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AUGMENTATION BY CHLORDIAZEPOXIDE OF THE INHIBITORY
EFFECTS OF TAURINE, f-ALANINE AND y-AMINOBUTYRIC ACID ON

SPIKE DISCHARGES IN GUINEA-PIG CEREBELLAR SLICES

KOICHI OKAMOTO & YUTAKA SAKAI

Department of Pharmacology, National Defense Medical College, Tokorozawa, Saitama, Japan

1 Chlordiazepoxide (Cdp, 1 to 100 gM) enhanced the inhibitory action of externally applied y-amino-
butyric acid (GABA) upon spontaneous spike discharges in guinea-pig cerebellar slices; the actions
of externally applied ,B-alanine and taurine, but not externally applied glycine, were also enhanced
by Cdp.
2 It was suggested that Cdp might exert its action by enhancing the increase of membrane permea-
bility to K+ induced by the amino acid, but not to Cl-.
3 Cdp (5 to 100 jtM) reversed the antagonism of picrotoxin to the inhibitory action of externally
applied GABA and also the antagonism of strychnine to the actions of externally applied P-alanine
and taurine.
4 The inhibition of the spontaneous spike discharges of Purkinje cells, evoked by electrical stimu-
lation of the slice, was also enhanced by Cdp (10 to 100 pM).
5 The blocking action of picrotoxin (10 or 20 gM) on the stimulus-evoked inhibition of spike
discharges was reversed by Cdp (10 gM).
6 In a similar manner, strychnine (10 or 20 pM) was also found to block the stimulus-evoked
inhibition of spike discharges. It is suggested that in the cerebellum strychnine-sensitive amino acid(s)
may be involved in synaptic transmission. Strychnine blockade was also reversed by Cdp (10 gM).

Introduction

Recent investigations suggest that augmentation of
pre- and postsynaptic responses of (y-aminobutyric
acid) GABA-ergic neurones is the most consistent
action of the benzodiazepines (Polc, Mohler &
Haefely, 1974; Haefely, Kulcsar, Mohler, Pieri, Polc
& Schaffner, 1975; Costa, Guidotti, Mao & Suria,
1975; Dray & Straughan, 1976; Kozhechkin &
Ostrovskaya, 1977; Choi, Farb & Fischbach, 1977;
Macdonald & Barker, 1978). A possible effect of the
benzodiazepines on postsynaptic glycine receptors
(Young, Zukin & Snyder, 1974) has not been sup-
ported by physiological studies (Dray & Straughan,
1976; Curtis, Game & Lodge, 1976; Choi et al., 1977;
Macdonald & Barker, 1978). It has also been demon-
strated that the benzodiazepines may bind with
specific receptors on synaptosomal membrane pre-
-pared from the brain of the rat (Squires & Braestrup,
1977), the mouse (Chang & Snyder, 1978) and human
(Braestrup, Albrechtsen & Squires, 1977). Specific in-
teraction between GABA and benzodiazepines bind-
ing sites on the membrane prepared from rat cerebral
cortex has also been reported (Tallman, Thomas &
Gallager, 1978).
Spontaneous spike discharge frequency in guinea-

pig cerebellar slices can be suppressed in a dose-
dependent manner by several putative neurotrans-

mitter amino acids such as GABA, glycine, f-alanine
and taurine (Okamoto & Quastel, 1973; 1976; Oka-
moto, Quastel & Quastel, 1976). We have studied the
effects of chlordiazepoxide (Cdp) on the actions of
these amino acids upon spike discharge frequency in
the cerebellar slices. The effects of Cdp on the actions
of amino acids other than GABA and glycine were
of particular interest in this study. An attempt was
made to investigate the ionic mechanisms which
mediate the action of Cdp. The effect of Cdp on the
antagonistic effects of picrotoxin and strychnine were
also investigated. Finally in order to demonstrate that
the effect of Cdp on the action of bath-applied amino
acids might be concerned with synaptic events, the
effects of Cdp on electrically-evoked inhibition of
spontaneous firing were also investigated.

Methods

Preparation of cerebellar slices

The guinea-pig was killed by stunning, and a slice
(20 to 25 mg, 0.3 mm thick) was prepared, with a
Stadie-Riggs tissue slicer, from the isolated cerebel-
lum. Sections cut perpendicular to the pial surface
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were used for experiments in which the spontaneous
discharge was recorded. Sections cut parallel to the
pial surface were used for experiments in which the
inhibition of the spontaneous discharge was evoked
by electrical stimulation. The slice was placed on a
nylon mesh in the superfusion chamber which was
kept at 37°C by a water jacket, and superfused with
control medium at 37°C for at least 15 min before
the first penetration with an electrode. The level of
superfusing medium was maintained just deep enough
to cover the upper surface of the slice.

