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Abstract—Several lines of evidence suggest that the cholinergic neurons of the mesopontine tegmentum
contain elevated levels of glutamate and are the source of cholinergic terminals in the subthalamic nucleus
and entopeduncular nucleus. The object of this study was to test whether cholinergic terminals in the
entopeduncular nucleus and subthalamic nucleus, also express relatively high levels of glutamate. To
address this, double immunocytochemistry was performed at the electron microscopic level. Perfuse-fixed
sections of rat brain were immunolabelled to reveal choline acetyltransferase by the pre-embedding
avidin-biotin—peroxidase method. Serial ultrathin sections of cholinergic terminals in both the entoped-
uncular nucleus and subthalamic nucleus were then subjected to post-embedding immunocytochemistry
to reveal glutamate and GABA. Quantification of the immunogold labelling showed that choline
acetyltransferase-immunopositive terminals and boutons in both regions were significantly enriched in
glutamate immunoreactivity and had significantly lower levels of GABA immunoreactivity in comparison
to identified GABAergic terminals. Furthermore, the presumed transmitter pool of glutamate i.e. that
associated with synaptic vesicles, was significantly greater in the choline acetyltransferase-positive
terminals than identified GABA terminals, albeit significantly lower than in established glutamatergic
terminals. In the entopeduncular nucleus, a small proportion of cholinergic terminals displayed high levels
of GABA immunoreactivity.

Taken together with other immunocytochemical and tracing data, the elevated levels of glutamate in
cholinergic terminals in the entopeduncular nucleus and subthalamic nucleus, is further evidence adding
weight to the suggestion that acetylcholine and glutamate may be co-localized in both the perikarya and
terminals of at least a proportion of neurons of the mesopontine tegmentum. © 1997 IBRO. Published by

Elsevier Science Ltd.
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The entopeduncular nucleus (EP) together with the
substantia nigra pars reticulata represent the major
output nuclei of the basal ganglia in the rat. The
activity of neurons in these nuclei is critical in the
expression of basal ganglia function as they convey
the final output signal of the basal ganglia to the
thalamus and/or sub-cortical premotor regions. Neu-
rons of the subthalamic nucleus also play a key role
in the physiology and pathophysiology of the basal
ganglia by virtue of their excitatory drive to virtually
all nuclei of the basal ganglia.®139:49:61.62.68.74-76
The importance of the EP and subthalamic nucleus
(STN) is exemplified by the recent findings that
lesions of the internal segment of the globus pallidus,
which is the primate equivalent of the EP,329:5%57
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371

and lesions or inactivation of the STN%®77 are
effective treatments for relieving the motor signs and
symptoms of Parkinson’s disease and of experimental
models of Parkinson’s disease. In view of the impor-
tance of the neurons in these nuclei in the expression
of basal ganglia function, it is necessary to under-
stand the nature of their afferent synaptic input that
presumably influences their output.

The ascending and descending afferents of the EP
and STN have been extensively studied at both light
and electron microscopic levels.>~*2151880 One of
their major afferent inputs arises in the mesopontine
tegmentum?®2® (MTg). This region is an interface for
many neuronal circuits and has been reported to be
involved in many functions including locomotion (see
Ref. 36 for review), arousal and sleep-wake mech-
anisms (see Ref. 47 for review). The MTg has been
shown to contain several neurochemically distinct
populations of neurons including GABAergic,
glutamatergic and cholinergic neurons,2425:26:46.47.53
It is clear from previous studies that the EP and STN
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receive cholinergic inputs®®#5-88 and inputs that are

enriched in glutamate®?® from the MTg. Further-
more, it has been proposed that at least a sub-
population of the cholinergic neurons in the MTg
also contain elevated levels of glutamate immuno-
reactivity.?>2%5% These findings raise the possibility
that the cholinergic neurons of the MTg that project
to the EP and STN, and hence the cholinergic
terminals in these regions, contain elevated levels of
glutamate. The object of this study was therefore to
address this question directly. The approach was to
use a double immunocytochemical technique at the
electron microscopic level to determine whether
cholinergic terminals in the EP and STN, identified
by choline acetyltransferase immunoreactivity, are
also enriched in glutamate immunoreactivity.

