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ABSTRACT
Neurons containing gamma-aminobutyric acid (GABA) in the medial
portion of the adult rat nucleus accumbens were characterized with respect
to their ultrastructure, sites of termination, and catecholaminergic input.
Antisera against GABA-conjugates and the catecholamine-synthesizingenzyme, tyrosine hydroxylase (TH), were localized within single sections by
means of peroxidase-antiperoxidase(PAP) and immunoautoradiographic labeling methods. Peroxidase reaction product indicating GABA-like immunoreactivity (GABA-LI) was seen in medium-size (15-20 pm) perikarya
containing either round and unindented or invaginated nuclear membranes.
The cells with invaginated nuclei were few in number and usually exhibited
more intense peroxidase reaction product in sections collected at the same
distance from the surface of the tissue. Reaction product for GABA was also
detected in proximal (1.5-3.0 pm) dendrites, axons, and terminals. Terminals
with GABA-LI formed symmetric junctions on perikarya, proximal dendrites, and dendritic spines of neurons that usually lacked detectable immunoreactivity. Many of the GABAergic terminals also were apposed directly
to other unlabeled terminals and to terminals exhibiting either peroxidase
labeling for GABA or immunoautoradiographic labeling for TH. Many of
the unlabeled terminals associated with the GABAergic axons formed asymmetric junctions on dendritic spines.
From 138 TH-labeled, principally dopaminergic terminals that were
examined in the medial nucleus accumbens, 4% were associated with the
somata of GABAergic neurons and another 14%formed symmetric junctions
with proximal dendrites showing GABA-LI. The remaining TH-immunoreactive terminals either lacked recognizable densities or formed symmetric
synapses on unlabeled dendrites and spines. A few of the unlabeled dendrites, as well as those containing GABA-LI, received symmetric synapses
from both catecholaminergic and GABAergic terminals.
We conclude that in the medial portion of the rat nucleus accumbens,
GABA is localized to two morphologically distinct types of neurons, one or
both of which receive monosynaptic input from catecholaminergic afferents,
and that GABAergic terminals form symmetric synapses on other princi-
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pally non-GABAergic neurons. The results also support earlier physiological
evidence showing that GABA may modulate the output of other GABAergic
and non-GABAergicneurons through presynaptic associations.
Key words: mesolimbic, inhibitory amino acid, tyrosine hydroxylase,

immunoautoradiography

The nucleus accumbens, also known as the fundus striati
(Brockhaus, '42) or nucleus accumbens septi (Nauta et al.,
'78) is one of the primary sites where dopaminergic afferents from the A-10 group in the ventral tegmental area
(Dahlstrom and Fuxe, '64; Lindvall and Bjorklund, '74) may
directly interact with local GABAergic neurons (F'ycock
and Horton, '76a,b, '79; Woodruff et al., '76). The postulated
interaction between dopamine and GABA in the nucleus
accumbens is based largely on studies showing (1) that
apomorphine and other dopamine agonists inhibit the release of GABA (Beart, '79; DeBelleroche et al., '831, and (2)
that long-term treatment with dopamine receptor blockers
such as haloperidol increases the content and turnover of
GABA in this region (Costa et al., '78; Mao et al., '76).
Furthermore, stimulation of locomotor activity by dopamine and its analogues appears to involve receptor-mediated inhibition of inhibitory neurons in the nucleus
accumbens (Kelley et al., '75; Woodruff et al., '76). The
biochemical and behavioral studies do not permit further
assessment of whether dopaminergic terminals form synapses on GABAergic perikarya or processes, or interact
indirectly through junctions on other interneurons (Brase,
'80; Scheel-Kruger, '86). We thus undertook a more direct
anatomical approach t o determine: (1)the ultrastructural
morphology and neuronal targets of the GABAergic neurons, and (2) their synaptic input from terminals immunolabeled for the catecholamine synthesizing enzyme tyrosine
hydroxylase (TH). The TH-labeled terminals were considered t o be principally dopaminergic because of the prominence of this catecholamine in the nucleus accumbens
(Lindvall and Bjorklund, '74). The medial portion of the
nucleus accumbens as defined by Groenewegen and
Russchen ('84) was chosen for study because of its known
function as an interface between dopaminergic and hippocampal afferents and GABAergic neurons sending efferents
to the ventral tegmental area and to the medial and ventromedial pallidum (Heimer et al., '85; Jones and Mogensen
'80a,b; Kelley and Domesick, '82; Walaas and Fonnum, '79,
'80; Yang and Mogenson, '84). The methods included light
and electron microscopic examination of sections that were
dually labeled by using previously established peroxidase
and immunoautoradiographic methods for the immunocytochemical localization of the respective antisera (Milner et
al., '87; Pickel et al., '86, '87).