Solutions and their application to the slice

All solutions were applied to the slice by superfusion
through a glass capillary placed just above the surface
of the slice and as close as possible (approx. 0.5 mm)
to a recording electrode. The flow of superfusion
medium was controlled by the tip size of the capillary
so as to give a constant rate of about 1 ml/min.
Details of the superfusion system have been described
previously (Cooke & Quastel, 1973; Okamoto &
Quastel, 1973; 1976).
The control medium consisted of (mM): NaCl 125,

KCI 5, CaCl2 2, MgCl2 1, NaH2PO4 1, NaHCO3
24 and glucose 11, pH. 7.4.
As solutions at pH 7.4 which had the same compo-

sition as the control medium and contained 10 to
100 gM Cdp were found to become turbid on standing
in reservoirs at 37°C for 2 to 3 h, the pH of the
solutions used was adjusted to 4.0 by addition of HC1.
Although no obvious deterioration of electrical ac-
tivity of the slice occurred for at least 2 to 3 h during
continuous exposure to solutions at pH 4.0, the slice
was routinely superfused with control medium (pH
7.4) in between applications of solutions at pH 4.0.
The low[CI-] (4 mM) medium (pH 4.0) was pre-

pared by replacement of NaCl by Na2SO4, KCI by
K2SO4 and MgCl2 by MgSO4, the CaCl2 (2 mM)
was not replaced; the pH was adjusted by H2SO4
instead of HCI. The potassium-free medium (pH 4.0)
was prepared by replacement of KCI by NaCl. All
solutions to be tested were kept at 37°C and con-
tinuously bubbled with 95% 02 and 5% CO2 in reser-
voirs surrounded by a water jacket.

Recording of spontaneous spike discharge frequency

Spontaneous spikes were obtained from the slice, cut
perpendicular to the cerebellar pial surface, with an
extracellular glass microelectrode (2 to 3 MR, filled
with 2.5 M NaCI) placed in the molecular layer, 300
to 350 gM from the pial surface of the slice.
Only cells that displayed steady continuous dis-

charges (20 to 100 spikes/s) of relatively large spikes
(21 mV) were used. All cells consistently responded
to all amino acids tested. The cells were considered

to be Purkinje cells on the basis described previously
(Okamoto & Quastel, 1976; Okamoto et al., 1976).

Discharge frequencies of spikes (spikes/s) were
counted by a pulse counter, and the instantaneous
spike frequency was recorded simultaneously on an
ink-writer oscillograph (Model RJG-3002, Nihon
Kohden, Tokyo) and a digital printer. The values
obtained during the period of greatest inhibition were
used for calculation of the percentage inhibition of
the spike discharge (see Okamoto & Quastel, 1976).

Recording of peristimulus histograms of spike dis-
charges
The slice cut parallel to the pial surface was mounted
in the superfusion chamber with its pial surface facing
upward, and was superfused with solutions containing
substances to be tested in a manner similar to that
described above. Electrical stimuli (5 to 7 V square
pulses, 0.1 ms duration, 2/s) were applied to the slice
through bipolar silver-wire electrodes placed off-beam
to the recording electrode on the pial surface of the
slice (Eccles, Ito & Szentagothai, 1967). A data pro-
cessor (Model ATAC-350, Nihon Kohden, Tokyo)
was used to obtain peristimulus histograms. The
number of spikes which occurred in each 200 js bin
during a period of 50 to 80 ms was cumulated for
100 sweeps. The resultant histogram was displayed
on the oscilloscope and later reproduced on an X-Y
recorder. Stimulus artifacts were made as small as
possible by the use of a reference electrode placed
in the solution close to the recording electrode, and
eliminated from the final record by means of a
window discriminator.

Dose-response curves

The dose-response curves which gave the best fit to
observed data were obtained in a manner similar to
that described in detail in previous papers (Okamoto
& Quastel, 1976; 1977). In short, the theoretical dose-
response curve was derived from the following equa-
tion (1).

P = Pnax/{I + (K/[A])"} (1)
where p is the percentage inhibition of spike discharge
frequency induced by the amino acid, K is the con-
centration of the amino acid, [A], giving 50% of the
maximum inhibition (p..) which is 100, and n is the
estimate of the number of molecules of the amino
acid thought to combine with a single receptor site.