Some of the findings of the present study have been
published in abstract form.?*2?

EXPERIMENTAL PROCEDURES

Preparation of tissue

All procedures were carried out on male Sprague-Dawley
rats (250-500 g; Charles River, U.K.). Environmental con-
ditions for the housing of the rats, and all procedures
carried out on them were in accordance with the Animals
(Scientific Procedures) Act 1986.

Five animals were deeply anaesthetized with pentobarbi-
tone and then perfused with 200 ml of 2.5% glutaraldehyde
in 0.1 M phosphate buffer (PB), pH 7.4 over 20 min® and
three animals were perfused with 300 ml of 2.5% glutaral-
dehyde and 2% paraformaldehyde in PB. Following fixa-
tion, the brains were removed from the cranium, divided
into 5 mm-thick coronal slices and stored in phosphate-
buffered saline (PBS; 0.1 M, pH 7.4) at 4°C prior to further
processing. Coronal sections (50 pm) of the entopeduncular
nucleus and subthalamic nucleus were taken using a vibrat-
ing microtome and collected in PBS. Sections from the
animals perfused with glutaraldehyde alone were then
treated with 1% sodium borohydride in distilled water for
10 min and washed many times in PBS. The sections from
both groups were freeze-thawed as described previously.*

Immunocytochemistry for choline acetyltransferase

Sections were incubated in monoclonal antibody to
choline acetyltransferase (ChAT) derived from rat-mouse
hybrid cells (MAb17, 2.5 pg/ml;?°27:6383%) gyernight at room
temperature or for 60 h at 4°C. After several washes in
PBS the sections were incubated in a solution of biotinyl-
ated goat anti-mouse 1gG (1:200; Vector Laboratories,
Peterborough, U.K.) for 2 h at room temperature, followed
by a 2 h incubation in an avidin-biotin—peroxidase complex
(1:100 dilution; Vector Laboratories, Peterborough, U.K.)
in PBS. The primary and secondary antibodies were diluted
in PBS containing 1% bovine serum albumin and 10%
normal goat serum. Peroxidase linked to the primary anti-
body by the avidin-biotin bridge was revealed by placing
the sections in Tris buffer (0.05M, pH 7.4) containing
0.025% diaminobenzidine (DAB) and 0.006% hydrogen
peroxide for 10-15 min. The reaction was terminated by
rinsing several times in Tris buffer and the sections were
then placed in PBS until further processing.

Processing of sections for electron microscopy

All sections were placed flat at the bottom of a petri dish
and postfixed in 1% osmium tetroxide (Oxkem, U.K.) in
0.1 M PB at pH 7.4 for 30 min. They were then washed in

PB and dehydrated through a graded series of dilutions of
alcohol. To enhance the contrast of the tissue in the electron
microscope, the sections were stained with 1% uranyl
acetate (Taab, U.K.) at the 70% alcohol phase. The sections
were placed in two washes of propylene oxide for 10 min
and then in resin (Durcupan, Fluka, U.K.) overnight.
Finally, the sections were embedded in resin on microscope
slides, placed in an oven and cured for 48 h at 60°C.

Post-embedding immunocytochemistry for glutamate and
GABA

In order to test for the presence of fixed glutamate and
GABA in ChAT-immunopositive and non-labelled termi-
nals and boutons in the EP and STN, alternate ultrathin
sections, cut on a Reichert-Jung Ultracut-E ultramicro-
tome, were collected on gold, Pioloform-coated single-slot
grids and labelled by the post-embedding immunogold
method. Glutamate-like and GABA-like immunoreactivity
(hereafter referred to as glutamate and GABA immuno-
reactivity) were detected using polyclonal antisera directed
against fixed amino acid-protein complexes.

