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THE EFFECT OF THE CONVULSANT AGENT, CATECHOL, ON
NEUROTRANSMITTER UPTAKE AND RELEASE IN

RAT BRAIN SLICES

M.C.W. MINCHIN1 & G. PEARSON
Department of Physiology, Sheffield University, Sheffield S10 2TN

1 The effect of catechol on uptake and K+-stimulated release of -y-aminobutyric acid (GABA),
D-aspartate, noradrenaline and acetylcholine has been studied in slices of cerebral cortex and
thalamus.
2 Low concentrations of catechol did not influence the uptake of any of the neurotransmitters in
either brain area.
3 Noradrenaline release was unaffected by catechol.
4 Acetylcholine release from both cortical and thalamic slices was inhibited by high concentrations
of catechol. This phenomenon is unlikely to be related to catechol-induced convulsions.
5 Catechol (100 jM) inhibited GABA release from cortical slices by 28%. However, at a
concentration of 10 pM catechol enhanced the release of D-aspartate from thalamic slices by over
100%.
6 Potentiated release of excitatory amino acid transmitters may contribute to the enhanced
excitability of thalamic cells which occurs during sensory myoclonus induced by low doses of
catechol.

Introduction

Low doses of catechol induce in rodents a convulsive
state in which non-specific sensory stimulation gives
rise to brief myoclonic jerks (Angel & Dawson,
1964); at higher doses this pattern gives way to one of
spontaneous convulsions (Angel & Lemon, 1973).
Whilst the latter appears to involve an action on the
brain stem reticulo-spinal system (Angel & Lemon,
1973) there is evidence that the sensory myoclonic
state caused by low doses of catechol may be due to
enhanced transmission in the dorsal column sensory
pathway at the level of the ventrobasal thalamus.
This in turn may be caused by an increased excitatory
inflow and a decreased inhibitory inflow to this area
from cells outside it, particularly from those in the
nucleus reticularis thalami (Angel, 1969).

Pharmacological investigations suggest that both
evoked and spontaneous convulsions induced by
catechol involve facilitated transmission at some un-
identified central cholinergic synapse(s).
Catecholamines, 5-hydroxytryptamine (5-HT) and
possibly y-aminobutyric acid (GABA) systems do
not appear to be involved (Angel, Clarke & Dew-
hurst, 1977; Angel & Dewhurst, 1978). Further-
more, at the neuromuscular junction catechol in-
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creases the amount of acetylcholine released per
nerve impulse (Otsuka & Nonomura, 1963; Blaber
& Gallagher, 1971; Gallagher & Blaber, 1973), sug-
gesting that a similar presynaptic action may be re-
sponsible for its central effects. This possibility has
been investigated in the present experiments; in ad-
dition possible presynaptic effects of catechol on
other neurotransmitter systems within the thalamus
and cerebral cortex have been studied. In regard to
the latter, particular attention has been focussed on
excitatory amino acid systems since recent
neurochemical evidence suggests that some cor-
ticothalamic terminals may use these substances as
their transmitter (Lund-Karlsen & Fonnum, 1978;
Kendall, Minchin & Angel, unpublished observa-
tion.)
A preliminary account of some of this work has

been published (Minchin, 198 la).

Methods

Release experiments

Adult male albino rats (Sheffield strain) were decapi-
tated and their brains removed on to an ice-cold
surface. Frontal slices 2 mm thick were cut on a
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McIlwain tissue chopper and the thalamus was dis-
sected from them; cerebral cortex was dissected from
whole brain. The tissue from each area was then
chopped into small (0.1 x 0.1 x 2.0mm) slices and
following a 10 min preincubation at 37°C either
50mg (cortex) or 25 mg (thalamus) portions were

incubated with (a) D-[2,3-3H]-aspartic acid
(Radiochemical Centre, Amersham, sp. act.
18 Ci/mmol, final concentration 22 nM) plus [U-14C]-
GABA (Radiochemical Centre, Amersham, sp. act.
224 mCi/mmol, final concentration 0.45 pM) for 15
min, (b) DL-[7-3H]-noradrenaline (Radiochemical
Centre, Amersham, sp. act. 10 Ci/mmol, with un-