MATERIALS AND METHODS
Antisera
Antiserum to GABA-conjugateswas produced in rats by
methods described previously (Lauder et al., '86). In brief,
GABA-glutaraldehyde-hemmy anin conjugates, prepared by
the method of Storm-Mathisen et al. ('83), were used for
immunization of Sprague-Dawley rats (Hilltop Lab Animals, Inc., PA). In tests for specificity, the immunoreactivity seen in sections of tissue was not blocked by 10 mM of
unconjugated GABA, or with 100 pM BSA-conjugated glu-

tamate, beta-alanine, or taurine, but was completely abolished by preincubation with 10 pM of GABA-BSA. The
specificity of the antiserum was similar to that described
previously by Hodgson et al., '85.
Antiserum to TH was produced in rabbits by previously
described methods (Joh et al., '73). This antiserum has been
tested for specificity by production of a single immunoprecipitate exclusively with the purified antigen, by selective
inhibition of the activity of the enzyme, and by absence of
immunocytochemical labeling with the antiserum after adsorption with excess antigen.

Animals
Colchicine (75 mg in 7.5 p1 saline) was delivered through
a Hamilton syringe stereotaxically placed in the right lateral ventricle of anesthetized (2% Halothane in 100% Oz),
adult (200-230 g) Sprague-Dawleyrats. The animals were
housed in individual cages for 24 hours prior to use.

Fixation
Six untreated and six colchicine-treated animals were
anesthetized with sodium pentobarbital (50 mgkg IP), then
perfused through the ascending aorta with 10 cc Heparinsaline, 50 cc of 3.75% acrolein, and 2% paraformaldehyde
in 0.1 M phosphate buffer, and finally 200 cc of 2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The total
perfusion was 7 minutes in duration. This fixation procedure was derived as a modification of that used by King et
al. ('83). The ultrastructural localization of the antisera also
was examined in three untreated animals whose brains
were fixed by perfusion with 200 cc of 0.2% glutaraldehyde
and 4% paraformaldehyde in 0.1 M phosphate buffer (pH
7.4). Under these conditions, the preservation of ultrastructural morphology and retention of GABA-LI appeared to be
less than that observed with the use of acrolein. Thus, only
the acrolein-fixed tissues were used in the final electron
microscopic analysis.

Sectioning and immunocytochemical labeling
Immediately followingperfusion-fixation,the brains were
removed and cut into 1-3-mm coronal slices, which were
placed for 30 minutes in 2% paraformaldehyde, then into
phosphate buffer for storage and sectioning. Coronal 30-pm
Vibratome sections were collected through the rostral-caudal extent of the nucleus accumbens. The Vibratome sections were sequentially processed through the following
incubations: (1)24 hours in a 1:2,000 dilution of TH-antiserum, (2) three 15-minute washes, (3) 2 hours in a 150
dilution of '251-labeled donkey antirabbit IgG (Amersham,
Arlington Heights, IL) with a radioactive concentration of
100 pCi/ml for 2 hours, and (4) multiple 30-minute washes.
The incubations were carried out at room temperature with
continuous agitation. All diluents and washes were in 0.1
M Tris-saline at pH 7.6. The last wash steps were continued
until negligible radioactivity was detected in the wash so-
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lution. At the end of these washes, the sections were incubated through a second series of reagents to be immunocytochemically labeled for GABA by a modification (Pickel
et al., '81) of the peroxidase-antiperoxidase(PAP)method of
Sternberger ('79). These included (1)a 1:2,000 dilution of
rat GABA antiserum for 48 hours at 4"C, (2)a 1:50 dilution
of rabbit antirat IgG for 1hour at room temperature, (3) rat
PAP at 1:lOO dilution for 1hour at room temperature. The
peroxidase was visualized by a brown reaction product
formed by the enzyme and 3,3'-diaminobenzidine and hydrogen peroxide. All sections were postfixed for 10 minutes
in 1%glutaraldehyde and processed for light or electron
microscopic autoradiography.
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RESULTS
Light microscopy

