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Uptake and stimulus-evoked release of [3H]-T-
aminobutyric acid by myenteric nerves of guinea-pig
intestine
D.I.B. Kerr & A. Krantis

Department of Physiology, University of Adelaide, Adelaide, South Australia, 5000 Australia

1 Following preloading with [3H]-y-aminobutyric acid ([3H]-GABA), in the presence of f-alanine
to inhibit glial uptake of the label, electrical stimulation caused a frequency-dependent release of
tritium as [3H]-GABA from isolated longitudinal-muscle myenteric-plexus preparations of the
guinea-pig ileum and colon.
2 The electrically evoked efflux of [3H]-GABA was Ca2l-dependent, virtually abolished by
preventing neuronal conduction with tetrodotoxin, and markedly reduced by preloading with
[3H]-GABA in the presence of nipecotic acid which is an inhibitor of high affinity GABA-uptake.
Veratridine and KCI were less effective than electrical stimulation in evoking [3H]-GABA release.
3 It is concluded that the electrically stimulated efflux of [3H]-GABA originated from GABAergic
neurones of the myenteric plexus which had taken up the label.
4 These results provide further evidence to support the suggestion that GABA is a transmitter in
the mammalian enteric nervous system.

Introduction

Recent evidence suggests that y-aminobutyric acid
(GABA) may be a neurotransmitter in the mam-
malian enteric nervous system. In particular, the
myenteric plexus of the guinea-pig intestine contains
the GABA synthesizing enzyme glutamic acid decar-
boxylase (EC4.1.1.15), as well as endogenous
GABA in low concentration (Jessen, Mirsky, Denni-
son & Burnstock, 1979), and a population of
neurones in the guinea-pig myenteric plexus is selec-
tively labelled by [3H]-GABA under conditions
favouring high affinity uptake, as shown by au-
toradiography (Jessen et al., 1979; Krantis & Kerr,
198 la). Also, GABA, which has no direct effect on
the smooth muscle of the intestine, stimulates intrin-
sic neurones of the guinea-pig enteric nervous sys-
tem, an action antagonized by bicuculline, picrotoxi-
nin, and furosemide or piretanide which block
chloride-ion channels (Krantis, Costa, Furness &
Orbach, 1980; Krantis & Kerr, 1981b). Further-
more, such GABA antagonism slows or prevents
peristalsis (Krantis & Kerr, 1981c; Ong, 1981). All
this is strongly indicative of a transmitter role for
GABA in the intestine. However, even the demonst-
ration of a high affinity uptake system forGABA is at
best only supportive evidence for the identification of
GABA as a transmitter (Bowery & Brown, 1972;
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Young, Brown, Kelly & Schon, 1973). Stronger and
more direct evidence in the enteric nervous system
would be provided by the demonstration of evoked
release of GABA from myenteric plexus prepara-
tions.

In general, neurally-evoked release of amino acid
transmitters is calcium-dependent (Rubin, 1970;
Fagg& Lane, 1979), which can be taken as a criterion
for transmitter identification, although such studies
also depend upon the mode of stimulation and the
conditions under which the efflux is evoked (Szerb,
1979). Nevertheless, calcium-dependent
electrically-evoked release of [3H]-GABA from
brain slices has several times been demonstrated
(Katz, Chase & Kopin, 1969; Srinivasan, Neal &
Mitchell, 1969; Szerb, 1979), which prompted us to
attempt a corresponding study in the ente c nervous
system. The fact that [3H]-GABA is also taken-up
into glia by a high-affinity uptake syste further
complicates any such study, but this can lar be
overcome by the use of P-alanine which inhibits a
GABA uptake into glial cells (Schon & Kelly, 1975)
thus ensuring that the greater proportion of [3H]-
GABA, released by electrical stimulation, will be of
neuronal origin. That a neural source is involved in
the release of a putative transmitter from the tissue
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can be confirmed by preventing neural activity with
tetrodotoxin (TIX), and by the use of specific in-
hibitors to prevent neuronal uptake of transmitters.
For GABA, such neuronal uptake inhibitors are L-2,
4-diamino-n-butyric acid (L-DABA) and (±)-cis-3-
aminocyclohexane-carboxylic acid (ACHC) (Iversen
& Kelly, 1975; Bowery, Jones & Neal, 1976), whilst
nipecotic acid inhibits both glial and neuronal
GABA-uptake (Schousboe, Thorbek, Herz &
Krogsgaard-Larsen, 1979). In addressing the prob-
lem of GABA as a transmitter in the enteric nervous
system we have now studied uptake inhibition,
calcium-dependence, and tetrodotoxin-sensitivity of
release, in order to show that [3H]-GABA can be
accumulated by longitudinal-muscle myenteric-
plexus preparations of both guinea-pig ileum and
colon, and subsequently released by appropriate
electrical stimulation. A preliminary account of some
of the results has already been given (Krantis, 1982).
Also, [3H]-GABA released by electrical stimulation
of preloaded cat colon preparations has recently been
shown to be Ca2+-dependent and tetrodotoxin-
sensitive (Taniyama, Kusunoki, Saito & Tanaka,
1982). The present results confirm this in the guinea-
pig ileum and colon, and further show that [3H]-
GABA release is virtually abolished if uptake of
[3H]-GABA is prevented by nipecotic acid during
preloading of the plexus.

