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of glutamic acid to GABA, glutamic acid decarboxylase (GAD,
EC4.1.1.15). Gut muscle, containing the myenteric plexus as
only a very small weight percentage, nevertheless was about 3 x
as rich in endogenous GABA as a control muscle not containing
the plexus. A selective labeling of a subpopulation of neurons
in the myenteric ganglia was obtained following incubation of
gut segments in low concentrations of 3H-GABA and processing
for light- and electron-microscopic autoradiography. Similarly,
a highly selective labeling of neurons carrying long neurites was
seen in autoradiographic studies on myenteric ganglia maintained in culture (Jessen, 1981; Jessen et al., 1979, 1983).
Many other studies now support these data. Autoradiographic
labeling of certain myenteric neurons on incubation in 3H-GABA
has been confirmed using whole mounts of the guinea pig ileum
@antis and Kerr, 198 I), and the presence of such cells has
been shown in other areas of the gut and in different species,
using cultured enteric plexuses from the rat, guinea pig, and
chick (Safiey et al., 1983). In a layer of cat colon containing
the myenteric plexus endogenous, GABA levels and specific
GAD activity are, respectively, about 20 and 10 x higher than
insurroundingmuscle(Mikietal.,
1983;Taniyamaetal., 1982b).
Release of exogenous 3H-GABA, which is TTX- sensitive and
Ca2+-dependent, has been obtained on electrical stimulation of
gut segments from the guinea pig and cat (Hills and Jessen,
1983; Jessen et al., 1983; Kerr and Krantis, 1983; Taniyama et
al., 1982a). It has been proved that such release can take place
from neurons that are intrinsic to the myenteric plexus, by demonstrating Ca2+-dependent release of exogenous GABA from
cultured myenteric plexuses devoid of extrinsic innervation,
using K+ as a depolarizing agent (Jessen et al., 1983). Most
recently, release of endogenous GABA from gut neurons has
been shown in the cat and guinea pig (Tanaka and Taniyama,
1985; Taniyama et al., 1983).
In the present study we have been able to visualize directly
a distinct population of myenteric neurons and their projections
in whole mounts of the myenteric plexus from the rat and guinea
pig using a highly specific anti-GABA antibody. This adds a
conclusive support to our hypothesis that the enteric nervous
system contains a population of GABAergic neurons. The role
of these cells in the neuronal control of gut function now remains
to be determined. Part of this work has already appeared in
preliminary form (Hills et al., 1985).

Application of a highly specific antisera against GABA to
whole-mount preparations of the guinea pig and rat myenteric
plexus resulted in discrete and unambiguous immunolabeling of
a subpopulation of myenteric neuronal cell bodies and fibers.
The anti-GABA antiserum, which was raised against GABA
conjugated by glutaraldehyde to BSA, was applied to glutaraldehyde-fixed whole mounts and subsequently visualized using
the peroxidase-antiperoxidase method. In the guinea pig ileum
and colon, immunoreactive varicose nerve fibers and scattered
nerve cell bodies were found within the myenteric plexus. Immunostained fibers were also seen in the tertiary plexus and in
the circular muscle, running parallel to the muscle bundles.
GABA immunoreactivity in these intramuscular nerves was most
pronounced in the colon. In the rat, immunoreactive fibers were
prominent throughout the myenteric plexus. They formed dense
networks within the myenteric ganglia, which also contained
immunopositive nerve cell bodies, and ran between them in the
interconnecting nerves. Some inununoreactive nerve fibers were
seen in the circular muscle. Control experiments using non-immune sera or adsorbed anti-GABA antiserum showed no staining.
These results add a definitive support to our previous suggestion that GABA serves as an autonomic neurotransmitter in
vertebrates. In addition to the present immunohistochemical
evidence, this hypothesis is supported by biochemical, autoradiographic, transmitter release, electrophysiological, and pharmacological studies on the enteric nervous system of several
species. It is now important to determine the functional role of
GABAergic neurons within the complex neuronal circuitry that
controls gut functions.
Strong, but indirect, evidence for the presence of GABAergic
neurons within the autonomic nervous system of vertebrates
has accumulated in studies on the myenteric ganglia of the gastrointestinal tract. We here report the first direct demonstration
of these cells, using a highly specific anti-GABA antibody.
The original biochemical and autoradiographic experiments
on enteric GABAergic neurons were carried out on the myenteric plexus from the guinea pig cecum (Jessen et al., 1979).
Myenteric ganglia, isolated from the gut wall to avoid the effects
of contaminating tissue, were able to synthesize and accumulate
significant quantities of 3H-GABA after incubation in 3H-glutamic acid, the main precursor of neuronal GABA synthesis. In
homogenates of these ganglia, it was also possible to measure
the specific activity of the enzyme responsible for conversion
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Materials and Methods