Materials

All amino acids and drugs used were purchased from
Yako Pure Chemical Industries Ltd., Tokyo. Chlor-
diazepoxide was kindly donated by Dr T. Kamioka
of The Biology Department of The Central Research
Laboratories of Sankyo Co. Ltd., Tokyo.
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Figure 1 Log dose-response curves for the inhibitory action of amino acids on spontaneous spike discharge
frequency in the presence and absence of chlordiazepoxide (Cdp). (a) y-Aminobutyric acid; (b) ,B-alanine; (c)
taurine and (d) glycine. Ordinate scales: percentage inhibition of discharge frequency induced by the amino
acid. Abscissa scales: amino acid concentration in mM(-log0scale). (e) Values obtained in pH 7.4 medium in
the absence of Cdp; (0) values obtained in pH 4.0 medium in the absence of Cdp; (0) values obtained in
pH 4.0 medium in the presence of 10 gM Cdp. The mean values were obtained from 7 to 12 cells in several
slices. Vertical bars show the s.e. mean. All lines are theoretical curves calculated using equation (1) and gave
the best fit to the observed values. Concentrations of amino acids that gave 50% inhibition (ED50) are given
beside each curve. The number given in parentheses is n (equation 1); the number of amino acid molecules
thought to combine with a single receptor site.

Results

Effects of chlordiazepoxide upon the inhibitory action
of GABA, P-alanine, taurine and glycine on spon-
taneous spike discharges

When the pH of the superfusing medium was changed
from 7.4 to 4.0, there usually occurred a slow rise
in spike discharge frequency, which started approxi-

mately 30 s after the change and reached a plateau
within 1 min. The final frequency of the discharge
was 30 to 40% higher than the original discharge fre-
quency in the medium at pH 7.4. At pH 4.0, however,
spike size and discharge pattern were similar to those
at pH 7.4 once a steady frequency had been attained.
When the medium at pH 4.0 containing 10 (SM Cdp

(no amino acid present) was applied to the slice after
equilibrating with the medium at pH 4.0 for at least
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Figure 2 Effect of chlordiazepoxide (Cdp, 1 to 100 gM)
on the inhibitory action of y-aminobutyric acid
(GABA), ,B-alanine, taurine and glycine (fixed doses).
Ordinate scale: percentage inhibition of discharge fre-
quency induced by the amino acid. Abscissa scale: con-
centration of Cdp in gM (-loge scale). Effects of 0.01
mM GABA (0), of 0.15 mm fi-alanine (U), of 0.4 mm
taurine (A) and of 0.2 mm glycine (0), in the presence
of 1 to 100 gM Cdp. Values plotted are the means from
7 to 9 cells obtained in different slices. Vertical bars
show the s.e. of the mean. Experiments were carried
out in the medium at pH 4.0.

3 min, no noticeable change occured in the frequency
and the pattern of spike discharges.
However, the inhibitory actions of the amino acids

on the spontaneous spike discharge frequency was
found to be affected by the change in the pH of the
medium to 4.0. Figure 1 shows how the log dose-
response curve for GABA was shifted to the left along
the abscissa with slight flattening (Figure la); the
curve for ,B-alanine was slightly shifted to the left
(Figure lb); that for taurine was also shifted to the
left with a slight increase of the slope (Figure lc),
and that for glycine was shifted to the right without
a change in the slope (Figure Id). Although the
potency of the amino acids was affected by the change
in pH, the slopes of the dose-response curves were
virtually unaltered (Figure 1).
The log dose-response curves for the inhibitory

actions of GABA, 13-alanine and taurine obtained at
pH 4.0 were shified to the left by the addition of
10 gM Cdp to the medium as shown in Figure la,

b and c respectively, whereas no displacement was
observed of that for glycine (Figure Id). K for GABA

was decreased from 47 gM to 16 gM, indicating an
enhancement of the inhibitory action of GABA. Only
a slight change in n from 2.1 to 1.6 occurred
(Figure la). A similar shift was observed with
fl-alanine, where K decreased from 0.30 mm to 0.17
mM and n was unchanged (Figure lb). In the case
of taurine, a shift of the curve to the left (K decreased
from 0.80 mm to 0.50 mM) was accompanied by the
steepening of the slope (n increased from 2.6 to 5.3)
(Figure lc).
As shown in Figure 2 the effect of Cdp at higher

concentrations (I to 100 gM) on the inhibitory actions
of GABA, ,B-alanine and taurine was invariably an
enhancement. No antagonistic actions were observed
at the concentrations of Cdp tested (Giihwiler, 1976;
Steiner & Felix, 1976; Nistri & Constanti, 1978; Mac-
donald & Barker, 1978).

