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Abstract

Double-labeling immunohistochemical methods were used to investi-
gate the occurrence of the a8 and a5 nicotinic receptor subunits in
presumptive GABAergic neurons of the chick nervous system. Nico-
tinic receptor immunoreactivity was often found in cells exhibiting
GABA-like immunoreactivity, especially in the visual system. The a8
subunit appeared to be present in presumptive GABAergic cells of the
ventral lateral geniculate nucleus, nucleus of the basal optic root of the
accessory optic system, and the optic tectum, among several other
structures. The o5 subunit was also found in GABA-positive neurons,
as observed in the lentiform nucleus of the mesencephalon and other
pretectal nuclei. The numbers of o8- and a5-positive neurons that
were also GABA-positive represented high percentages of the total
number of neurons containing nicotinic receptor labeling in several
brain areas, which indicates that most of the o8 and o5 nicotinic
receptor subunits are present in GABAergic cells. Taken together with
data from other studies, our results indicate an important role of the
nicotinic acetylcholine receptors in the functional organization of
GABAergic circuits in the visual system.
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Nicotinic acetylcholine receptors
(nAChRs) have been reported to be widely
distributed in the central nervous system (1,2),
where most of them appear to have a modu-
latory role (3-5). Indeed, several studies have
shown a predominance of presynaptic
nAChRs in the visual (1,6,7) and other neu-
ral systems (5). In addition, several electro-
physiological and pharmacological data are
suggestive of a modulatory function of
nAChRs upon dopaminergic, glutamatergic,
noradrenergic (4), and GABAergic (8-14)
circuits. As part of a program to chemically
identify the central neurons containing
nAChRs, we investigated the occurrence of

nAChR subunits in presumptive GABAergic
neurons of the chick brain by means of
double-labeling immunohistochemical tech-
niques. The a8 and o5 nAChR subunits
were chosen for this analysis, as they repre-
sent different nAChR families (2) and also
because monoclonal antibodies (mAb) di-
rected against these two subunits have pro-
duced reliable cellular labeling in previous
experiments (1,15).

Ten 1-2-week-old chicks (Gallus gallus)
were used in the present study. The birds
were deeply anesthetized with ketamine and
xylazine and perfused through the heart with
0.9% saline and 2% paraformaldehyde (PFA)
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in 0.1 M phosphate bufter (PB, pH 7.4). The
brains were postfixed in 2% PFA for 3-5 h
and then transferred to 30% sucrose in PB
for cryoprotection. Coronal sections (30 pm)
of the frozen brains were cut with a sliding
microtome and submitted to immunohisto-
chemical procedures. The brain sections were
processed free-floating according to a double-
labeling protocol, either with a combination
of the rat mAb305 against the a8 nAChR
subunit (16) and a guinea pig antiserum
against GABA (Eugenetech, Ridgefield Park,
NJ, USA), or with a combination of the rat
mAb210 against the o5 nAChR subunit
(2,17) and the guinea pig antiserum against
GABA. All antibodies were diluted 1:250 in
PB containing 0.3% Triton X-100. Sections
were initially incubated with the mixture of
primary antibodies for 14-18 h at room tem-
perature (ca. 22°C). After three washes (15
min each) in PB, the sections were incubated
for 1 h at room temperature with a mixture of
a goat anti-rat antiserum labeled with rhoda-
mine and a rabbit anti-guinea pig antiserum

Figure 1. Digital images of coronal sections of the chick brain through the ventral lateral
geniculate nucleus (top) and the lentiform nucleus of the mesencephalon (bottom), taken
under rhodamine (o8 and o5) and fluorescein (GABA) microscope filters. The arrows
indicate double-labeled neurons and the arrowheads indicate neurons containing only one
of the antigens studied. GABA, gamma-aminobutyric acid. Scale bars: 25 pm. Note the
greater magnification of the bottom images.
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labeled with fluorescein, both diluted 1:100
in PB. The sections were then washed in PB
as described before, mounted on gelatin and
chromoalumen-coated slides, and coverslip-
ped with a mixture of carbonate buffer and
glycerin. As the antigens studied here are not
readily available for preadsorption controls,
in some experiments we have omitted the
primary antibodies from the procedure or
replaced them with normal sera of the same
species as the antibodies. Specific staining
was completely abolished in both control
conditions. The material was analyzed with
a fluorescence microscope using the appro-
priate filters and also with a Zeiss 510 confo-
cal microscope. Double labeling was subjec-
tively evaluated, and cell counts were per-
formed in order to obtain an overall index of
co-occurrence of the o8 and o5 nAChR
subunits with GABA. These cell counts in-
cluded only the neurons that stained well above
the background, and were performed in at
least three sections/animal for each of the
structures analyzed here.