Tissuepreparation
Three- to six-d-old (total of 4 experiments) and adult (total of 20 experiments) guinea pigs, and 3-week to 2-month-old
rats (total of 15
experiments) were killed by a blow on the neck and bled. Following
removal of the guinea pig ileum and colon and rat colon, whole-mount
preparations (see below) were in some experiments made and fixed (see
below) without delay, while in other experiments, the tissues were placed

in colchicine(10 mg/l 000 ml) containing Krebs’ solution of the follow-
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Figure 1. a, Immunoperoxidase
micrograph of the rat colon, treated with
anti-GABA
antibodies. The micrograph shows a single oblong ganglion
and three interconnecting
nerve
strands (two of which are labeled with
small arrows). Within the ganglion,
an immunopositive neuronal cell body
(long arrow) can be seen, as well as
numerous immunolabeled
nerve fibers, lying among unlabeled neurons
and glia. Immunopositive
nerve fibers
can also be seen in the interconnecting
strands. A bundle of anti-GABA-labeled axons appears to traverse the
ganglion, running from one of the arrowed interconnecting strands to the
other. b, Immunoperoxidase
micrograph of the rat colon, treated with
adsorbed anti-GABA
antiserum. A
single oblong ganglion (G), with associated interconnecting strands (examples labeled with arrows), occupies
the center of the field. No immunopositive structures are present. X 500.
ing composition (mM): NaCl 133.0; KC1 4.7; NaH,PO, 1.3; NaHCO,
16.3; MgSO, 0.6; CaCIZ 2.5; glucose 7.7. The Krebs’ solution was continuously gassed with 95% 0,/5% CO, and maintained at 37°C. After
3 hr, longitudinal muscle-myenteric plexus whole-mount preparations
were made and pinned onto Silgard slightly stretched. All the tissues
were fixed in 5% glutaraldehyde in PBS for 4-5 hr, after which time
they were washed in PBS for 30 min prior to being left overnight at 4°C
in PBS. The immunostaining
was somewhat stronger in the colchicinetreated preparations compared to those fixed without colchicine treatment. A comparable observation was made by Somogyi et al. (1985).

Antisera
The antiserum to GABA (code no. GABA7), which was raised in rabbits
and recognizes a condensation product of GABA and glutaraldehyde,
has been extensively characterized (Hodgson et al., 1985; Somogyi and
Hodgson, 1985; Somogyi et al., 1985). The antiserum was used at a
dilution of 1:2000 to 1:5000.

Immunohistochemical

procedure

The entire immunohistochemical
procedure was carried out at room
temperature. After fixation the whole mounts were dehydrated in 80,
95, and 2 x 1001 ethanol for 30 min each. Endogenous peroxidase was
inactivated with 1% H,O, in methanol for 10 min, and the preparations
were subsequently cleared and rehydrated according to the following
procedure: 2 x 100% ethanol, Histoclear (National Diagnostics), 100,
80, and 50°h ethanol, each for 30 min. The preparations were then
washed in PBS for 60 min. The tissues were preincubated in antibody
diluting solution (ABDS) of the following composition (MM): NaCl300,
Tris/HCl 100, Na/azide 200, Triton X-100 0.25%, and gelatin (60 Bloom)
lob, containing 3% normal sheep serum for 30 min. Incubation in the
GABA antiserum took place overnight. After a 45 min wash in ABDS,
sheep anti-rabbit (Miles Laboratories) antiserum diluted 1: 10 with ABDS