The GABA-LI was intensely localized to a few, widely
distributed, medium-size (15-20 pm) perikarya that were
evident in normal (Fig. 1A) as well as colchicine-treated
animals. Lightly labeled neuronal perikarya and processes
containing GABA-LI were partially obscured by the overlying emulsion andor silver grains in low magnification
photomicrographs. However, at higher magnification, particularly in colchicine-treatedanimals, lightly labeled perikarya also of medium (15-20 pm) diameters were readily
identified by their brown peroxidase product (Fig. 1B). "he
autoradiographic labeling for TH was evident as black silver grains within the neuropil between the peroxidaseProcessing for light and electron microscopic
autoradiography
labeled perikarya. Differential densities of silver grains
For light microscopy, the labeled sections were mounted clearly demarcated the medial boundary of the nucleus
on gelatin-coated glass slides, dipped in Ilford L4 emulsion accumbens from the lateral septa1 nuclei (Fig 1A).
(1:l dilution), air dried and exposed in lightproof boxes at
Ultrastructural localization of GABA-LI
4°C for periods of 4-20 days. At the end of the exposure
Perikarya
and dendrites. Electron microscopic examiperiods, the slides were developed in Kodak D-19 and processed as previously described in detail (Pickel et al., '86). nation of thin sections from the medial nucleus accumbens
For electron microscopy, additional labeled sections were confirmed the presence of at least two populations of cells.
fixed for 2 hours in 2% Os04 in 0.1 M phosphate buffer, One type of perikaryon exhibited a relatively thin rim of
then washed in phosphate buffer, dehydrated, and flat- cytoplasm and an invaginated nuclear membrane. The nuembedded in Epon 812. The electron microscopic autoradio- clei of these GABAergic neurons frequently contained bargraphic procedure was carried out as detailed by Descarries shaped bodies near the nucleoli. These perikarya were few
and Beaudet ('83). In brief, ultrathin sections were collected in number and usually showed a substantial accumulation
from the outer surface of the flat-embeddedVibratome sec- of reaction product in sections collected near the surface of
tions and deposited with a loop on slides coated with 2% the tissue. A few large (1.5-3.0 pm) dendrites located near
parlodion in amyl acetate. These slides were dipped in the labeled perikarya exhibited similar immunoreactivity.
Ilford L4 emulsion (diluted 1:4) and exposed in lightproof These dendrites usually contained numerous mitochondria
boxes for 2-8 months. The autoradiographs were developed that were rimmed with the peroxidase reaction product (see
with Kodak-Microdol X, then fixed in 30% sodium thiosul- Fig. 3). The majority of the synaptic inputs to these GABAfate, washed, and collected onto grids for examination with labeled dendrites were from unlabeled terminals that
formed either symmetric or asymmetric junctions (see Fig.
a Philips 201 electron microscope.
3). Both types of unlabeled terminals contained primarily
Controls
small, round, clear vesicles. A second type of perikarya
To evaluate the possible labeling of the first rabbit anti- containing GABA-LIwas more numerous and was characserum by antisera in the second stage of the dual-labeling terized by more abundant cytoplasm and a round nuclear
procedure, some sections were processed for dual labeling membrane. Even in thin sections that were collected from
with omission of the second primary antiserum. A second superficial portions of the tissue and thus having the best
type of control to test for positive chemography from the access to immunoreagents, the reaction product in this type
peroxidase interaction with emulsion included the autora- of perikarya and neighboring dendrites was usually only
diographic processing of tissues labeled only for the PAP- slightly greater than that in unlabeled profiles (see Fig.
4A). The most notable synaptic inputs to the lightly labeled
localization of GABA.
dendrites were from unlabeled terminals and from termiData Analysis
nals immunoreactive for either GABA or TH (see Fig. 4B,
To differentiate specific from background labeling in elec- described in next sections). Other proximal dendrites as
tron microscopic autoradiographs, the profile expected to be well as distal dendrites and spines lacked detectable levels
the source of the radiation was identified by the presence of immunoreactivity (see Fig. 5).
Axom and terminals. Unmyelinated and lightly myelinof silver grains in at least two and frequently three or more
adjacent thin sections. The types of associations formed by ated axons (see Fig. 4A) contained heavy accumulations of
both GABA and TH-labeled terminals were quantitatively peroxidase labeling for GABA. GABA-LI also was seen in
assessed in 100 electron micrographs taken at a magnifica- axon terminals (Figs. 2-6). The labeled terminals measured
tion of 20K and covering a total area of 2,400 pm2. The from 0.8-1.8 pm across their longest cross-sectional diamesections were all collected from the most superficial por- ter. They exhibited dense, symmetric membrane specialitions of the tissue and exhibited immunoreactivity for both zations of 0.1 to 0.2 pm in length. In a quantitative
antigens. The samples included eight Epon-blocksfrom the assessment of the sites of termination of 300 GABAergic
medial portion of the nucleus accumbens located dorsal and terminals, 2% were equally distributed on labeled and unmedial to the anterior horn of the anterior commissure. All labeled soma, 6% were on labeled proximal dendrites, 24%
animals used for quantitative analysis of terminals were on unlabeled proximal dendrites, and 17% on unlabeled
noncolchicine-treated and the autoradiographic exposure spines. In some cases, unlabeled proximal dendrites and
spines (Fig. 5), as well as dendrites containing GABA-LI
period was 7 months.
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Fig. 1. Dual light microscopic autoradiographic labeling of TH and peroxidase labeling for GABA. A. Low magnification photomicrograph showing
the medial border of the nucleus accumbens adjacent to the lateral septa1
nucleus (lsn) from a noncolchicine treated rat. The black silver grains
indicating immunoautoradiographic labeling for TH are markedly reduced
within the lsn. The brown peroxidase reaction product for GABA is seen in
a few perikarya (large arrows) and small varicose processes (small arrows).