labelled noradrenaline to give final concentration of
0.1 pM) for 15 min or (c) [14C-methyl]-choline
(Radiochemical Centre, Amersham, sp. act.
59 mCi/mmol, final concentration 3.4 pM) for
30 min. Following incubation the slices were col-
lected by filtration on to Whatman GF/A filters
mounted in Sartorius membrane filter holders and
superfused with warm, oxygenated Krebs-phosphate
solution (composition, mM: NaCl 118, KC14.8,
MgSO4 1.2, CaCl2 1.2, D-glucose 5.6 and sodium
phosphate buffer, pH 7.4, 15) at a rate of 0.5 ml/min.
Metabolism of GABA was prevented by the addition
to the medium of amino oxyacetic acid 10pM; D-
aspartate is not metabolised by brain tissue although
it is taken up by the same high affinity system as

L-aspartate and probably L-glutamate. Norad-
renaline metabolism was minimized by superfusion
with medium containing ascorbic acid 0.1 mg/ml and
nialamide 10 pM, whilst hydrolysis of [14C]-
acetylcholine formed from [14C]-choline was pre-
vented by the presence in the superfusion medium of
100 1M physostigmine sulphate. After a 20 min
period, during which extracellular radioactivity was

washed out from the tissue, fractions of superfusate
were collected every 3 min. The radioactivity in each
fraction and that remaining in the tissue at the end of
the experiment was estimated by liquid scintillation
spectrometry and the former expressed as an approx-
imate first order rate constant (Minchin, 1981b).
Tissue was depolarized by exposure to 40 mM K+ (as
KCI replacing NaCl) for 9 min. In each experiment 3
samples were depolarized in the absence of drug
(controls) and a further 3 samples, run in parallel,
were exposed to added drugs for 6 min before and
during depolarization. The increase in release caused
by K+ in the presence of added drugs was expressed
as a percentage of the mean increase found in con-

trols and the normalized data were analysed by the
Mann-Whitney U test.

Uptake experiments

Slices (10mg) were preincubated in 10ml Krebs-
phosphate solution at 37°C for 10 min after which (a)

[14C]-GABA plus D-[3H]-aspartate (final concentra-
tions 11 nM and 0.2 nM, respectively, (b) [3H]-
noradrenaline (final concentration 0.1IM) or (c)
[14C]-choline (final concentration 0.1 AM) were
added and the incubation continued for (a) 10 min,
(b) 6 min or (c) 5 min. The slices were then collected
by filtration on to Whatman No. 1 filters, rinsed with
5 ml Krebs-phosphate, extracted with 1.4 ml water
and counted by liquid scintillation spectrometry.
Catechol, when present, was added at the start of the
preincubation period. Blanks were run in which
preincubation and incubation took place at 0°C.
Metabolic inhibitors were present in the incubation
medium at the same concentrations as in the release
experiments.

4C]-choline metabolism

Slices were incubated with [14C]-choline and super-
fused as described above, following which pooled
fractions taken before, during and after exposure to
40 mM K+ were subjected to liquid cation exchange
and high voltage electrophoresis. At the end of the
superfusion the tissue was homogenized in 8% for-
mic acid and similarly treated. Choline esters were
extracted from 4 ml samples, to which 20 pg each of
choline and acetylcholine had been added as carriers,
by treatment with 1 ml tetraphenylboron in 3-
heptanone (10 mg/ml, except the 40 mM K+ fractions
which were treated with 5 mg/ml to avoid precipita-
tion of potassium tetraphenylboron). The organic
phase was separated from the aqueous and shaken
with 250 pL 400 mm HCI; this procedure back-
extracts choline esters into the aqueous phase. Sam-
ples of the acid aqueous phase were then spotted on
to Whatman 3MM paper and subjected to elec-
trophoresis in 8% formic acid (2200V for 45 min).
The paper was dried and choline esters were visual-
ized with iodine vapour. The chromatographs were
cut into strips which were extracted with 1.3 ml water
and counted in a liquid scintillation spectrometer.
Known quantities of [14C]-choline were taken
through this procedure to establish the percentage
recovery; the percentage recovery of acetylcholine
was taken as twice that of choline (Fonnum, 1969).