Glutamate and GABA immunoreactivity were revealed
on alternate grids using the method described previously.®
Briefly, the grids were first washed in 0.05 M Tris buffer
(pH 7.6) containing 0.9% NaCl (Tris-buffered saline; TBS)
and 0.01% Triton X-100 (TBS-Triton) and then incubated
overnight at room temperature on drops of a 1:500-5000
dilution of rabbit anti-glutamate antiserum (Arnel Products
Co., New York, U.S.A.14%6%) or a 1:5000-15000 dilution of
rabbit anti-GABA antiserum (code 9*787°) in TBS-Triton.
After several washes in TBS-Triton and one wash in TBS
at pH 8.2, the grids were incubated for 1-1.5h at room
temperature in a 1:25 dilution of 15 nm gold-conjugated
goat anti-rabbit 1gG (BioCell, Cardiff, U.K.) in TBS at
pH 8.2. The grids were washed in TBS at pH 8.2 and then in
water, stained with 1% aqueous uranyl acetate for 1-1.5h
and then with lead citrate for 1-2 min. The sections were
then examined in a Philips 410 electron microscope.

Analysis and quantification of glutamate- and GABA-
immunolabelled material

Immunoreactivity for glutamate or GABA was detected
by the presence of the electron-dense immunogold particles
overlying peroxidase-labelled and unlabelled structures. In
order to quantify the immunoreactivity, the cross-sectional
areas of terminals and blood vessels in micrographs were
calculated with the aid of a digitizing pad and MacStereol-
ogy software. These values were then used to calculate the
density (particles/um?) of immunogold particles overlying
ChAT-immunopositive and non-immunopositive boutons
or terminals. The values were then corrected for non-specific
binding of the antibodies to tissue-free resin by subtracting
the density of gold particles overlying the lumen of capil-
laries in the same ultrathin section. The corrected density of
immunogold particles overlying terminals and boutons in
glutamate-labelled sections in the EP was normalized and
referred to as the index of glutamate immunoreactivity, by
expressing it as a ratio of that overlying striatal-like termi-
nals (average of nine terminals/section from three animals),
i.e. terminals that have the morphology of striatal termi-
nals,***® form symmetrical synapses and have previously
been shown to be GABAergic.*>® In the STN the labelling
was normalized by expressing it as a ratio of that overlying
terminals forming symmetrical synaptic specializations that
have previously been shown to be GABAergic'?™* (average
of 30 terminals/section from three animals).

The density of immunogold particles overlying terminals
and boutons in GABA-labelled sections in the EP was also
normalized (index of GABA immunoreactivity), by express-
ing it as the ratio of the density overlying terminals forming
asymmetrical synapses that have previously been shown to
be glutamate-positive (average of seven terminals/section
from three animals).>516:236275 |n the STN the corrected
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density was normalized by expressing it as the ratio of the
density overlying GABA-negative terminals forming asym-
metrical synapses® (average of 14 terminals/section from
two animals). Issues concerning the quantification of immu-
nolabelling have been discussed extensively on a previous
occasion.*?

Choline acetyltransferase-immunopositive and non-
labelled boutons or synaptic terminals randomly encoun-
tered during systematic scans of the glutamate-
immunolabelled ultrathin sections were photographed and
the density of immunogold particles overlying them calcu-
lated and normalized as described above. Most of the
ChAT-immunoreactive structures and some of the non-
labelled structures were also examined and photographed in
the next serial section that was GABA-labelled.

Since glutamate in presynaptic terminals may subserve
both a metabolic and a transmitter role, the density of
immunogold particles overlying vesicles in each of the
categories of boutons and synaptic terminals in the
glutamate-immunolabelled sections was also calculated.**"
The area of bouton occupied by grouped synaptic vesicles
(excluding single outlying vesicles) was measured; any area
occupied by mitochondria was excluded. The values were
expressed as the density of immunogold particles overlying
the vesicle-rich areas of the boutons after subtraction of the
background labelling overlying tissue-free resin. These
values were normalized as described above.

The glutamate and GABA immunoreactivity of popu-
lations of boutons and the glutamate immunoreactivity
associated with the vesicles in different populations of
boutons was compared statistically using the Mann-
Whitney U-test. P-values that were less than 0.01 following
Bonferoni’s correction for multiple testing were considered
to be significant.

RESULTS

In confirmation of previous findings with anti-
bodies against ChAT, cholinergic axons and termi-
nals were observed at both the light and electron
microscopic levels in the EP and STN.®2386-88 |p
addition to the relatively sparse terminal labelling in
the EP (in relation to the STN), a few ChAT-
immunopositive perikarya and dendrites were ob-
served along its medial and lateral borders that were
continuous with the cholinergic (Ch4) cells of the
nucleus basalis of Meynert. In the STN a dense
network of cholinergic fibres and boutons was
observed throughout the nucleus.