The peroxidase labeled varicosities are more easily seen in the lsn because
of the reduced numbers of silver grains. B. Higher magnification photomicrograph from the dorsal portion of the medial nucleus accumbens from a
colchicine-treated rat. The silver grains indicative of TH-labeling are seen
throughout the neuropil exclusive of myelinated bundles (m). The brown
peroxidase labeling for GABA is principally seen in neuronal perikarya
(arrows). Autoradiographic exposure = 7 days. Bar = 50 wm.

(Fig. 4B) received convergent input from terminals containing either peroxidase labeling for GABA or immunoautoradiographic labeling for TH (see next section). The
remaining 51% of the 300 GABAergic terminals failed to
exhibit well-defined membrane specializations or appositions within the plane of section. However, many of these
processes were closely apposed to the plasmalemma of other
axon terminals (Fig. 6A). The terminals found in apposition
to GABAergic terminals included those lacking detectable
immunoreactivity (Fig. 6A) and those showing either peroxidase labeling for GABA (Fig. 6B) or immunoautoradiographic labeling for TH (Fig. 6C-D). The unlabeled terminals in direct contact with other GABAergic terminals frequently formed asymmetricjunctions on unlabeled dendritic
spines (Fig. 6A). All axonal appositions were characterized
by parallel membranes that were no greater than 40 nm
apart and were not separated by glial processes,but usually
lacked the membrane densities that define conventional
synaptic junctions in the brain (Peters et al., '76).

gested that axons and terminals were the primary structures containing silver grains in excess of the surrounding
neuropil. This was confirmed quantitatively in 30 randomly chosen micrographs where 130 silver grains were
individually assessed with respect to their cellular localization. Of these, 78% had central points that were located
within the area bounded by the plasmalemma of small
unmyelinated axons and axon terminals and another 12%
had central points that were no greater than 150 nm outside axonal plasmalemmas. Only 10% of the silver grains
had central points that were outside the plasmalemma or
radiation spheres of axons or terminals. In single sections,
axons sometimes exhibited only 1-4 silver grains within
the boundaries of their plasmalemma. Thus the detection
of silver grains over the same profile in at least 2 serial
sections was considered to be the minimum requirement to
establish specificity of immunoautoradiographic labeling.
The terminals immunoreactive for TH were characterized
with respect to their ultrastructure, distribution, and synaptic associations.
Ultrastructure. The TH-labeled terminals were usually
small (0.5-1.0 pm) in cross-sectional diameter. They contained round as well as flattened small vesicles and a few
larger, clear, or dense vesicles (Figs. 2B,C, 3). The immunoreactive terminals formed either punctate (0.02-0.05 pm),