The GABA-immunostaining pattern
found in the present study for the chick brain
was similar to that previously described for
the pigeon brain (18), and the patterns of a8
and o5 immunoreactivity agreed well with
previous descriptions from our laboratory
(1,15). As expected, GABA-immunoreac-
tive cells are much more widely distributed
in the chick brain than neurons containing
the a8 and a5 nAChR subunits. Double-
stained cells containing the a8 subunit of the
nAChRs and GABA were found in several
structures. These cells were especially fre-
quent in visual system structures, such as the
ventral lateral geniculate nucleus (Figure 1),
nucleus of the basal optic root of the acces-
sory optic system, and the optic tectum. Some
structures exhibited an especially high per-
centage of a8-positive cells which also con-
tained GABA, such as the subpretectal
nucleus (approximately 74%), the ventral
lateral geniculate nucleus (about 75%), and
the lentiform nucleus of the mesencephalon
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(ca. 70%). Several structures also exhibited
double labeling for the a5 nAChR subunit
and GABA, such as the pretectal area, isth-
mic nucleus, magnocellular portion, and the
lentiform nucleus of the mesencephalon (Fig-
ure 1). Among the structures that exhibited
high percentages of a.5-positive cells which
also contained GABA are the gray tectal
nucleus (100% of the o5-positive cells), the
lentiform nucleus of the mesencephalon (ap-
proximately 83%), the isthmic nucleus, mag-
nocellular portion (about 90%), and the lat-
eral spiriform nucleus (ca. 80%). The ap-
proximate percentages of cholinoceptive
neurons (0.8- or o5-positive) that contain
GABA in several structures of the chick
brain are summarized in Table 1. It should be
stressed that co-localization of nAChR sub-
units and GABA was also marked in some
non-visual structures, such as the ventral
tegmental area and lateral hypothalamus
(high numbers of a8/GABA-positive cells),
the interpeduncular nucleus (moderate num-
bers of a8- and o5-positive neurons contain-
ing GABA), and the subpretectal nucleus
(high numbers of 08/ GABA-and o.5/GABA-
positive cells). Despite the high number of
GABA-positive neurons in the chick brain,
we could also subjectively estimate the num-
ber of presumptive GABAergic neurons con-
taining a8 or a5 nAChR subunits. These
numbers were highly variable among struc-
tures, ranging from about 5% in the optic
tectum to about 90% in the lateral spiriform
nucleus and the isthmic nucleus, magnocel-
lular portion. The numbers, however, were
very consistent among data from different
experiments. The degree of consistency of
these numbers was as high as the consisten-
cy of the approximate numbers given above
for the cholinoceptive neurons containing
GABA immunoreactivity.

The data of the present study suggest that
many neurons of the chick brain containing
both a-bungarotoxin-sensitive (o.8) and -
bungarotoxin-insensitive (t5) nAChR sub-
units (2) also contain GABA immunoreac-

tivity. This indicates that in several chick
brain structures the majority of the cholino-
ceptive neurons are possibly GABAergic.
The numbers of cholinoceptive neurons con-
taining GABA in the chick visual system are
possibly even higher than those described
above, for at least two reasons. First, the
immunofluorescence technique is recogniz-
ably less sensitive than other immunohisto-
chemical protocols, which suggests that the
approximate numbers of double-labeled
(nAChR/GABA) neurons given here could
actually be higher. Second, we have only
tested two nAChR subunits, and the possi-
bility exists that other subunits are also pres-
ent in GABA-positive neurons. It should be
stressed, however, that o5 must assemble
with other nAChR subunits in order to gen-
erate functional receptors. It is noteworthy
that the distribution of the a5 nAChR sub-
unit is similar to the distribution of the B2
subunit in the chick brain (1,15). The o8
subunits can constitute functional homo-oli-
gomeric receptors, but they may also as-
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Table 1. Approximate percentages of cholinoceptive neurons which contain GABA in

the chick brain.