Methods

Guinea-pigs of either sex weighing 250-400 g were
stunned by a blow to the head and bled. Segments of
ileum and of the proximal portion of the distal colon
were removed and placed in Krebs solution of the
following composition [mM]: Na+ 151.0, K+ 4.7,
Ca2+ 2.8, Mg2+ 0.6, Cl- 143.7, H2PO4- 1.3,
HC03- 16.3, S042-0.6, glucose7.7. The solution
was bubbled continuously with a gas mixture of 95%
02 and 5% CO2, and maintained at 36°C. Lengths of
longitudinal muscle coat (3 cm) with attached myen-
teric plexus were then dissected from the segments
and kept in the Krebs solution to which had been
added amino-oxyacetic acid (AOAA), 2 x 10-5M to
inhibit GABA metabolism (Wallach, 1961), and P-
alanine, 1O-3M to prevent GABA-uptake by glial
cells (Schon & Kelly, 1975). This medium was used in
all subsequent manipulations.

All procedures were run in duplicate using adja-
cent segments of dissected intestine, and were re-
peated at least twice. The pieces of tissue were prein-
cubated for 10 min in 350 A1 of the perfusion medium
after which [3H]-GABA was added to give a final
concentration of 5 x 10-9 M GABA, and incubation
was continued for a further 20 min. The tissues were
then removed, blotted of excess incubating medium
and suspended between platinum stimulating elec-
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Figure 1 Typical experiment showing the efflux of [3H]-GABA from preloaded longitudinal-muscle myenteric-
plexus preparations, evoked by electrical stimulation: (0) guinea-pig ileum; (-) guinea-pig colon. In this and all
subsequent figures each point is the radioactivity of a 2 ml fraction collected over 30 s; stimulation (20 Hz, 3 ms
duration, 60 V) was applied for 2 min at the bar above the abscissa scale which shows the fraction number.
Amino-oxyacetic acid, 2 x 10-5, and ,-alanine, 10-3 M, were present throughout. Each experiment was run in
duplicate and repeated at least twice.
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trodes in twin glass superfusion chambers containing
2 ml of the superfusion medium. The tissues were
washed repeatedly (total 40 ml) over an equilibration
period of 55 min, to establish a basal efflux of [3H]-
GABA, after which superfusion was commenced and
2 ml fractions collected from each chamber at 30 s
intervals. Electrical stimulation (Grass S48
stimulator) was applied for 2 min periods, using 60V
and 3 ms pulse duration at various frequencies, gen-
erally 20 Hz.
The superfusate fractions were then each added to

10 ml of a Triton/toluene scintillator, and the
radioactivity measured by liquid scintillation spec-
trometry. Radioactivity has been expressed as ct/min
rather than d/min since variations in counting effi-
ciency between samples was negligible.
To test the influence of Ca2+ on the stimulated

efflux of tritium, the Krebs solution was substituted
by a Ca2+-free superfusion medium containing
0.1 mM EGTA and buffered with Tris (3 mM), the
remaining constituents being as in the Krebs solution.
This solution also contained AOAA and P-alanine.
After being stimulated, the tissues were returned to
the normal Krebs solution and [3H]-GABA efflux in
response to electrical stimulation again observed.
Compounds used were: P-alanine, amino-oxyacetic
acid (AOAA), EGTA, nipecotic acid, tetrodotoxin
(TIX), (all Sigma), veratridine (Sandoz), GABA
(Calbiochem, Sigma), and [3H]-GABA (66
Ci mmol- 1; 2,3-[3H]-GABA) Radiochemical
Centre, Amersham).