Ultrastructural localization of tyrosine hydroxylase
The immunoautoradiographs were examined first for the
identity of the cellular profiles that were the most probable
sources of the observed silver grains. Initial surveys sug-

Fig. 2. Electron micrographs showing an apposition between a TH-labeled terminal and a perikaryon containing GABA-LI. In A, the neuronal
cytoplasm contains dense granular PAP-reaction product for GABA and
relatively few organelles. the nucleus (nuc)has a n irregular, highly invaginated membrane and contains a bar-shaped (b) inclusion near the nucleolus.
The plasmalemma is apposed (curved arrow) to a terminal containinground
clear vesicles and silver grains indicative of immunoautoradiographic labeling for TH. This terminal is also in direct apposition to an unlabeled

dendrite (d). Serial sections (B-C) to the micrograph in A confirm the
selective localization of silver grains within the identified terminal. Two
grains indicated by the asterisks in B are within 150 nm outside the
plasmalemma of the identified terminal. The peroxidase reaction product
obscured any evidence of specialized membrane densities such a s those
formed by the TH-labeled terminal and a n unlabeled dendrite (d) as shown
by arrowhead in B. Autoradiographic exposure = 7 months. Bar = 0.5 pm
in A, 0.2 pm in B-D.

Figure 3
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symmetric junctions or were without recognizable densities
in the sections analyzed. The junctions also appeared to be
extremely narrow, since many were seen clearly in only
one of a series of ultrathin (50 nm) sections (Fig. 3).
Distribution and types of associations. The TH-labeled
terminals were less numerous (138 versus 300) than the
peroxidase labeled GABAergic terminals within the same
area of analysis. Of the 138 TH-labeled terminals, 4% were
in direct apposition to GABA-labeledsomata, whereas none
were seen in contact with unlabeled neuronal perikarya.
The GABAergic neurons in contact with TH-labeled axons
all had indented nuclei (Fig. 2). Accumulations of peroxidase immunoreactivity beneath the plasmalemma obscured the detection of membrane specializations
comparable to those seen on nearby unlabeled neuronal
processes (Fig. 2B-D). Fourteen percent of the 138 THlabeled terminals formed junctions on proximal dendrites
exhibiting detectable peroxidase labeling for GABA (Figs.
3, 4B), whereas 8% were on unlabeled proximal dendrites
(Fig. 3). Synaptic densities were more difficult to distinguish on labeled dendrites because of accumulations of peroxidase-productalong the plasmalemma. The remainder of
the 138 TH-labeled terminals formed symmetric junctions
with unlabeled dendritic spines (24%)or were without (50%)
recognized membrane specializations in the sections that
were examined. Many of the terminals that were without
recognizable densities were in direct apposition to: (1)other
unlabeled terminals that themselves formed primarily
asymmetricjunctions with the unlabeled spines (not shown),
and (2)terminals immunoreadive for GABA (Fig. 6C-F).

DISCUSSION
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toradiography after long exposure periods, but was not detected by less sensitive peroxidase-labelingmethods (Pickel
et al., '86). Modification of this method by using optimal
dilutions of 2 antisera from separate species and shorter
autoradiographic exposures was found to be necessary for
convincing labeling of small axons and terminals of the
present study. Unlike the larger perikarya and proximal
dendrites (Pickel et al., '86), the autoradiographic labeling
in small axons often was obscured by the higher background associated with long exposures (unpublished observations).
Identity of the autoradiographically labeled profiles also
is potentially more difficult in smaller axonal profiles because of the spread of radiation away from the source (Salpeter et al., '69, '78). Radiation spread is seen as silver
grains that can be produced anywhere within a characteristic distance from the source depending on the isotope and
the emulsion (Salpeter, '77). In biological materials fixed
with osmium tetroxide and stained with uranyl acetate, the
resolution or half-distances for 1251-labeledspecimens with
Ilford L4 emulsion is approximately 80 nm (Salpeter et al.,
'77). Thus even the smallest (0.1 pm) TH-labeled axons are
sufficiently large to permit tentative identification of the
source of the radiation in single sections, without quantitatively assessing the numbers of grains over each profile.
However, in the representative micrographs that were subject t o quantitative evaluation, a selective accumulation of
silver grains over axons and terminals was ascertained.
The identity of silver grains over the same profile in at
least two consecutive sections also helped to eliminate false
positives attributable t o spurious background labeling. Under these conditions immunoautoradiography provides a
highly specific means for identifying TH or other antigens
in axonal profiles. The results confirm the reliability of
combining immunoautoradiographic and immunoperoxidase methods for examining the synaptic relations of catecholaminergic terminals in the nucleus accumbens as
previously demonstrated in a study examining TH and
substance P in the same region (Pickel et al., '87).