Brain structures

NAChRs + GABA

o8-positive neurons
with GABA (%)

o5-positive neurons
with GABA (%)

Deep mesencephalic nucleus *
Dorsal thalamus 40
Gray tectal nucleus *
Interpeduncular nucleus 39
Isthmic nucleus, magnocellular portion *
Lateral hypothalamus 72
Lateral spiriform nucleus 40
Medial reticular formation 35
Mesencephalic lentiform nucleus 70
Nucleus of the basal optic root 55
Optic tectum 65
Pretectal area 26
Subpretectal nucleus 74
Ventral lateral geniculate nucleus 75
Ventral tegmental area (Tsai) 42

10
*
100
26
90

*

80

*

83

*

48
60

*

0

*These structures contain very little (or undetectable) &8 or a5 immunoreactivity in
perikarya, despite exhibiting GABA-positive cells. nAChRs, nicotinic acetylcholine

receptors; GABA, gamma-aminobutyric acid.
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semble with o7 subunits in the avian brain
(2). In fact, these two subunits of the o~
bungarotoxin-sensitive nAChR family co-
occur in several visual areas of the chick
brain (1).

The frequent occurrence of nAChRs in
GABAergic neurons may either represent a
morphological substrate for the existence of
presynaptic nicotinic receptors which may
modulate GABA release, or represent post-
synaptic receptors which may directly con-
trol the activity of GABAergic cells. The
first of these possibilities implies that the
existence of nAChR subunits in GABA-posi-
tive neurons may mean that these subunits
are present in the cell body en route to axon
terminals, where they could have a modula-
tory role (1). In the second case, the staining
of perikarya may possibly represent somatic
nAChRs, located either on the cell mem-
brane or in the cytoplasm as part of a cyto-
plasmic receptor pool (2). There are a series
of physiological data indicating an effect of
nicotinic agonists on the facilitation of GABA
release. This effect has been found in the
sensory thalamus (11), the rat dorsal motor
nucleus of the vagus nerve (9), the hippo-
campus (8), the ventral lateral geniculate
nucleus (10), the lateral spiriform nucleus (14),
and cortical interneurons (19). GABAergic
axons in these areas should therefore express
nicotinic receptors in a terminal or pretermi-
nal location, so that these receptors could
modulate GABA release. Very little infor-
mation appears to exist concerning possible
postsynaptic effects of nAChRs upon
GABAergic neurons. In only one of the struc-
tures analyzed here, namely the lateral
spiriform nucleus, does a possibility clearly
exist of fast postsynaptic nAChRs acting
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upon GABAergic cells (13). Additional stud-
ies are needed to identify the presynaptic or
postsynaptic nature of the nAChRs found in
GABAergic neurons in this study.

The presence of nAChRs in GABAergic
neurons demonstrated here in visual areas of
the chick brain does not appear to be limited
to that particular neural system. Indeed, the
physiological data mentioned above suggest
the occurrence of nAChRs in GABAergic
neurons in other neural systems and in the
brains of other species, including humans
(8-11,14,19). Also, the analysis of the exten-
sive maps of the distribution of nAChRs and
GABA in the brain of birds and other species
(see 1,2,18) reveals that the nicotinic recep-
tor-GABA relationship is likely to extend to
the majority of brain areas. Further studies
are clearly necessary to evaluate the latter
possibility. Interestingly, the a3 nAChR sub-
unit has already been detected in GABAergic
perikarya of the chick retina (20). The num-
bers of cholinoceptive neurons exhibiting
the GABA phenotype and the numbers of
GABAergic neurons expressing nAChRs
both varied according to the retinal area
analyzed, reaching almost 40% in both cases
(20). Taken together with the latter data in
the retina, the present results reveal a close
relationship of nAChRs and GABA in the
chick visual system and add information
about a modulatory role of acetylcholine,
acting on nAChRs, in GABAergic circuits.
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