Effects of chlordiazepoxide on actions of other sub-
stances

The excitatory actions of L- and D-glutamates,
L-aspartate, acetylcholine and high (10 to 20 mM)
external K+ on the spontaneous spike discharges
(Okamoto & Quastel, 1973) were unaffected by Cdp
(10 to 50 gM).
The inhibitory action of L-glutamate (0.05 to 10

mM) on the spike discharges of unidentified cells
which may be located in the granule layer of the cere-
bellar slice (Yamamoto, Yamashita & Chujo, 1976)
was also unaffected by the presence of Cdp (10 to
50 gM).

Ionic dependence of the augmenting action of chlordia-
zepoxide on the inhibition evoked by GABA

The ionic mechanism which may underly the augmen-
tation by Cdp of the inhibitory effect of GABA was
studied in a low[ClP] and K+-free media. As de-
scribed in the previous paper (Okamoto et al., 1976),
the inhibitory actions of GABA, glycine, ,B-alanine
and taurine might be exerted via an increase of neur-
onal membrane permeability to Cl- (Pci-) and prob-
ably to K+ (PK+) It was thus conceivable that Cdp
could act by enhancing the increase of either one or
both of these changes in ionic permeability.

Superfusion of the slice (after equilibration with the
medium at pH 4.0) with low[Cl-] (4 mM), and
high[SO'2] (66 mM) medium considerably lowered
the plateau level of spontaneous spike discharge fre-
quency after an initial 3 min period of complete sup-
pression of the discharge. GABA applied to the slice
under these conditions consistently evoked an ex-
tremely rapid increase in the spike discharges as
shown in Figure 3a and c. This excitatory action of
GABA was reproducible for at least 30 min and was
sensitive to picrotoxin, in a manner similar to that
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Figure 3 The effect of chlordiazepoxide (Cdp) on the excitatory action of y-aminobutyric acid (GABA) in the
low[Cl-], high[SO'2] medium and on the inhibitory action of GABA in the control and K+-free media. Vertical
scale: the number of spikes per s. Horizontal scale: time, 60 s. Horizontal bars: the periods of application
of GABA and Cdp. (a to c) The effects of 0.5 mm GABA in the low[CI-] (4 mM), high[SO'2] (66 mM) medium
in the absence of Cdp (a and c) and in the presence of 10 pm Cdp (b); the record (c) was obtained about
2 min after (b). Records (a to c) were obtained from a single cell after equilibrating the slice with the low[Cl]
medium for 3 min. (d to g) Show the K+-dependency of the action of Cdp and GABA: (d) the effects of
0.02 mM GABA in the control (5K+) medium; (e) in the K+-free (OK') medium, and (f) the effects of 0.02
mM GABA and 10 gM Cdp in the 5K+ medium; (g) in the OK' medium. Records (d to g) were obtained
from a single cell, and records (e and g) were obtained after equilibrating the slice with the OK+ medium
for 3 min. Experiments were carried out in media at pH 4.0.

observed in solutions at pH 7.4 (Okamoto et al.,
1976). The excitatory action of GABA is most prob-
ably due to a reversal of the direction of Cl- flow
which leads to the efflux of Cl- and a depolarization
of the neuronal membrane (see Okamoto et al., 1976).
However, the presence of Cdp (10 jiM) had no effect
on the excitation evoked by GABA. A typical
example from observations made on 10 different cells
is shown in Figure 3b. We therefore tentatively sug-
gest that the enhancement by Cdp of GABA-evoked
responses is not due to an enhancement of the in-
crease in Pcl - by the amino acid.

Earlier it was found (Okamoto et al., 1976) that
the removal of K+ from the superfusion medium

enhanced the inhibitory actions of GABA, glycine,
P-alanine and taurine at pH 7.4, and also diminished
the excitatory actions of these amino acids in a
low[CI-] medium (pH 7.4). These results indicate
that the amino acids also increase membrane per-
meability to K+ (PK +).