In the electron microscope, the characteristics of
the ChAT-positive terminals were similar in the
EP and STN. They were of small to medium size,
contained variable densities of round or pleomor-
phic synaptic vesicles. All boutons that were seen to
form synaptic contacts had asymmetrical mem-
brane specializations (Figs 1A,B,D,F, 2C,D) and
occasionally possessed subjunctional dense bodies
(Fig. 2C,D). Synaptic targets were dendritic shafts
and spines (Figs 1, 2).

Glutamate and GABA immunoreactivity in the ento-
peduncular nucleus

Post-embedding immunocytochemistry for gluta-
mate and GABA was carried out on sections from
three animals that were perfused with the para-
formaldehyde/glutaraldehyde mixture. The pattern of

glutamate and GABA immunolabelling in the EP
was similar to that observed previously*®>2® and was
similar for all three animals. Boutons forming asym-
metrical synaptic contacts in the EP had levels of
glutamate associated with them that were consist-
ently higher than the levels associated with boutons
forming symmetrical synaptic contacts (Fig. 1C,D).
Boutons forming symmetrical synaptic contacts on
the other hand, exhibited levels of GABA immuno-
reactivity greater than the levels associated with
any other structure, including cell bodies, dendritic
structures and the majority of terminals forming
asymmetrical synaptic contacts (Fig. 1E,F).

The immunolabelling associated with four popu-
lations of terminals and boutons, defined on the basis
of their origin or morphology was analysed quanti-
tatively (Figs 1, 3, 4, 7; Table 1). (1) Striatal-like
terminals were defined as irregularly-shaped termi-
nals containing numerous round and ovoid synaptic
vesicles, few mitochondria and forming symmetrical
synaptic contacts (Fig. 1E,F).>*® (2) Pallidal-like
terminals were defined as larger terminals containing
vesicles that were usually congregated close to the
active zone, several mitochondria and forming
symmetrical synaptic contacts.*®*® (3) Terminals
forming asymmetrical synaptic contacts were classi-
fied only according to their synaptic specialization
(Fig. 1C,D). (4) ChAT-immunopositive terminals
were identified by the presence of peroxidase reaction
product (Fig. 1A-F).

The results of the quantitative analysis of the levels
of GABA and glutamate immunoreactivity in un-
labelled terminals and boutons in the EP (Figs 3, 4;
Table 1) were consistent with the results of previous
studies on the amino acid content of the different
populations of terminals and boutons.*®?® Striatal-
like terminals had significantly greater levels of
GABA immunoreactivity than the levels associated
with terminals forming asymmetrical synaptic con-
tacts or ChAT-immunopositive terminals (Mann-
Whitney U-test; P<0.0001 in each case). Terminals
forming asymmetrical synaptic contacts, on the other
hand, had levels of glutamate immunoreactivity
that were significantly greater than the levels
associated with striatal-like, pallidal-like or ChAT-
immunopositive terminals (P<0.0001 in each case).

The terminals and boutons immunopositive for
ChAT had high levels of glutamate immunoreactivity
that were significantly greater than the levels associ-
ated with striatal-like terminals (P<0.0001) and levels
of GABA immunoreactivity that were significantly
lower than the levels associated with striatal-like or
pallidal-like terminals (P<0.0001). Analysis of the
level of GABA immunoreactivity in individual
ChAT-immunopositive boutons revealed a small
number of boutons with indices of immunoreactivity
greater than five (Fig. 4; Table 1); these were
considered to be GABA-immunopositive.

Analysis of the glutamate immunolabelling associ-
ated with synaptic vesicles in the EP (Fig. 7) revealed
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that the ChAT-positive terminals had a significantly
greater density of immunogold particles associated
with their vesicles (mean £S.E.M.; 1.93+0.14, n=64)
than did the striatal-like (1.00+0.05, n=92;
P<0.0001) or pallidal-like (1.37+0.19, n=28;
P<0.001) terminals but was significantly less than
that associated with terminals forming asymmetrical
synapses (4.34 +£0.18, n=59; P<0.0001). There was no
significant difference between the density associated
with striatal-like and pallidal-like terminals.