was apphed tar 6U mm. Following a further wash, the preparations were
incubated in rabbit peroxidase-antiperoxidase
(Dakopatts A/S) diluted
1:70 with ABDS for 90 min. After washes in ABDS (30 min), PBS (10
min), and 50 mM Tris (10 min), the tissues were preincubated for 10
min in 3,3’-diaminobenzidine
tetrahydrochloride (Sigma Chemical Co.),
25-50 mg/lOOml, made up in 50 mM Tris, pH 7.2, followed by reaction
for 10-20 min in a similar solution now containing 0.01% hydrogen
peroxide. The tissues were then washed in PBS for 30 min and incubated
in 0.1 I osmium tetroxide for 30 set to enhance contrast. After a wash
in PBS, the preparations were dehydrated, cleared, and mounted in
D.P.X. (Raymond Iamb).

Specificity of the immunohistochemical

procedure

Specificity was tested by replacing the primary antiserum with either
nonimmune rabbit serum at the same dilution as the anti-GABA antiserum or adsorbed anti-GABA antiserum. To obtain the adsorbed serum the diluted antiserum was subjected to solid-phase adsorption,
using the antigen coupled to polyacrylamide beads, essentially as described by Somogyi et al. (1985).

Results
Immunostaining with anti-GABA antibodies was studied in
whole mounts of the myenteric plexus from the adult guinea
pig ileum and colon, newborn guinea pig colon, and adult rat
colon. In these preparations the plexus lies as a two-dimensional
network on top of the outermost muscle coat of the gut wall,
the longitudinal muscle. The plexus is in vivo sandwiched between this layer and the major muscle layer of the gut, the
circular muscle. Although most of this layer is stripped off in
the whole mounts, thin bands of circular muscle sometimes
remain, lying over the myenteric plexus. These preparations can
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2. Immunoperoxidase micrographof the rat colon treatedwith
anti-GABA antibodies. The micrograph,which showsthreegangliarunning transverselyacrossthe field together with interconnecting nerve
strands, illustrates the general appearanceof GABA-labeled nerve fiherswithin the rat myenteric plexus.
Fairly densenetwork of strongly immunopositive fibers is presentwithin
all of the ganglia, and labeled fibers
run in most of the interconnecting
strands.At the junctions betweeninterconnectivesand ganglia, the immunopositive fibers of the strand
either mergewith the fiber network of
theganglion(e.g.,at asterisks) or form
bundlesrunningacrosstheganglia(see
Fig. 3). Suchbundlescan often he followed through more than one ganglion (e.g.,the arrowed bundle). x 400.
Figure

therefore be used to study (1) nerve fibers and cell bodies within
the ganglia and interconnecting strands that together constitute
the network of the primary plexus; (2) the secondary and tertiary
plexuses, i.e., the finer fiber network that lies within and is
continuous with the meshwork of the primary plexus, and in
turn gives rise to fibers projecting to the circular muscle; and
(3) the innervation of that part of the circular muscle that lies
relatively near the myenteric plexus.
In all four types of preparation studied, the application of
anti-GABA antibodies resulted in strong immunostaining of
nerve fibers within the primary plexus and circular muscle, and
of neuronal cell bodies scattered in the myenteric ganglia. No
immunostaining was seen in parallel experiments using adsorbed anti-GABA antibodies or non-immune serum.
In the rat colon, immunoreactive fibers were very prominent
in the myenteric plexus, in both the interconnecting strands and
also surrounding neuronal cell bodies within the ganglia, some
of which were also immunopositive (Figs. 1, 2). The GABApositive neuronal perikarya showed quite variable staining intensity, and they were often found near the edge of the ganglia.
On entering a ganglion via an interconnecting strand, a bundle
of immunoreactive fibers often branched among the cells of the
ganglion (Fig. 2). Alternatively, they formed quite prominent
pathways across the ganglion to exit from it via another inter-