Figure 3d and e shows that the inhibitory action
of GABA is also enhanced by the absence of K+ in
the medium at pH 4.0; in 8 cells the enhancement
was 172 + 15% (mean + s.e. mean) (Figure 3d and e).
In the K+-free medium the addition of 10 jiM Cdp
caused a further and significant increase in the action
of GABA 221 + 15% (n = 7) (Figures 3f and g). This
suggests that the enhancing action of Cdp on the
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Reversal by chlordiazepoxide of the c
actions of picrotoxin and strychnine

In view of the findings that the benz(
reverse the antagonism by convulsants,
and bicuculline, of the depolarizing action
in the rat sympathetic superior cervical
vitro and in rat brain stem neurones in vii
& Dray, 1976; 1978), the action of Cdp on

and strychnine-induced blockade of the
amino acids in the cerebellum in vitro M
gated. As shown in Figure 4, the antagoni~
of both picrotoxin (10 gM) and strychni

were diminished, in a dose-dependent manner, by the
presence of Cdp (5 to 100 gM). Although the reversal
of strychnine blockade by Cdp has not been reported
previously, no apparent difference was observed in
the potency of Cdp as an antagonist of the actions
of picrotoxin and strychnine.

Effects of chlordiazepoxide and convulsants on stimu-
lus-evoked inhibition

In order to examine the effects of Cdp and convul-
sants on synaptically-evoked inhibition of spike dis-
charges, off-beam electrical stimulation was applied
to the pial surface of the slice (cut parallel to pial

lI surface) (Eccles et al., 1967).

50 100 Effect of chlordiazepoxide The inhibition of spike
discharges evoked by the electrical stimulation was
prolonged by the presence of 10 to 100 gM Cdp either
in the medium at pH 4.0 (Figure Si and k; 5o and

dp) ol piC- q) or in the medium at pH 7.4 (Figure 5c to f).
f y-amino- Records (Figure Sb to f) were obtained in the control

lnate scale: medium at pH 7.4 immediately after a 3 min period
cy induced of superfusion with the media at pH 4.0 containing
ion of Cdp 0 to 100 gM Cdp.
sof 0.1 mm
im picro- Effect of picrotoxin Picrotoxin (10 gtM) shortened the

4 Cdp (0). inhibition evoked by electrical stimulation either at
,nine alone pH 7.4 (Figure Sg and h) or pH 4.0 (Figure 5i and
ie together j), and almost complete blockade was observed in all
rles: inhibi- 8 cells tested in the presence of 20 gM picrotoxin.
and in the The blockade was reversible upon washing for about
ith arrows 3 min with the control medium.
nts (10 gM)
from 6 to Effect of strychnine A similar blocking action was
xperiments also demonstrated with strychnine (10 gM) either at

pH 7.4 (Figure Sm and n) or pH 4.0 (Figure 5o and
p). Like picrotoxin, the blockade by 20 gM strychnine
was almost complete and reversible.

an increase Effect of chlordiazepoxide in the presence of convul-
sants Cdp (10 gM) applied together with picrotoxin
(10 gM) or strychnine (10 gM), in the medium at pH

antagonistic 4.0, resulted in the partial reversal of the blockade
evoked by these convulsants (Figure Sj and 1; 5p and
r). In the medium at pH 4.0 the stimulus-evoked inhi-

odiazepines bition in the absence of the convulsant was not
picrotoxin noticeably prolonged by 10 gM Cdp. Higher concen-
of GABA trations (50 or 100 pM) of Cdp only exhibited slightly
ganglia in greater reversal of the convulsant-evoked blockade,
vo (Bowery and prolonged the stimulus-evoked inhibition in the
picrotoxin- absence of the convulsant as shown in Figure 5i and
inhibitory k, and Figure 5o and q. Cdp at lower concentrations

vas investi- (2 to 5 gM) showed little effect either on the stimulus-
stic actions evoked inhibition or the blockade by the convulsants,
ne (10 pM) in the medium at pH 4.0.

ol I* /HO I

lo°r
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Figure 5 Peristimulus histograms showing the effects of chlordiazepoxide (Cdp) and convulsants on the stimulus-
evoked inhibition of spike discharges. Electrical stimuli (5 to 7 V square pulses, 0.1 ms duration, 2/s) were
applied at the time indicated by vertical arrows. The number of spikes appearing in each 200 js bin were
cumulated for 100 sweeps. Vertical scale: the number of spikes per bin, five spikes. Horizontal scale: time,
50 ms. (a) In medium at pH 7.4 (control); (b to f) in medium at pH 7.4 immediately after superfusion (for
3 min) with media at pH 4.0 containing Cdp, 0 jM(b), 10 jM(c), 20 jM(d), 50 jM(e) and 100 gM(f); (g to 1)
effects of picrotoxin and Cdp; (m to r) effects of strychnine and Cdp. The changes induced by Cdp and the
convulsants were reversed upon washing. Records (a to f), (g to 1) and (m to r) were obtained from three
different cells; similar results were also obtained from seven other cells.