Results

The effectofcatechol on transmitter uptake

At low concentrations catechol had no effect on
transmitter uptake (Table 1). However, catechol at
500 pm weakly inhibited uptake of all the transmit-
ters tested except that of D-aspartate into cortical
slices (Table 1).
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Table 1 The effect of catechol on transmitter
uptake in rat brain slices

Catechol Uptake (% of control)
Transmitter (JiM) Cortex Thalamus

D-Aspartate

GABA

Choline

Noradrenaline

10
100
500

10
100
500

99±5
106±9 88±4
90±2 66 ±4 (3)ttt

- 100±3
96±5 98±2
87±ltt 82±6t

500 73±8t 77±6tt

500 64±6tt

Figures represent the mean ± s.e.mean of 4 experi-
ments except where indicated.

t P<0.05
tt P< 0.02 2-tailed ttest
ttt P< 0.01

Ca2' and K* -stimulated transmitter release

The potassium-stimulated release of both GABA
and D-aspartate from cerebral cortex slices has previ-
ously been shown to be mostly calcium-dependent
(Minchin, 1981b). Similarly, when Ca2+ was re-
moved from the medium superfusing thalamic slices
and the Mg2+ concentration raised to 10 mm the
K+-stimulated release of GABA was reduced to
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44 ± 6% (s.e.mean, n =5) of control and that of
D-aspartate to 43± 11%I (s.e.mean, n = 5) of control.
In the case of noradrenaline release from cortex slices
the same procedure depressed the K+-stimulated
release to 14% of control (mean of 2 experiments).
Figure 1 shows that all of the K+-stimulated, and
possibly some of the spontaneous efflux of acetyl-
choline from both cortex and thalamic slices was
abolished by removing Ca2+ from the superfusing
medium and raising the Mg2+ concentration to
10mM.

Catechol and amino acid release

At the highest concentration tested (500 pM)
catechol caused a slight (10-20%) enhancement of
spontaneous GABA release from both cortical and
thalamic slices. In thalamic slices catechol had no
significant effect upon the K+-stimulated release of
GABA at any of the concentrations tested. By con-
trast however, low concentrations of catechol en-
hanced K+-stimulated D-aspartate release by over
100%; very low and high concentrations had no
effect (Figure 2). The 3-hydroxy derivative of
catechol, pyrogallol, had no effect upon the release of
either D-aspartate or GABA at the concentration at
which catechol had maximum effect on D-aspartate
release (Figure 2).

In cerebral cortex slices, catechol had a different
effect on amino acid release. At intermediate con-
centrations it inhibited GABA release by 28%; high
and low concentrations were without effect

b
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FI1ure 1 The effect of Ca2+-free solutions on the efflux of radioactivity from slices previously incubated with

["Cl-choline. Slices of cortical (a) or thalamic (b) tissue were incubated with [14C]-choline and superfused as

described in Methods. Control slices were depolarized with 40mm K+ for the period shown by the short horizontal
line whilst experimental slices were superfused with Ca2+-free medium, as shown by the longer horizontal line, both
before and during depolarization. (0) Control; (0) Ca +-free. Each point is the mean of 3 experiments.
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P<0.02
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demonstrated that before depolarization, 12% of the
radioactivity in the superfusate was due to acetyl-
choline whilst during exposure to 40mm K+ this
figure increased to 32%. Of the radioactivity in the
tissue, 51% was acetylcholine. Before depolarization
of thalamic slices, 7% of the radioactivity in the
superfusate was due to acetylcholine whilst depolar-

< ization increased this to 27%. Of the tissue radioac-
X < tivity, 45% was present as acetylcholine.

These figures were used to correct the radioactivity
lTl appearing in the superfusate solutions to give the
_ amount present as acetylcholine. Figure 5 shows that

high concentrations of catechol inhibited the K+-
stimulated release of acetylcholine from both
thalamic and cortical slices, although owing to the
scatter in control values only the former change

6 3J LA reached significance. Lower concentrations ofcatechol were without effect in either tissue and high
concentrations of pyrogallol were ineffective in the

Pyrogallol cortex.