connecting strand (Figs. 2, 3). This pattern was often repeated
through a chain of several ganglia, lying along an axis parallel
to the longitudinal muscle. This suggests the presence of long
pathways of GABA-containing axons running along the oralaboral axis of the gut within the myenteric plexus. The abundance of immunostained fibers within the myenteric plexus made
it difficult to trace individual axons with certainty for more than
a few hundred microns at most. In addition to the dense network
of fibers within the myenteric plexus, immunoreactive fibers
could also be seen in the circular muscle, running parallel to the
long axis of the muscle bundles (Fig. 4).
In the guinea pig colon and ileum the density of immunostained fibers within the myenteric plexus was lower than that
seen in the rat. As in the rat, immunoreactive neuronal cell
bodies, showing marked variation in reaction intensity, were
scattered within the ganglia, often in a peripheral location. Individual nerve fibers, which were more clearly beaded or varicose than in the rat, could therefore be more easily followed,
running between, and within, ganglia (Fig. 5~2,b). In addition,
a fine network of immunoreactive fibers was present in the secondary and tertiary plexuses (Fig. 5c, d). Furthermore, immunostained fibers were prominent in the circular muscle (Figs.
Sd, 6). These fibers mostly ran in parallel with the long axis of
the muscle bundles, while some lateral branching was also noted.
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3. Immunoperoxidase micrographsof the rat colon treatedwith
anti-GABA antibodies.Thesemicrographs illustrate apparent pathways
formed by GABA-immunoreactive
fibers acrossmyenteric ganglia, running approximately parallel to the
longitudinal axis of the colon. a, The
upper one of two axon bundles traversingthe ganglionis indicated(solid
straight arrow). An immunopositive
neuronal cell body (open curved arrow) is also presentlying slightly out
of the mane of focus. b. Traversina
axon bundle (solid straight arrow) lies
on top of a ganglion.An immunolabeledneuronalcell body (opencurved
arrow) and nerve fibers within the
ganglion lie well out of the plane of
focus. x 400.
Figure

The immunoreactivity in these fibers was considerably heavier
than that seen in fibers within the plexus. This could be due to
a higher concentration of GABA per fiber, larger fibers, or possibly to several GABA-containing axons running in close proximity to each other. No clear difference was noted in the pattern
of immunoreactivity between the adult and newborn guinea pig
colon.
Discussion
The most important part of the present results is the observation
that a highly specific anti-GABA antibody selectively reacted
with a subpopulation of neurons and nerve fibers in the enteric
nervous system. This adds definitive support to our hypothesis
that the enteric nervous system contains a population of GABAergic neurons.
The demonstration of immunoreactive neuronal cell bodies
within the myentetic ganglia shows that GABAergic neurons

are intrinsic to the myenteric plexus. This was previously indicated in autoradiographic experiments (Jessen et al., 1979,
1983; Krantis and Kerr, 198 1; Saffrey et al., 1983) and in studies
on the neuronal release of exogenous ‘H-GABA from myenteric
plexus cultures that lack extrinsic innervation (Jessen et al.,
1983). It remains to be determined what percentage ofthe myenteric neurons in the ileum and colon are GABAergic. The only
estimate of the frequency of these cells comes from the guinea
pig colon. In this tissue, autoradiographic studies indicate that
approximately 5% of the myenteric neurons possessed highaffinity uptake sites for ‘H-GABA and were thus likely to be
GABAergic (Jessen et al., 1979).
It is now clear that the enteric plexuses contain a number of
different neuronal subpopulations. These can be characterized
by morphological criteria (Cook and Bumstock, 1976) or by
their content of neurotransmitters or neurotransmitter candidates, which are sometimes found in coexistence with one another

Figure 4. Immunoperoxidasemicrograph of the rat colon treatedwith anti-GABA antibodies.These micrographsshow GABA-immunoreactive
fibers outside the myenteric plexus,in the circular muscle layer. The fibers (exampleslabeledwith arrows) are presentin bandsof circular muscle

that remained attachedto the longitudinal muscle-myenteric plexuswhen the whole-mountswereprepared.The GABA-positive fibersrun parallel
to the long axis of the circular muscle bundles. In both micrographs,a myenteric ganglioncan be seen,lying below the plane of focus, to the left
of the arrowedfiers.

x 400.

1632

Jessen et al.