Discussion

Effects of chlordiazepoxide on the inhibitory action of
GABA and glycine
The results obtained with guinea-pig cerebellar slices
(Figure la) confirm previous findings of the synergis-
tic action of the benzodiazepines and GABA in the
CNS (Kozhechkin & Ostrovskaya, 1977; Macdonald
& Barker, 1978; Choi et al., 1978).
The antagonism of benzodiazepines to GABA,

which has been demonstrated in cultured rat cerebel-
lar neurones (Gahwiler, 1976), cultured mouse spinal
neurones (Macdonald & Barker, 1978) and in Pur-
kinje cells of the rat and cat in vivo (Steiner & Felix,
1976), was not observed in guinea-pig cerebellar slices
(Figure 2).
The lack of the action of Cdp on the inhibitory

effect of glycine (Figure ld) agrees with previous find-
ings (Dray & Straughan, 1976; Curtis et al., 1976;
Macdonald & Barker, 1978; Choi et al., 1978).

Effects of chlordiazepoxide on the inhibitory action of
taurine and fi-alanine

It was demonstrated, for the first time, that the inhibi-
tory effects of taurine and P-alanine on spontaneous
spike discharges in guinea-pig cerebellar slices are
also sensitive to the augmenting action of Cdp (2 to
100 jiM) (Figure lb and c).

Since Cdp (1 to 100 gM) does not increase spon-
taneous spike discharge frequency and since the dose-
response curve of glycine (Figure Id) is unaffected by
Cdp, it seems unlikely that the augmentation pro-
duced by Cdp is solely mediated by the mobilization
of endogenous GABA from presynaptic storage sites
as proposed by Haefely et al. (1975). However, the
possibility that Cdp might mobilize taurine or
f)-alanine from presynaptic storage sites cannot be
ruled out.
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Ionic mechanism of the augmenting action of chlor-
diazepoxide

The results (Figure 3) suggest that Cdp might enhance
GABA-evoked increase in PK+. The enhancement of
GABA-evoked increase in Pcl-, however, cannot be
ruled out. Direct measurements of Pcl - would be
helpful.

Nistri & Constanti (1978) have found that fluraze-
pam antagonizes both glutamate- and GABA-evoked
depolarizations of frog spinal dorsal root and sug-
gested this is due to the blockade of receptor-acti-
vated Na+ channels on the postsynaptic membranes.
However, in the present study the excitatory action
of L-glutamate on spike discharges, was unaffected by
Cdp. As suggested in an earlier paper (Okamoto et
al., 1976), the excitatory actions of glycine, taurine
and ,B-alanine, but not GABA, in a low[Cl-] medium,
might be partly mediated by the increase in PNa,+
Thus, it seems possible that the enhancement of the
inhibitory action of taurine and P-alanine by Cdp
(Figure lb and c) might result from the blockade of
a depolarizing component mediated by an increase
in PNa+. In any case, Cdp seems to affect only a re-
stricted number of receptor-activated ionic channels
and has no effect on those activated by glycine
(Figure Id) and L-glutamate.

Reversal by chlordiazepoxide of the antagonistic
actions of picrotoxin and strychnine

Although it has been reported that barbiturates may
reverse the bicuculline- and picrotoxin-antagonisms
of GABA and the strychnine-antagonism of glycine
(Bowery & Dray, 1976; 1978; Brown & Constanti,
1978), there appears to be no previous findings of
the reversal by the benzodiazepines of the blockade
by strychnine of the action of amino acids. Our
results (Figure 4) indicate apparent reversal by Cdp
of the strychnine blockade of the inhibitory action
of bath-applied taurine and P-alanine, in addition to
the reversal of the picrotoxin antagonism to GABA.
The reversal by Cdp of the strychnine blockade of
the stimulus-evoked inhibition (Figure 5) also sug-
gests the possibility that Cdp may reverse the action
of strychnine-sensitive transmitter(s), in the cerebel-
lum, released by the electrical stimulation.

Prolongation of stimulus-evoked inhibition by chlor-
diazepoxide

The prolongation of stimulus-evoked inhibition by
the benzodiazepines has also been described by
Curtis, Lodge, Johnston & Brand (1976) in the cat
cerebellum in vivo and by Tsuchiya & Fukushima
(1978) in the cat hippocampus in vivo. Thus, the
results given in Figure 5a to f, Si and k, and 5o and q
are in agreement with these previous findings in vivo.
As the synaptic transmission between cerebellar

Purkinje cell and interneurones is thought to be
mediated by amino acid(s), the resemblance between
the actions of Cdp on bath-applied amino acids
(Figure 1) and on the stimulus-evoked inhibition
(Figure 5a to f; 5i and k; 5o and q) might suggest
that the enhancing action of Cdp on the bath-applied
amino acids is directly concerned with synaptic events.