Results

Uptake and release of[3H]-GABA

The majority of experiments were conducted on
preparations from the ileum. After loading with [3H]-
GABA, the efflux of tritium from the superfused
preparations was followed over the washing period.
There were two components in the unstimulated
efflux of tritium: an initial, rapid washout phase with
high tritium content, declining over some 30-40 min,
followed by a slower, relatively constant efflux level,
here termed the basal efflux. Once this basal efflux
was achieved, generally within one hour, electrical
field stimulation of the preparation induced an im-
mediate increased release of tritium. The stimulated
efflux of tritium reached a maximum within 2 min of
stimulation at 20 Hz. These conditions were found to
be optimal and used in all subsequent manipulations.
On cessation of electrical stimulation the release of
radioactivity again declined towards the basal efflux
level. Succeeding periods of stimulation at 20Hz
were always less effective in provoking further
tritium release (Figure 1).

Preparations from the distal colon treated in the
same way displayed similar efflux characteristics
(Figure 1), but we did not investigate this further.
Neither KCI, 56 mM, nor veratridine, 5 X 10-5 M,

were effective in stimulating [3H]-GABA efflux from
the myenteric plexus, beyond an approximate doubl-
ing of counts with KCI depolarization and an almost
indetectable increase with veratridine stimulation
(not shown). Consequently we used electrical stimu-
lation as the preferred method for evoking [3H]-
GABA release from the plexus preparations in order
to show the effects of GABA-uptake inhibition, ITX
treatment, and calcium-free solutions.

Tetrodotoxin (10-6 M), which would block all
neural activity when added to the perfusion medium,
was effective in abolishing the stimulated release of
[3H]-GABA from ileal preparations (Figure 2).
These tests were run on duplicate, separate, tissues
with and without TIX, since difficulties were en-
countered in washing-out the TTX rapidly enough to
permit demonstration of stimulated [3H]-GABA ef-
flux from the washed, TI7X-treated tissues.
When the ileal tissue was treated with the neuronal

GABA-uptake inhibitor, nipecotic acid (10-3 M) be-
fore and during loading with [3H]-GABA, the subse-
quent electrically-evoked efflux of tritium was mar-
kedly reduced (Figure 3).

Calcium dependence ofstimulated13H]-GABA
release

When the ileal tissue was preloaded with [3H]-
GABA, washed, and then superfused with Ca2+-free
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Figure 2 Prevention of the stimulated efflux of [3H]-
GABA, but not the resting efflux, from preloaded
myenteric-plexus preparations of the guinea-pig ileum
by tetrodotoxin (TTX). Segments of dissected ileum
were taken at random and electrically stimulated as
follows: (-, *) normal perfusion medium; (0, 0) in the
presence of TTX 10-7 M. Stimulation of each tissue for
2 min was applied at the bar above the abscissa scale.
The experiment was repeated twice with the same result.
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The spontaneous output of tritium fell during the
washing period, first rapidly then more slowly. Carry-
over of [3H]-GABA from the incubating medium, as
well as washout from non-neural sources, would
account for the bulk of the initial high-level tritium
efflux which, despite the presence ofAOAA to pre-
vent metabolism of [3H]-GABA (Wallach, 1961),
probably consists not only of [3H]-GABA but its
metabolites, including tritiated water, for AOAA is
not entirely effective in blocking GABA catabolism
(Gardner & Richards, 1981). Nevertheless, once the