Vol. 6, No. 6, Jun. 1966

Figure 5. Immunoperoxidase
micrographs of the guinea pig colon (a,
b, d) and ileum (c) treated with antiGABA antibodies. a, Single ganglion
(G) of the myenteric plexus is seen
lying on top of the outer longitudinal
muscle. It gives rise to two interconnecting strands (arrows). On the extreme left, a band of circular muscle
(M, its extent indicated by a stippled
line) has remained attached to the
preparation. Note the presence ofvaricose, immunopositive
nerve fibers,
especially prominent in the interconnecting strands, and an immunolabeled nerve cell body near the edge of
the ganglion (open curved arrow). The
varicose fibers partly overlying the
circular muscle to the left belong to
the tertiary plexus. b, Two ganglia (G)
are linked by one interconnecting
strand (double-headed arrow) and give
rise to several others (single arrows).
Varicose, GABA-positive
nerve fibers run in the strands and are present
inside the ganglia. In addition, several
other labeled fibers (e.g., double arrows), generally lying out of the plane
of focus, are seen within the meshwork of the primary plexus; these belong to the tertiary plexus. c, The fine
meshwork of the tertiary plexus of the
ileum can be seen; d, the tertiary plexus of the colon has the appearance of
a delicate network of varicose fibers,
underneath which lies a ganglion (G)
of the myenteric plexus. On the extreme right is a band of circular muscle (M, its width indicated by a stippled fine) also confaining
GABA
labeled fibers. These are coarser and
straighter than those of the tertiary
plexus. x 400.

(Furness and Costa, 1980; Fumess et al., 1984;
Jessen et al., 1980; Legay et al., 1984; Melander et al., 1985;
Schultzberg et al., 1980; Wolter, 1985). Coexistence of GABA
and other neuronal population markers- including serotonin,
somatostatin, and colecystokinin- has been observed in central
neurons (Pujol, 1984; Somogyi et al., 1984). All of these sub-

in single neurons

stances are present among enteric neurons, and it is possible
that the neuronal population visualized by the anti-GABA antibodies partly overlaps with previously described populations
of myenteric neurons that contain these or other neuroactive
molecules.
In addition to neuronal perikarya, nerve fibers were a prom-
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Figure 6. Immunoperoxidase
micrographs of the guinea pig colon treated with anti-GABA antibodies. These micrographs illustrate the dense
innervation of the circular muscle of the guinea pig colon by GABA immunopositive
fibers. a, The typical dense, semiparallel arrangement of
heavily immunopositive
fibers. b, A band of circular muscle occupies the left-hand part of the field (M, its extent indicated by a stippled line). A
ganglion of myenteric plexus (G) lies below the plane of focus, although immunopositive
varicosities are discernible within it. Note the coarse
aDuearance of the labeled fibers in the muscle when compared to those seen inside the primary myenteric plexus and in the tertiary plexus (see
Fig. 5). x400.

site of GABA immunoreactivity
in the present study.
Heavily labeled fibers were observed within the myenteric ganglia, the interconnecting strands, and the circular muscle layer
of both species studied, in the guinea pig, prominent label was
also seen in the tertiary plexus. Although the possibility that
some of these fibers originate outside the gut can be excluded
only by denervation experiments, no evidence exists suggesting
the presence of a GABAergic component in the extrinsic gut
innervation. Similarily, we have as yet no evidence for GABAergic
neuronal cell bodies in the submucous plexus, although this
question has not yet been studied closely. It is therefore very
likely that most ofthe GABA-containing axons seen in this study
emanate from neuronal cell bodies within the myenteric plexus.
inent