The GABA-LI within the medial nucleus accumbens was
detected in 2 types of neuronal perikarya and in dendrites
receiving monosynaptic input from TH-labeled afl'erents.
Labeling for GABA also was seen in terminals that formed
symmetricjunctions primarily with proximal dendrites that
lacked detectable GABA-LI. Other GABAergic terminals
shared certain common dendritic targets with TH-labeled
terminals and were seen in direct apposition to the THUltrastructural localization of GABA in
labeled terminals as well as to terminals that were either
morphologically distinct perikarya
immunoreactive for GABA or were without detectable immunoreactivity. The implications of these findings are disCommon features with dorsal striatum. The GABAergic
cussed following a consideration of certain methodologies perikarya observed in the medial nucleus accumbens have
of relevance to their interpretation.
many features in common with GABAergic neurons in the
dorsal
striatum (DiFiglia et al., '80). Similarities with the
Methodological considerations
dorsal striatum (caudate-putamen nuclei) are not surprisIn an earlier study, differential localization of 2 antisera ing in view of the fact that these regions are known to
from the same species was achieved by using one antiserum share many cytological and developmental properties as
at sufficiently high dilutions to be detected by immunoau- well as certain common afferent and efferent pathways
(Swanson and Cowan, '75). Immunoreactivity for GABA
and the GABA-synthesizing enzyme, glutamic acid decarboxylase (GAD), and GABA-uptake have been identified in
Fig. 3. Electron micrographs showing punctate membrane specializa- neurons in the dorsal striatum (Bolam et al., '83, '84; Ottertions between a longitudinally sectioned axon containing immunoautoradi- sen and Storm-Mathisen, '84). In the dorsal striatum, the
ographic labeling for TH and dendrites with (d-1)and without (d-2)detectable
peroxidase reaction for GABA. The axon whose boundaries are enclosed by more abundant and more lightly labeled perikarya were
the dashed line contains round and flattened (small arrows) vesicles and a t suggested to belong to the spiny type of neurons (Aronin et
least 6 silver grains within a single plane of section. Only 2 silver grains al., '84; Bradley et al., '83; Oertel and Mugnaini, '83). Thus
(asterisks) are seen over dendrites or other nonaxonal components within it seems highly probable that neurons in the nucleus acthe remaining neuropil. In one adjacent section, partially shown in the
upper left insert, the same longitudinally sectioned axon contained 4 silver cumbens that have similar morphology and light immunograins, one of which is evident in the trimmed micrograph. The 2 silver staining for GABA are also of the spiny type. However, we
grains in the dendrites were not seen in this adjacent section and were were not able to detect GABA immunoreactivity in dentherefore attributed to background labeling. The attachment sites (arrow- dritic spines. The localization of GABA in spines is needed
heads) are characterized by narrow, equally spaced, electron-dense membranes, and a widened synaptic cleft. Autoradiographic exposure = 7 to unequivocally identify the spiny neurons. By analogy,
the more rarely detected and intensely labeled perikarya
months. Bar = 0.5 pm.
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are only presumed to be of the aspiny type. This speculation
is based on their similarity to GABAergic neurons in the
dorsal striatum that also show highly invaginated nuclear
membranes and bar-shaped nuclear inclusions (Bolam et
al., '83; Ribak et al., '79). Bar-shaped nuclear inclusions
have been reported in a variety of neurons, but appear more
numerous in continuously active cells (Feldman and Peters,
'72). The high levels of activity within these cells is also
supported by the demonstration that in the dorsal striatum
morphologically similar neurons have high levels of mRNA for GAD (Chesselet et al., '87).
Differences from dorsal striatum. In addition to the
noted similarities between the nucleus accumbens and the
more dorsal striatum, there are distinct differences in both
afferent and efferent pathways (Groenewegen and
Russchen, '84) that are relevant to the functional relationships of GABAergic neurons of the present study. The
prominent telencephalic afferents from limbic structures
such as the hippocampal formation constitute one of the
major distinguishing features of the medial nucleus accumbens (Kelley and Domesick, '82). Furthermore, unlike the
dorsal striatum where the majority of efferents are believed
to arise from the spiny neurons (Ahn et al., '81; DiFiglia et
al., '80; Preston et al., '80; Somogyi and Smith, '79) have
proposed that the aspiny neurons are one of the major
sources of efferents from the nucleus accumbens. If this is
the case, then these neurons may contribute to the GABAergic projections from the nucleus accumbens (Walaas
and Fonnum, '79). However, the studies by Ahn et al. ('81)
were based on retrograde degeneration in cells that were
identified as aspiny neurons principally on the basis of
numbers of somatic synapses. To unequivocally demonstrate the cell types contributing to the efferent pathways
from the nucleus accumbens, more sophisticated Golgi and
transport studies are required.
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inhibition (Grey Type 11, Cohen et al., '82). The formation
of inhibitory synapses by catecholaminergic terminals in
the nucleus accumbens is consistent with observations that
dopamine decreases the spontaneous firing of the vast majority of neurons tested in this region (Woodruff et al., '76).
However, a few neurons also are insensitive or may be
excited by applied dopamine (Woodruff et al., '76). We suggest that this differential inhibition may reflect the selectivity of dopaminergic synapses on GABAergic neurons
(Costa et al., '78; Jones and Mogenson, '80a,b; Pycock and
Horton, '76a,b; Scheel-Kruger, '86). However, we cannot
exclude the possibility that symmetric junctions also may
mediate excitation.
The numbers of dopaminergic terminals that form synapses with GABAergic neurons is likely to be underestimated in the present study because of the low levels of
GABA-LI in distal dendrites and spines that are the primary sites of termination of dopaminergic axons in the
nucleus accumbens (Bouyer et al., '84). Many of the unlabeled spines may be from dendrites of spiny GABAergic
neurons having low levels of immunoreactivity. The absence of immunoreactivity in dendritic spines may be attributed to low concentrations of GABA and/or limited
penetration of immunoreagents.