Blockade by strychnine of the stimulus-evoked inhibi-
tion

The blockade by strychnine of the stimulus-evoked
inhibition of spike discharges (Figure Sm to p) was
rather unexpected in view of the previous observa-
tions of the picrotoxin- or bicuculline-sensitive, but
strychnine-resistant, nature of the inhibitory synaptic
processes in the cerebellum of the frog (Woodward,
Hoffer, Siggins & Oliver, 1971) and of the cat (Ander-
son, Eccles, Loyning & Voorhoeve, 1963; Curtis &
Felix, 1971). However, there appear to be no experi-
mental findings in previous publications on the effects
of strychnine on stimulus-evoked inhibition in guinea-
pig cerebellum.
The possibility that taurine might function as a

neurotransmitter in the cerebellum, particularly in the
stellate cell, of the rat has been suggested by Nadi,
McBride & Aprison (1977) and Frederickson, Neuss,
Morzorati & McBride (1978). Chemical observations
such as the presence of a high-affinity uptake process
and the calcium-dependent release, of labelled taurine,
were also demonstrated in guinea-pig cerebellar slices
(Okamoto & Namima, 1978). Therefore, the result
shown in Figure 5m to p could suggest the involve-
ment of strychnine-sensitive amino acid(s), possibly
taurine, in synaptic transmission, at least in the
guinea-pig cerebellum.

References

ANDERSEN, P., ECCLES, J.C., L0YNING, Y. & VOORHOEVE,
P.E. (1963). Strychnine-resistant central inhibition.
Nature, Lond., 200, 843-845.

BOWERY, N.G. & DRAY, A. (1976). Barbiturate reversal of
amino acid antagonism produced by convulsant agents.
Nature, Lond., 264, 276-278.

BOWERY, N.G. & DRAY, A. (1978). Reversal of the action
of amino acid antagonists by barbiturates and other
hypnotic drugs. Br. J. Pharmac., 63, 197-215.

BRAEsTRUP, C., ALBRECHTSEN, R. & SQumEs, R.F. (1977).
High densities of benzodiazepine receptors in human
cortical areas. Nature, Lond., 269, 702-704.



CHLORDIAZEPOXIDE AND AMINO ACIDS 285

BROWN, D.A. &.CONSTANTI, A. (1978). Inhibition of pento-
barbitone and y-aminobutyric acid on mammalian
sympathetic ganglion cells. Br. J. Pharmac., 63,
217-224.

CHANG, R.S.L. & SNYDER, S.H. (1978). Benzodiazepine
receptors: labelling in intact animals with [3H]flunitra-
zepam. Eur. J. Pharmac., 48, 213-218.

CHOI, D.W., FARB, D.H. & FISCHBACH, G.D. (1977). Chlor-
diazepoxide selectively augments GABA action in
spinal cord cell cultures. Nature, Lond., 269, 342-344.

COOKE, J.D. & QUASTEL, D.M.J. (1973). Transmitter release
by mammalian motor nerve terminals in response to
focal polarization. J. Physiol., 228, 377-405.

COSTA, E., GUIDOTTI, A., MAO, C.C. & SURIA, A. (1975).
New concepts on the mechanism of action of benzodia-
zepines. Life Sci., 17, 167-186.

CURTIS, J.D. & FELIX, D. (1971). The effect of bicuculline
upon synaptic inhibition in the cerebral and cerebellar
cortices of the cat. Brain Res., 34, 301-321.

CURTIS, J.D., GAME, C.J.A. & LODGE, D. (1976). Benzodia-
zepines and central glycine receptors. Br. J. Pharmac.,
56, 307-311.

CURTIS, J.D., LODGE, D., JOHNSTON, G.A.R. & BRAND, S.J.
(1976). Central actions of benzodiazepines. Brain Res.,
118, 344-347.

DRAY, A. & STRAUGHAN, D.W. (1976). Benzodiazepines:
GABA and glycine receptors on single neurons in the
rat medulla. J. Pharm. Pharmac., 28, 314-315.

ECCLES, J.C., ITO, M. & SZENTkGOTHAI, J. (1967). The Cere-
bellum as a Neuronal Machine, pp. 188-194. New York:
Springer-Verlag.

FREDERICKSON, R.C.A., NEUSS, M., MORZORATI, S.L. &
MCBRIDE, WJ. (1978). A comparison of the inhibitory
effects of taurine and GABA on identified Purkinje cells
and other neurons in the cerebellar cortex of the rat.
Brain Res., 145, 117-126.

