodotoxin-resistant GABA release in rodent hippocampal CA1
pyramidal cells. J. Neurosci. 17, 1025–1032.

Juraska, J.M., Wilson, C.J., Groves, P.M., 1977. The substantia nigra of
the rat: a Golgi study. J. Comp. Neurol. 172, 585–600.

Kaakkola, S., 1980. Circling behaviour induced by intranigral injection of
baclofen in rats. Arch. Int. Pharmacodyn. Ther. 244, 113–122.

Kaupmann, K., Huggel, K., Heid, J., Flor, P.J., Bischoff, S., Mickel, S.J.,
McMaster, G., Angst, C., Bittiger, H., Froestl, W., Bettler, B., 1997.
Expression cloning of GABA receptors uncovers similarity toB

metabotropic glutamate receptors. Nature 386, 239–246.
Lantin Le Boulch, N., Truong-Ngoc, N.A., Gauchy, C., Besson, M.J.,

w3 x1991. In vivo release of newly synthesized H GABA in the substan-
tia nigra of the rat: relative contribution of GABA striato–pallido–
nigral afferents and nigral GABA neurons. Brain Res. 559, 200–210.

Le Feuvre, Y., Fricker, D., Leresche, N., 1997. GABA receptor-media-A

ted mIPSCs in rat thalamic sensory nuclei: patterns of discharge and
tonic modulation by GABA autoreceptors. J. Physiol. 502, 91–104.B

Leung, C.K.S., Ye, G.L., Yung, W.H., 1996. Effect of diazoxide on
evoked inhibitory post-synaptic currents of rat substantia nigra pars
reticulata neurones. J. Physiol. 495, 68.

Marksteiner, J., Lassnig, E., Humpel, C., Sieghart, W., Kaufmann, W.,
Saria, A., 1995. Distribution of GABA receptor alpha 1 subunit-likeA

immunoreactivity in comparison with that of enkephalin and sub-
stance P in the rat forebrain. Synapse 20, 165–174.

Martin, G.E., Papp, N.L., Bacino, C.B., 1978. Contralateral turning
evoked by the intranigral microinjection of muscimol and other
GABA agonists. Brain Res. 155, 297–312.

Misgeld, U., Bijak, M., Jarolimek, W., 1995. A physiological role for
GABA receptors and the effects of baclofen in the mammalianB

central nervous system. Prog. Neurobiol. 46, 423–462.
Nitsch, C., Riesenberg, R., 1988. Immunocytochemical demonstration of

GABAergic synaptic connections in the rat substantia nigra after
different lesions of the striatonigral projection. Brain Res. 461, 127–
142.

Ottersen, O.P., Storm-Mathisen, J., 1984. Neurons containing or accumu-
lating transmitter amino acids. In: A. Bjorklund, T. Hokfelt, M. J.¨ ¨

Ž .Kuhar Eds. , Handbook of Chemical Neuroanatomy, Vol. 3. Elsevier,
Amsterdam, 1984, pp. 141–246.

Parent, A., Hazrati, L.-N., 1995. Functional anatomy of the basal ganglia:
I. The cortico-basal ganglia–thalamo–cortical loop. Brain Res. Rev.
20, 91–127.

Reisine, T.D., Nagy, J.I., Beaumont, K., Fibiger, H.C., Yamamura, H.I.,

1979. The localization of receptor binding sites in the substantia nigra
and striatum of the rat. Brain Res. 177, 241–252.

Rick, C.E., Lacey, M.G., 1994. Rat substantia nigra pars reticulata
neurones are tonically inhibited via GABA , but not GABA recep-A B

tors in vitro. Brain Res. 659, 133–137.
Rohrbacher, J., Jarolimek, W., Lewen, A., Misgeld, U., 1997. GABA B

receptor-mediated inhibition of spontaneous inhibitory synaptic cur-
rents in rat midbrain culture. J. Physiol. 500, 739–749.

Sakamoto, M., Hikosaka, O., 1989. Eye movements induced by micro-
injection of GABA agonist in the rat substantia nigra pars reticulata.
Neurosci. Res. 6, 216–233.

Smith, Y., Bolam, J.P., 1989. Neurons of the substantia nigra reticulata
receive a dense GABA-containing input from the globus pallidus in
the rat. Brain Res. 493, 160–167.

Sodickson, D.L., Bean, B.P., 1996. GABA receptor-activated inwardlyB

rectifying potassium current in dissociated hippocampal CA3 neurons.
J. Neurosci. 16, 6374–6385.

Sperber, E.F., Wurpel, J.N.D., Moshe, S.L., 1989. Evidence for the´
involvement of nigral GABA receptors in seizures of rat pups. Dev.B

Brain Res. 47, 143–146.
Stanford, I.M., Lacey, M.G., 1996. Differential actions of serotonin,

mediated by 5-HT and 5-HT receptors, on GABA-mediated1B 2C

synaptic input to rat substantia nigra pars reticulata neurons in vitro. J.
Neurosci. 16, 7566–7573.

Stuart, G.J., Redman, S.J., 1991. Mechanisms of presynaptic inhibition
studied using paired-pulse facilitation. Neurosci. Lett. 126, 179–183.

Stuart, G.J., Dodt, H.-U., Sakmann, B., 1993. Patch-clamp recordings
from the soma and dendrites of neurons in brain slices using infrared
video microscopy. Pflug. Arch. Eur. J. Physiol. 423, 511–518.

Thompson, S.M., Gahwiler, B.H., 1992. Comparison of the actions of¨
baclofen at pre- and postsynaptic receptors in the rat hippocampus in
vitro. J. Physiol. 451, 329–345.

Ulrich, D., Huguenard, J.R., 1996. GABA receptor-mediated responsesB

in GABAergic projection neurones of rat nucleus reticularis thalami
in vitro. J. Physiol. 493, 845–854.

Vincent, P., Marty, A., 1993. Neighboring cerebeller Purkinje cells
communicate via retrograde inhibition of common presynaptic in-
terneurons. Neuron 11, 885–893.

Waddington, J.L., 1977. GABA-like properties of flurazepam and ba-
clofen suggested by rotational behaviour following unilateral intrani-
gral injection: a comparison with the GABA agonist muscimol. Br. J.
Pharmacol. 60, 263P–264P.

Wurpel, J.N., Tempel, A., Sperber, E.F., Moshe, S.L., 1988. Age-related´
changes of muscimol binding in the substantia nigra. Brain Res. 471,
305–308.

Ye, G.L., Leung, C.K.S., Yung, W.H., 1997. Pre-synaptic effect of the
ATP-sensitive potassium channel opener diazoxide on rat substantia
nigra pars reticulata neurons. Brain Res. 753, 1–7.

Yung, W.H., Hausser, M.A., Jack, J.J.B., 1991. Electrophysiology of¨
dopaminergic and non-dopaminergic neurones of the guinea-pig sub-
stantia nigra pars compacta in vitro. J. Physiol. 436, 643–668.