FIgre 2 The effect of catechol and pyrogallol on
~~~~~o 3 [14CK -3timulated release of [ H]-D-aspartate and [ C]-

GAb6A from thalamic slices. Tissue was incubated and
superfused as described in Methods. Spontaneous efflux
was apl roximately 0.1% of tissue stores per min for
aspartate and 0.05% of tissue stores per min forGABA.
Control slices were depolarized in the absence of drug,
experimental slices were superfused with drug from
6 min before and during depolarization. K+-stimulated
release was calculated as the percentage increase in
efflux rate constant seen during exposure to 40mm K+.
In pooled controls this increase was 99 ± 9%
(mean ± s.e.mean, n = 19) for D-aspartate and
664 ± 50% (mean ± s.e.mean, n = 19) for GABA. The
K+-stimulated release seen in the presence of drug was
expressed as a percentage of controls run at the same
time. Each column represents the mean of the number of
experiments indicated within the column; vertical lines
show s.e.mean. Statistical analysis was by Mann-
Whitney U test.

(Figure 3). The release of D-aspartate was slightly,
but not significantly, depressed at intermediate con-

centrations and pyrogallol again failed to alter the
release of either amino acid at the concentration at
which catechol inhibited GABA release (Figure 3).

Catecholand noradrenaline release

Catechol had no significant effect upon K+-
stimulated noradrenaline release at any of the con-
centrations tested (Figure 4).

Catecholand acetylcholine release

Liquid cation exchange and electrophoresis of the
superfusate solutions from cortex slices that had been
incubated with low concentrations of [14C]-choline

Discussion

The results of the present study indicate that changes
in the uptake of aspartate, GABA, choline or norad-
renaline do not appear to be associated with the
sensory myoclonic jerks seen following low doses of
catechol. The weak inhibition seen at high catechol
concentration may be related to the spontaneous
convulsions that occur after higher doses, but the lack
of specificity with regard to both transmitter and
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Flfwe 3 The effect of catechol and pyrogallol on
3 14K -stimulated release of [ H]-D-aspartate and [ C]-

GABA from cortical slices. Experimental protocol is
described in the legend Figure 2. Spontaneous efflux was
approximately 0.1% of tissue stores per min for both
aspartate and GABA. In pooled controls, 40mm K+
caused a 164 ± 15% (mean ± s.e.mean, n = 19) increase
in the rate constant for D-aspartate and a 734±72%
(mean + s.e.mean, n = 19) increase for GABA.
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FIure 4 The effect of catechol on [3H1-noradrenaline
(NA) release from cortical slices. The experimental
protocol was identical to that described in the legend to
Figure 2. Spontaneous efflux was approximately 0.9%
of tissue stores per min. In pooled controls, 40mM K+
caused a 119±13% (mean±s.e.mean, n= 12) increase
in the efflux rate constant for noradrenaline.

brain region make this unlikely. Alterations in up-
take did not influence release.

Since there is very little noradrenaline present in
the thalamus (Fuxe, Hokfelt & Ungerstedt, 1969) its
transport was not studied in this area. However,
noradrenaline release from the cortex was Ca'-
dependent and therefore, presumably, a neuronal
phenomenon. Furthermore it was unaffected by
catechol and is therefore not a causative factor in the
convulsions produced by this substance. This is con-
sistent with the results of experiments which demon-
strated that drugs altering catecholamine function
were without effect on catechol-induced convulsions
(Angel etal., 1977; Angel & Dewhurst, 1978).

Neurophysiological evidence indicates that corti-
cal excitability is unchanged after low doses of
catechol, apart from a transient increase that is prob-
ably due to hyperpnoea (Angel, 1969), and in the
present study cortical release of D-aspartate, GABA
and acetylcholine was unaffected by low concentra-
tions of catechol. D-Aspartate transport is also a
measure of the transport of L-aspartate and/or L-
glutamate and since these amino acids, in addition to
acetylcholine and GABA, probably act as transmit-
ters within the cerebral cortex (Lewis & Shute, 1967;
Curtis & Johnston, 1974) the physiological and
neurochemical lines of evidence converge.
GABA is an inhibitory transmitter and so the

reduction, though small, seen in cortical GABA re-
lease at high catechol concentration might be ex-
pected to result in some enhancement of cortical

excitability. However, acetylcholine and aspartate
are predominantly excitatory within the cerebral cor-
tex (Crawford & Curtis, 1966; Curtis & Johnston,
1974) and so the tendency towards inhibition of their
release at high catechol concentrations might be ex-
pected to counteract, at least in part, the influence of
a reduction in GABA release. Pharmacological ex-