GAHWILER, B.H. (1976). Diazepam and chlordiazepoxide:
powerful GABA antagonists in explants of rat cerebel-
lum. Brain Res., 107, 176-179.

HAEFELY, W., KULCSAR, A., MOHLER, H., PIERI, L., POLC,
P. & SCHAFFNER, R. (1975). Possible involvement of
GABA in the central actions of benzodiazepines. In
Advanc. Biochem. Psychopharmac. ed. Costa, E. &
Greengrad, P. Vol. 14, pp. 131-151. New York: Raven.

KOZHECHKIN, S.N. & OSTROVSKAYA, R.U. (1977). Are ben-
zodiazepines GABA antagonists? Nature, Lond., 269,
72-73.

MACDONALD, R. & BARKER, J.L. (1978). Benzodiazepines
specifically modulate GABA-mediated post-synaptic in-
hibition in cultured mammalian neurones. Nature,
Lond., 271, 563-564.

NADI, N.S., MCBRIDE, WJ. & APRISON, M.H. (1977). Dis-
tribution of several amino acids in regions of the cere-
bellum of the rat. J. Neurochem., 28, 453-455.

NIsTRI, A. & CONSTANTI, A. (1978). Effects of flurazepam
on amino acid-evoked responses recorded from the
lobster muscle and the frog spinal cord. Neuropharmac.,
17, 127-135.

OKAMOTO, K. & QUASTEL, J.H. (1973). Spontaneous action
potentials in isolated guinea-pig cerebellar -slices'
Effects of amino acids and conditions affecting sodium
and water uptake. Proc. R. Soc., B, 184, 83-90.

OKAMOTO, K. & QUASTEL, J.H. (1976). Effects of amino
acids and convulsants on spontaneous action potentials
in cerebellar cortex slices. Br. J. Pharmac., 57, 3-15.

OKAMOTO, K., QUASTEL, D.M.J. & QUASTEL, J.H. (1976).
Actions of amino acids and convulsants on cerebellar
spontaneous action potentials in vitro: effects of depri-
vation of Cl-, K' or Na+. Brain Res., 113, 147-158.

OKAMOTO, K. & QUASTEL, J.H. (1977). Effects of N-methyl-
amino acids and convulsants on spontaneous action
potentials in guinea-pig cerebellar slices. Br. J. Phar-
mac., 59, 551-560.

OKAMOTO, K. & NAMnIA, M. (1978). Uptake, release and
homo- and hetero-exchange diffusions of inhibitory
amino acids in guinea-pig cerebellar slices. J. Neuro-
chem., 31, 1393-1402.

POLC, P., MOHLER, H. & HAEFELY, W. (1974). The effect
of diazepam on spinal cord activities: Possible sites and
mechanisms of action. Naunyn-Schmiedebergs Arch.
Pharmac., 284, 319-337.

SQUIRES, R.F. & BRAESTRUP, C. (1977). Benzodiazepine
receptors in rat brain. Nature, Lond., 266, 732-734.

STEmR, F.A. & FELIX, D. (1976). Antagonistic effects of
GABA and benzodiazepineson vestibular and cerebel-
lar neurones. Nature, Lond., 260, 346-347.

TALLMAN, J.F., THOMAS, J.W. &'GALLAGER, D.W. (1978).
GABAergic modulation of benzodiazepine binding site
sensitivity. Nature, Lond., 274, 383-385.

TSUCHIYA, T. & FUKUSHIMA, H. (1978). Effects of benzodia-
zepines and pentobarbitone on the GABA-ergic recur-
rent inhibition of hippocampus neurons. Eur. J. Phar-
mac., 48, 421-424.

WOODWARD, DJ., HOFFER, BJ., SIGGINS, G.R. & OLIVER,
A.P. (1971). Inhibition of Purkinje cells in the frog cere-
bellum. II. Evidence for GABA as the inhibitory trans-
mitter. Brain Res., 33, 91-100.

YAMAMorO, C., YAMASHITA, H. & CHUiJo, T. (1976). Inhibi-
tory action of glutamic acid on cerebellar interneur-
ones. Nature, Lond., 262, 786-787.

YOUNG, A.B., ZUKIN, S.R. & SNYDER, S.H. (1974). Interac-
tion of benzodiazepines with central nervous glycine
receptors: possible mechanism of action. Proc. natn.
Acad. Sci., U.S.A., 71, 2246-2250.

(Received June 20, 1978.
Revised September 13, 1978.)