28 32 basal efflux was reached, the bulk of the radioactivity
appearing, and that recovered during electrical

d efflux of [3H]- stimulation of the tissue, was very probably [3H]-
arations of the GABA since it has been found to be the major
affinity uptake of component in similar studies on other tissues, par-
ormal incubation ticularly the colon (Taniyama et al., 1982).
ence of nipecotic Homocarnosine was found by Jessen et al. (1979) in

he bar above the plexus preparations following incubation with [3H]-
me duplicate and glutamate, but whether exogenous GABA is similar-

ly incorporated into this dipeptide by the plexus
under the conditions of our experiments using [3H]-
GABA is not known. We therefore consider it most

the spontaneous likely that the majority of the efflux tritium was
electrical stimu- [3H]-GABA released from neurones by the stimula-
gnal efflux. Upon tion, although the use of t.l.c. with various solvent
rith that contain- systems would provide more sure, chromatographic,
lectrical stimula- evidence for this.
efflux of tritium It can be discounted that significant [3H]-GABA

could be released from some non-neural source as a
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Figure 4 Calcium dependence of the electrically-stimulated efflux of [3H]-GABA from a myenteric-plexus
preparation preloaded and then stimulated, first in Ca2+-free Krebs solution (withEGTA 3 mM), and then in normal
perfusion medium. The results are typical and were repeated twice. Basal efflux was not altered by the Ca2+-free
medium, whereas electrical stimulation, at the first bar, was ineffective. Subsequent stimulation, second bar, in
normal medium with Ca2+ present caused an appreciable tritium efflux.
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result of smooth muscle contractions during the
stimulation period since the efflux was greatly re-
duced by inhibiting neural [3H]-GABA uptake with
nipecotic acid. It is also unlikely that release from glia
could contribute significantly to either the spontane-
ous or the stimulated efflux of [3H]-GABA since
P-alanine was present throughout and is an effective
inhibitor of GABA-uptake by glia (Schon & Kelly,
1975).

Autoradiographic evidence has shown that the
major part of [3H]-GABA accumulated by ileal
longitudinal-muscle myenteric-plexus preparations
is incorporated into a population of neurones of the
plexus under conditions of high affinity uptake
(Krantis & Kerr, 1981a). It can therefore be assumed
that similar accumulation of [3H]-GABA had occur-
red in the plexus of the ileum and colon of the present
study under comparable conditions of high affinity
uptake. In autoradiographs there is clear evidence of
a population of cell-bodies labelled with [3H]-GABA
in the ganglia of Auerbach's plexus, together with
profuse labelling of processes in the primary, secon-
dary and tertiary meshworks of the plexus (Krantis &
Kerr, 1981a). Furthermore, L-DABA and nipecotic
acid, which are inhibitors of neuronal GABA uptake,
prevented this labelling in the autoradiographs (to be
detailed elsewhere). In the present study nipecotic
acid also greatly reduced the stimulated-efflux of
[3H]-GABA relative to that from untreated tissues.
Such labelled neurones and processes are thus the
most likely source of the [3H]-GABA released from
the plexus by electrical stimulation in the present
study. Both tetrodotoxin and calcium-free superfu-
sion were able to stop the stimulated efflux of [3H]-
GABA, again confirming its neural origin. Frequen-
cies of stimulation above 20 Hz were less effective in
evoking [3H]-GABA release, which would suggest
the existence of GABA autoreceptors capable of
depressing output of transmitter by a prejunctional
inhibitory feedback mechanism. Alternatively the
release may have been depressed by some other,
co-released, transmitter, or else the presynaptic
fibres may simply not be able to conduct at stimulus
rates above 20 Hz.
Somewhat surprisingly, it was found that neither

veratridine nor KCl were as effective as electrical
stimulation in provoking [3H]-GABA efflux from
ileal plexus preparations, although both have been
used in the study of such efflux from other tissues
(Srinivasan et al., 1969; Minchin, 1979; Szerb,
1979). Whilst veratridine stimulation distinguishes
neuronal from glial sources of transmitter efflux
(Neal & Bowery, 1979), the more usual criterion of
Ca2+-dependence for neuronal release of transmitter
fails when veratridine is used as the stimulus. On the
contrary, veratridine causes an increased output of
transmitter in the absence of Ca2+ (Minchin, 1979;