The distribution

of the labeled

axons suggests that these neurons

have at least two major projections: (1) to other neurons within
the myenteric plexus and (2) to the circular muscle.
While projections within the myenteric plexus were seen in
both the rat colon and in the guinea pig colon and ileum, they
were most obvious in the rat colon. This plexus contained numerous intensely immunoreactive nerve fibers, some of which
appeared to project for considerable distances along the longitudinal axis of the colon, while a dense fiber network was also
seen among the neuronal cell bodies within the ganglia. A clue
to the functional role of such intraganglionic fibers comes from
intracellular recordings of single myenteric neurons. These studies have shown that a subpopulation of myenteric neurons, socalled AH cells, possessesGABA receptors and depolarizes on
GABA application, while other neurons, the S cells, are insensitive to GABA (Cherubini and North, 1984a). It was also found
that GABA inhibits transmitter release from both choline&
and noncholinergic terminals within myenteric ganglia (Cherubini and North, 1984b).
GABA-containing fibers were present within the circular muscle layer of both rat and guinea pig, although in the guinea pig
the innervation was considerably denser. This observation
is
entirely consistent with our earlier finding, based on electronmicroscopic autoradiography, that some axons in intramuscular
nerves of the guinea pig cecum selectively accumulate 3H-GABA
(Jessenet al., 1983). Furthermore, it strongly supports our previous proposal, based on the autoradiographic experiments, that

some myenteric GABAergic neurons project out from the myenteric ganglia, sending their axons into the intramuscular nerve
bundles that characteristically form the presynaptic element of
the gut neuromuscular junction (Jessenet al., 1983). The prominent immunohistochemical labeling of the tertiary plexus lying
between the primary myenteric plexus and the adjacent circular
muscle, described here in the guinea pig ileum and colon, constitutes additional evidence for a projection between the myenteric ganglia and the circular muscle. This arrangement, which
on present evidence appears to be found in most of the guinea
pig gastrointestinal tract, is intriguing in view of the well-confirmed observation that GABA has no direct action on gut muscle (Hobbiger, 1958; Kaplita et al., 1982; Krantis et al., 1980).
The most likely explanation is that the functional role of GABAergic axons in intramuscular nerves is to act on neighboring
axons to modulate presynaptically the release of transmitters,
such as ACh, which in turn act directly on the surrounding
musculature (see Jessen et al., 1983).
This

suggestion

is consistent

with

morphological

and phar-

macological data. Ultrastructural studies have shown that the
intramuscular nerves are a collection of often closely apposed
varicose axons with a very loose Schwann cell ensheathment,
clearly allowing for transmitter-mediated cross-talk between
neighboring axons (Gabella, 1972). More recently, pharmacological studies have demonstrated that GABA could indeed act
in this way. Applied GABA inhibits the choline+
twitch induced by electrical nerve stimulation in the guinea pig ileum
and also diminishes spontaneous release of the ACh from gut
nerves (Bowery et al., 1981; Giotti et al., 1983; Kaplita et al.,
1982; Krantis et al., 1980; Ong and Kerr, 1983). It has similar
inhibitory effects on an electrically evoked non-cholinergic contractile response, possibly caused by release of substance P (Ong
and Kerr, 1983). In contrast to these inhibitory actions of GABA
on active terminals, GABA causes release of ACh from resting
cholinergic fibers in the gut, thereby indirectly causing muscle
contraction (Kaplita et al., 1982; Kleinrok and Kilbinger, 1983;
Krantis et al., 1980). Muscle relaxation is also sometimes observed in GABA application. This has been ascribed either to
inhibition of tonic release of ACh or to stimulation of intrinsic
inhibitory neurons (Giotti et al., 1983; Krantis et al., 1980).

1634

Jessen et al.

Although the pharmacological effects of GABA on the gut are
complex and not fully understood, it is clear that GABA can
affect transmitter release from enteric nerves. It remains to he
determined whether this effect takes place exclusively within
the myenteric plexus or, as we would predict, partly at the level
of the terminal varicosities in the intramuscular nerves.
We conclude from the present work, and related observations,
that a population of GABAergic neurons is intrinsic to the myenteric plexus. The projections of these cells ramify within myenteric ganglia and reach the terminal varicose axons of other
neurons within the intramuscular nerves of the gut musculature.
Electrophysiological studies indicate that the intraganghonic
GABAergic fibers could have both pre- and postsynaptic actions, while in intramuscular nerves GABA is likely to act as a
prejunctional modulator of enteric neuromuscular transmission.
It is now important to unravel the precise functional role of
these neurons within the complex neuronal circuitry of the gut
wall.
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