Glutamate and GABA immunoreactivity in the sub-
thalamic nucleus

Post-embedding immunocytochemistry for gluta-
mate and GABA was carried out on sections from
three animals that were perfused with glutaraldehyde
alone. The pattern of glutamate and GABA immu-
nolabelling in the STN was similar to that observed
previously®'? and was similar for all three animals
(Figs 5, 6; Table 2). A small population of boutons
forming asymmetrical synaptic contacts in the
STN were GABA-immunopositive. Those that were
immunonegative for GABA had levels of glutamate
associated with them that were consistently higher
than the levels associated with boutons forming
symmetrical synaptic contacts, i.e. GABAergic termi-
nals. Boutons forming symmetrical synaptic contacts,
i.e. terminals probably derived from the globus
pallidus, on the other hand, exhibited levels of
GABA immunoreactivity greater than the levels
associated with any other structure, including cell
bodies, dendritic structures and the majority of
terminals forming asymmetrical synaptic contacts.

The terminals and boutons that were immuno-
positive for ChAT had levels of glutamate immuno-
reactivity that were significantly greater than the
levels associated with the pallidal-like boutons, but
significantly less than the levels associated with ter-
minals that formed asymmetrical synaptic contacts

(P<0.0001 in each case). The levels of GABA
immunoreactivity were significantly lower than those
associated with pallidal-like boutons (P<0.0001) as
previously reported.®

Analysis of the glutamate immunolabelling associ-
ated with synaptic vesicles in the STN (Fig. 8)
revealed that the ChAT-positive terminals had a
significantly greater density of immunogold particles
associated with their vesicles (mean+S.E.M,;
4.99+0.37, n=137) than did the terminals forming
symmetrical synaptic contacts i.e. pallidal-like
(1.06 +£0.14, n=118; P<0.0001) but was significantly
less than that associated with terminals forming
asymmetrical synapses (9.64 +0.58, n=78; P<0.0001).

DISCUSSION

The major findings of the present study confirm
and extend our knowledge and understanding of the
synaptology and chemical anatomy of the EP and
STN. First, they show, in confirmation of previous
findings, that the EP and the STN contain distinct
populations of axonal boutons and terminals that are
enriched in either glutamate or GABA immuno-
reactivity and that these differences correlate with
differences in morphology and the type of synaptic
specialization. Secondly, the present work confirms
the presence of cholinergic terminals in the EP and
STN. Thirdly, the most important finding is that the
majority of cholinergic boutons and their synaptic
vesicles in both the EP and STN are significantly
enriched in glutamate immunoreactivity and are
GABA-immunonegative. Additionally, in the EP, a
small proportion of cholinergic terminals are GABA-
immunopositive. The present findings therefore dem-
onstrate directly that the majority of cholinergic
axonal boutons in the EP and STN, which are
probably derived from the MTg (see Introduction
for references), are enriched in glutamate immuno-
reactivity compared to identified GABAergic