Szerb, 1979; Cunningham & Neal, 1981). Not having
investigated the influences of varying Ca2+ on the
[3H]-GABA efflux evoked by veratridine or KCI in
the present study, we have no explanation for the
relatively small tritium efflux they caused in the
isolated intestine, particularly since KCl would be
expected to release [3H]-GABA from both glial and
neuronal sources, but especially from neurones (Neal
& Bowery, 1979).
There are conflicting reports concerning calcium

dependence of transmitter output when using electri-
cal stimulation. Although Szerb (1979) showed such
dependence, Srinivasan et al. (1969) found a slightly
increased [3H]-GABA efflux from electrically-
stimulated brain slices in the presence of low Ca2+
without chelating agent, which is to be expected since
there could well be an electrically-hyperexcitable
phase during progressive depletion of membrane
Ca2+ under these conditions. In the present study this
was avoided by the use of EGTA without Ca2+ in the
perfusing medium, thus more rapidly depleting Ca2+
from the membranes. There is the possibility that
such treatment, particularly if prolonged, might dam-
age the tissue and prevent transmitter output, but
evidently this did not occur for there was a prompt
return of the stimulated [3H]-GABA efflux upon
restoring the Ca2+ content in the perfusion medium
to normal. Electrical stimulation thus remains a valid
method for eliciting putative transmitter output from
the functional myenteric plexus, as has already been
shown in the ileum for cholinergic transmission using
[3H]-choline (Szerb, 1976; Kilbinger & Wessler,
1980), and for [3H]-5-hydroxytryptamine (Schultz &
Cartwright, 1974; Jonakait, Tamir, Gintzler & Ger-
shon, 1979), as well as for [3H]-adenosine triphos-
phate from taenia coli of the guinea-pig (Su, Bevan &
Burnstock, 1971). Since it is possible, in the present
experiments, that [3H]-GABA might have been ac-
cumulated as a false transmitter by some neurones of
the plexus, it would be desirable to show the release
of endogenous GABA from the plexus, as well as to
demonstrate, by immunohistochemical localization
of GAD, that the GAD found there (Jessen et al.,
1979) is indeed located in neurones of Auerbach's
plexus. Nevertheless, the ability of nipecotic acid to
prevent [3H]-GABA uptake and stimulated release
is strong evidence that the released [3H]-GABA
observed in this study had originated from neurones
of the plexus, particularly since glial uptake would
have been already blocked by the combined presence
of P-alanine in the medium. We conclude that the
[3H]-GABA released from the myenteric plexus is of
neural origin, the release being Ca2+-dependent and
tetrodotoxin-sensitive, and that GABA may be a
transmitter in the mammalian enteric nervous
system.



276 D.I.B. KERR & A. KRANTIS

References

BOWERY, N.G. & BROWN, D.A. (1972). Gamma-
aminobutyric acid uptake by sympathetic ganglia. Na-
ture, New Biol., 238, 89-91.

BOWERY, N.G., JONES, G.P. & NEAL, M.J. (1976). Selective
inhibition of neuronal GABA uptake by cis-1,3
aminocyclohexane carboxylic acid. Nature, Lond., 264,
281-284.

CUNNINGHAM, J. & NEAL, M.J. (1981). On the mechanism
by which veratridine causes a calcium-dependent re-
lease of y-aminobutyric acid from brain slices. Br. J.
Pharmac., 73,655-667.

FAGG, G.E. & LANE, J.D. (1979). The uptake and release of
putative amino-acid neurotransmitters. Neuroscience, 4,
1015-1036.

GARDNER, C.R. & RICHARDS, M.H. (1981). Presence of
radiolabelled metabolites in release studies using [3H]-
y-aminobutyric acid. J. Neurochem., 36, 1590-1593.

IVERSEN, L.L. & KELLY, J.S. (1975). Uptake and metabol-
ism of y-aminobutyric acid by neurones and glial cells.
Biochem. Pharmac., 24,933-938.

JESSEN, K.R., MIRSKY, R., DENNISON, M.E. & BURN-
STOCK, G. (1979). GABA may be a neurotransmitter in
the vertebrate peripheral nervous system. Nature, 281,
71-74.

JONAKAIT, G.M., TAMIR, H., GINTZLER, A.R. & GER-
SHON, M.D. (1979). Release of [3H]-serotonin and its
binding protein from enteric neurones. Brain Res., 174,
55-69.

KATZ, R.I., CHASE, T.N. & KOPIN, I.J. (1969). Effect of ions
on stimulus-induced release of amino acids from mam-
malian brain slices. J. Neurochem., 16, 961-967.

KILBINGER, H. & WESSLER, I. (1980). Inhibition by acetyl-
choline of the stimulation-evoked release of [3H]-
acetylcholine from the guinea-pig myenteric plexus.
Neuroscience, 5, 133 1-1340.