GABAergic input to unlabeled and GABA-labeled
neurons

Terminals showing GABA-LI exhibited clearly defined
symmetric membrane specializations principally on unlabeled proximal dendrites. These morphological features and
sites of termination are essentially the same as those described for GAD-labeled terminals in the dorsal striatum
(Bolam '84; Takagi et al., '84). Since proximal dendrites
usually were well labeled for GABA, the greater frequency
of symmetric junctions with these dendrites strongly sugMonosynaptic catecholaminergic input to
gests that GABA acts as a n inhibitory transmitter on nonGABAergic neurons
GABAergic neurons (Cohen et al., '82). The transmitter
We have shown that a few perikarya and the majority of within the unlabeled proximal dendrites that are postsynthe proximal dendrites with GABA-LI receive symmetric aptic to GABAergic terminals is unknown. However, one
synapses from catecholaminergic terminals in the medial good possibility is acetylcholine, since cholinergic neurons
nucleus accumbens. The majority of these TH-labeled ter- have previously been shown to be inhibited by applied
minals are likely to be dopaminergic, since this is the pri- GABA in the dorsal striatum (Scratton and Bartholine,
mary catecholamine in this region (Lindvall and Bjorklund, '81). Furthermore, GAD-labeled terminals form synapses
'74). Symmetric synapses are conventionally associated with with cholinergic neurons in the ventral pallidum (Zaborszky et al., '86).
The detection of synaptic junctions between terminals
Fig. 4. Electron micrographs showing the peroxidase GABA-LI in a me- and dendrites that both exhibit GABA-LI in the medial
dium-size neuronal perikaryon and nearby processes (A), and the conver- nucleus accumbens is consistent with earlier reports that
gence of GABA- and TH-labeled terminals on a dendrite with peroxidase GAD is present in both pre- and postsynaptic structures in
GABA-LI (B). Low intensity granular PAP-reaction product is seen throughout the cytoplasm of the perikaryon and dendrites. The labeling is most the caudate-putamen (Bolam, '84; Ribac, '81; Ribac et al.,
evident near the outer membranes of mitochondria. The perikaryon con- '79). Physiological evidence suggests that the output of
tains numerous cytoplasmic organelles including mitochondria (m), and GABAergic neurons in the dorsal striatum may be influGolgi (G) saccules. The nucleus (nuc) has an unindented membrane that is enced by collaterals of projection neurons, many of which
only partially seen in the micrograph. More intense peroxidase GABA-LI is
seen in a lightly myelinated axon (ax) (lower right of A) and in vesicle-filled contain GABA (Park et al., '80). Thus it seems reasonable
terminals. The peroxidase-labeled axon terminal in B forms symmetric to speculate that the small number of GABAergic termijunctions (straight arrows) both with the GABA-labeled(d-1)and unlabeled nals forming synaptic junctions on similarly labeled dendendrite (d-2).The synaptic densities are partially obscured by the peroxi- drites may be the morphological basis for feedback
dase reaction product. The PAP reaction in d-1 is intermediate in intensity
as compared to the labeled and unlabeled dendrites of Figure 3. The GABA- inhibition of GABAergic neurons by collaterals of other
labeled dendrite also exhibits a punctate density a t the junction with a GABAergic neurons in the nucleus accumbens. However,
varicose axon superimposed with at least 10 silver grains within the single the recent demonstration that GABA released into the synsection. Unlike the GABAergic dendrite that also contained 2 silver grains aptic cleft may rapidly enter GABA-receptive neurons
(asterisks), the axon showed accumulations of silver grains in adjacent
sections. The TH-labeled terminal also lies in apposition to an unlabeled through GABA-activated C1-channels suggests that the imdendritic spine (ds) receiving an asymmetric junction from an unlabeled munoreactive GABA in neurons that are postsynaptic to
terminal. Autoradiographic exposure = 7 months. Bar = 0.5 pm.
GABAergic terminals might be attributed to uptake rather