periments have demonstrated that amino oxyacetic
acid-induced elevation of brain GABA levels had no
effect on catechol-induced, spontaneous convulsive
activity (Angel et aL, 1977). However, evoked
GABA release is not altered when GABA levels are
raised by amino oxyacetic acid (Iversen, Mitchell &
Srinivasan, 1971), so under these circumstances
catechol might still be able to depress GABA release.
Nevertheless, benzodiazepines also fail to modify
catechol convulsions (Angel et aL, 1977) and since
benzodiazepines potentiate GABA action (Sim-
monds, 1980), on balance the evidence suggests that
GABA is not involved in the genesis of these convul-
sions.

In thalamic slices catechol at high concentrations
had no effect on the release of GABA or aspartate,
although acetylcholine release was depressed. The
latter finding is unlikely to be related to the convul-
sive activity induced by catechol for two reasons.
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F ure 5 The effect of catechol and pyrogallol on
K -stimulated ['4C]-acetylcholine (ACh) release from
slices of thalamus (a) and cortex (b). The experimental
protocol is described in the legend to Figure 2; the
amount of radioactivity present in the superfusing solu-
tion as acetylcholine was estimated as described in
Methods. Spontaneous efflux was approximately 0.4%
of tissue stores of acetylcholine per min from cortex
and 0.2% of tissue stores per min from thalamus. In
pooled controls, depolarization caused a 395±12%
(mean±s.e.mean, n= 10) increase in acetylcholine
efflux in thalamic slices and a 366± 30%
(mean ± s.e.mean, n = 16) increase in cortical slices.
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Firstly the concentration of catechol within the brain
following a dose of 60 mg/kg (i.p.) that induced spon-
taneous convulsions was found to be 34 yg/g wet wt
(Rogers, Angel & Butterfield, 1968). If it is assumed
that catechol distributes throughout the total brain
water this corresponds to a concentration of approxi-
mately 380 JM, which is somewhat lower than that at
which acetylcholine release is depressed. Secondly,
spontaneous catechol convulsions are inhibited by
cholinoceptor blocking agents and potentiated by
anticholinesterases (Angel etal., 1977) which implies
that cholinergic function is enhanced, not depressed,
by catechol under these circumstances.
Low concentrations of catechol had no significant

effect upon the release of acetylcholine or GABA
from thalamic slices but potentiated aspartate release
by over 100%. Since aspartate and/or glutamate may
be the transmitters of some cortico-thalamic termi-
nals (Lund-Karlsen & Fonnum, 1978; Kendall, Min-
chin & Angel, unpublished observation) it is possible
that this large potentiation of excitatory amino acid
function may contribute to the enhanced excitability
of thalamic cells which occurs following low doses of
catechol and which has been suggested to be due, at
least in part, to increased excitatory inflow to
thalamic relay cells (Angel, 1969).
One possible explanation for the catechol-induced

changes in transmitter release seen in this study is not
that they are related to the convulsions induced by
catechol but rather that they result from the depres-
sion of brain ATP levels that accompanies catechol
treatment. However, this is not so since pyrogallol,

which produces a similar fall in cerebral ATP to that
of catechol yet has no convulsive activity (Angel,
Lemon, Rogers & Banks, 1969), had no effect upon
transmitter release in the present experiments.

Previous experiments have shown that at the
neuromuscular junction, micromolar concentrations
of catechol increased the release of acetylcholine
(Otsuka & Nonomura, 1963; Gallagher & Blaber,
1973), but that high concentrations (100 iM) inhi-
bited release (Gallagher & Blaber, 1973). This study
has extended these findings to central acetylcholine
release only in the case of high concentrations of
catechol and despite the pharmacological evidence
indicating a catechol-induced enhancement of cent-
ral acetylcholine function (Angel et al., 1977; Angel
& Dewhurst, 1978) no potentiation of release at low
catechol concentration was detected in the present
study. Although catechol does not sensitize the post-
synaptic receptor to acetylcholine at the neuromus-
cular junction (Otsuka & Nonomura, 1963) it is
possible that such an interaction occurs in the CNS.

In conclusion, the results of the present study
demonstrate that in addition to the enhancement of
acetylcholine function postulated on pharmacologi-
cal grounds, there is a potentiation of thalamic pre-
synaptic excitatory amino acid release that may con-
tribute to the increased excitability of cells within the
thalamus following low doses of catechol.

This work was supported by the MRC. We wish to thank Dr
A. Angel for helpful discussions and his appraisal of the
manuscript.
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