KRANTIS, A. (1982). GABA in the mammalian enteric
nervous system. In Problems in GABA Research From
Brain to Bacteria, ed. Okada, Y. & Roberts, E.
pp. 128-136. International Congress Series 565.
Amsterdam: Excerpta Medica.

KRANTIS, A. & KERR, D.I.B. (1981a). Autoradiographic
localization of [3H]-gamma-aminobutyric acid in the
myenteric plexus of the guinea-pig small intestine.
Neurosci. Letters, 23, 263-268.

KRANTIS, A. & KERR, D.I.B. (1981b). GABA induced
excitatory responses in the guinea-pig small intestine are
antagonized by bicuculline, picrotoxinin and chloride
ion blockers. Naunyn Schmiedebergs Arch. Pharmac.,
137,257-261.

KRANTIS, A. & KERR, D.I.B. (1981c). The effect of GABA
antagonism on propulsive activity of the guinea-pig
large intestine. Eur. J. Pharnac., 76, 111-114.

KRANTIS, A., COSTA, M., FURNESS, J.B. & ORBACH, J.
(1980). y-aminobutyric acid stimulates intrinsic inhibit-
ory and excitatory nerves in the guinea-pig intestine.
Eur. J. Pharnac., 67, 461-468.

MINCHIN, M.C.W. (1979). Some properties of
protoveratrine-induced y-aminobutyrate release from
rat brain slices. Biochem. Soc. Trans., 7, 139-140.

NEAL, M.J. & BOWERY, N.G. (1979). Differential effects of
veratridine and potassium depolarization on neuronal
and glial GABA release. Brain Res., 167,337-343.

ONG, J. (1981). Baclofen: some effects in guinea-pig small
and large intestine. Proc. Aust. Physiol. Pharmac. Soc.,
12, 114P.

RUBIN, R.F. (1970). The role of calcium in the release of
neurotransmitter substances and hormones. Pharmac.
Rev., 22, 389-428.

SCHON, F. & KELLY, J.S. (1975). Selective uptake of [3H]-P-
alanine by glia: association with the glial uptake system
for GABA. Brain Res., 86,243-257.

SCHOUSBOE, A., THORBEK, P., HERZ, L. &
KROGSGAARD-LARSEN, P. (1979). Effects of GABA
analogs of restricted conformation on GABA transport
in astrocytes and brain cortex slices and on GABA
receptor binding. J. Neurochem., 33, 181-189.

SCHULTZ, R. & CARTWRIGHT, C. (1974). Effect of mor-
phine on serotonin release from myenteric plexus of the
guinea-pig. J. Pharmac. exp. Ther., 190,420-430.

SRINIVASAN, V., NEAL, M.J. & MITCHELL, J.F. (1969). The
effect of electrical stimulation and high potassium con-
centrations on the efflux of [3H]-y-aminobutyric acid
from brain slices. J. Neurochem., 16, 1235 -1244.

SU, C., BEVAN, J. & BURNSTOCK, G. (1971). [3H]-
adenosine: release during stimulation of enteric nerves.
Science, 173, 337-339.

SZERB, J.C. (1976). Storage and release of labelled acetyl-
choline in the myenteric plexus of the guinea-pig ileum.
Can. J. Physiol. Pharnac., 54, 12-22.

SZERB, J.C. (1979). Relationship between Ca2+ -dependent
and independent release of [ HI-GABA evoked by high
K+, veratridine, or electrical stimulation from rat corti-
cal slices. J. Neurochem., 32, 1565-1573.

TANIYAMA, K., KUSUNOKI, M., SAITO, N. & TANAKA, C.
(1982). Release of 'y-aminobutyric acid from cat colon.
Science, 217, 1038-1040.

WALLACH, D.P. (1961). Studies on the GABA pathway- I:
The inhibition of y-aminobutyric acid-a ketoglutaric
acid transaminase in vitro and in vivoby U-7524 (amino-
oxyacetic acid). Biochem. Pharmnac., 5, 323-33 1.

YOUNG, J.A.C., BROWN, D.A., KELLY, J.S. & SCHON, F.
(1973). Autoradiographic localization of [3H]-y-
aminobutyric acid accumulation in peripheral au-
tonomic ganglia. Brain Res., 63,479-486.

(Received March 26, 1982.
Revised October 12, 1982.)