Fig. 5. Electron micrographs of serial sections showing common termination of GABAergic and dopaminergic terminals on a proximal dendrite
(d) in A and B and dendritic spine (ds) in C and D. The peroxidase GABA-LI
is seen as a black precipitate surrounding the synaptic vesicles in terminals
located in the upper right of A and B and upper middle of C and D.
Autoradiographic labeling for TH is seen a s silver grains overlying terminals in consecutive sections. Other silver grains (asterisks) that are not

confined to the identified terminal are seen in only one (C) of the serial
sections. Straight arrows and arrowheads indicate points of apposition between GABAergic and TH-labeled terminals and the respective dendrites
or spines. Junctions characterized by dense membranes and broad synaptic
clefts are seen for TH-terminal and the dendrite in B and for the GABAterminal and spine in C. Autoradiographic exposure = 7 months. Bar = 0.5
pm.

Fig. 6. Electron micrographs showing axonic associations between
GABAergic terminals and unlabeled terminals (t-1 and t-2 of A), other
terminals with similar peroxidase labeling for GABA (B), and terminals
immunoautoradiographically labeled for TH (C-F). All appositions between
axons are characterized by closely spaced, usually nonelectron dense membranes (open arrowheads) that are not separated by glial processes. the
unlabeled terminals in A form asymmetric junctions (closed arrowheads)
with unlabeled dendritic spines. Micrographs of C and D illustrate the

selectivity of the autoradiographic labeling for the same axon terminal in
adjacent sections. In C, the TH-labeled terminal is also directly apposed
(arrowhead) to the neck of a dendritic spine (ds), which arises from a
dendrite (d). In E, the silver grains (asterisks) overlying the peroxidase
product and terminal (t)were not seen in adjacent sections and are thus
attributed to spread of the radiation from the adjacent terminal which did
contain silver grains in the next section. Autoradiographic exposure = 7
months. Bar = 0.5 Fm.
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nucleus accumbens is L-glutamate (Walaas and Fonnum,
'79), and GABA has been shown to stimulate the release of
3H-glutamate in vitro through presynaptic receptors on
nerve terminals (Mitchell, '80, '82). The inhibition of GABArelease and enhanced glutamate-release would result in
pronounced excitation that markedly contrasts the inhibition produced by GABA at postsynaptic sites (Turner and
Whittle, '83). Differential sensitivities of the GABA-receptors at pre- and postsynaptic sites might thus subserve dual
Post- and presynaptic relations of dopaminergic and regulatory functions of importance for locomotor activities
GABAergic terminals
involving the medial nucleus accumbens (DeFrance et al.,
Convergence of terminals immunolabeled for TH and '80).
GABA at closely spaced sites on common dendrites and
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