Fig. 1. Pairs of electron micrographs of serial sections of synaptic terminals in the entopeduncular nucleus
that were immunolabelled to reveal choline acetyltransferase and GABA or glutamate. The ChAT was
revealed by the avidin-biotin-peroxidase method using DAB as the chromogen. One of each pair was
immunolabelled to reveal glutamate (A,C,E; GLU) and the other to reveal GABA (B,D,F; GABA), using
the post-embedding immunogold method. The ChAT-immunopositive terminals form asymmetrical
synaptic contacts (arrows) with the dendrites (d) of entopeduncular neurons. Two of the ChAT-
immunopositive synaptic terminals are associated with relatively high levels of glutamate immunoreac-
tivity (A=3.264, C=3.709) compared to terminals forming symmetrical synapses whereas the third has a
level of glutamate immunoreactivity similar to terminals forming symmetrical synapses (E=1.255). The
ChAT-immunopositive synaptic terminals have low levels of GABA immunoreactivity (B=1.299,
D=0.713, F=0.362) compared to terminals forming asymmetrical synapses. In C and D the dendrite
postsynaptic to the ChAT-immunopositive terminal also receives input from a terminal (asterisk) forming
an asymmetrical synaptic contact (arrowhead). This terminal is rich in glutamate immunoreactivity (3.878)
but GABA-immunonegative (0.555). A second ChAT-immunopositive axonal profile (star) which does
not make a synapse in these micrographs is associated with a high level of glutamate immunoreactivity
(2.258) and is GABA immunonegative (0.425). In E and F the dendrite postsynaptic to the ChAT-
immunopositive terminal probably receives symmetrical synaptic input (arrowhead) from a striatal-like
terminal (asterisk) which is associated with a low level of glutamate immunoreactivity (1.528) and a high
level of GABA immunoreactivity (4.49). Adjacent to this terminal another striatal-like terminal (visible in
micrograph F) makes symmetrical synaptic contact (arrowhead) with the same dendrite and has a low
level of glutamate immunoreactivity (1.11) and a high level of GABA immunoreactivity (3.23). All
micrographs are at the same magnification; Scale bar=0.5 pm.
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Fig. 2. Pairs of electron micrographs of serial sections of synaptic terminals in the subthalamic nucleus
that were immunolabelled to reveal choline acetyltransferase and GABA or glutamate. The ChAT was
revealed by the avidin-biotin—peroxidase method using DAB as the chromogen. One of each pair was
immunolabelled to reveal glutamate (A,C; GLU) and the other to reveal GABA (B,D; GABA), using the
post-embedding immunogold method. The ChAT-immunopositive terminals form asymmetrical synaptic
contacts (arrows) with the dendrites (d) of subthalamic neurons. The ChAT-immunopositive synaptic
terminals are associated with relatively high levels of glutamate immunoreactivity (A=2.701, C=5.266) and
are GABA immunonegative (B=1.685, D=1.529). Additional terminals are present in both sets of
micrographs (asterisks) that form symmetrical synaptic contacts (arrowheads). These pallidal-like
terminals are glutamate-immunonegative (A=0.624, C=0.588), but are rich in GABA immunoreactivity
(B=20.39, D=16.56). All micrographs are at the same magnification; Scale bar=0.5 pm.
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Table 1. Glutamate and GABA immunoreactivity associated with different types of terminal in the entopeduncular nucleus

Terminal type

Glutamate immunoreactivity

GABA immunoreactivity

ChAT-immunopositive terminals
Striatal-like terminals
Pallidal-like terminals
Asymmetrical synaptic contacts

1.615+0.08* (64) range: 0.24-3.709
0.999 +0.05 (92) range: 0-2.236

1.434+0.1 (28) range: 0.547-3.175
3.325+0.12 (59) range: 1.271-7.15

1.916 +0.24** (46) range: 0-7.9
7.06 £0.34 (71) range: 2.05-13.38
7.57+0.62 (23) range: 2.623-13.97

1.0+0.07 (59) range: 0-2.883

Values indicate the mean +S.E.M. of the number of boutons shown in brackets and range of the indices of glutamate and
GABA immunoreactivity in ChAT-immunopositive terminals and unlabelled terminals in the entopeduncular nucleus.
The single asterisk indicates that ChAT-immunopositive terminals and boutons had significantly greater levels of
glutamate immunoreactivity than striatal-like terminals but significantly less than the levels associated with terminals that
formed asymmetrical synaptic contacts (Mann-Whitney U-test; P<0.0001 in each case). The double asterisk indicates
that ChAT-immunopositive terminals and boutons had levels of GABA immunoreactivity that were significantly lower
than the levels associated with striatal-like or pallidal-like terminals (P<0.0001).

The frequency distribution of this data is illustrated graphically in Figs 3 and 4.

50

Percentage of observed boutons

B coar
Striatal-like
[ Pallidal-like
m Asym
| I B I B
25 3 35 4 4.5 >5

Glutamate immunoreactivity

Fig. 3. Frequency distribution of the level of glutamate immunoreactivity associated with ChAT-positive
and unlabelled synaptic terminals and boutons in the entopeduncular nucleus. The unlabelled terminals
were divided on morphological grounds into striatal-like, pallidal-like and terminals forming asymmetrical
synaptic contacts (Asym). Glutamate immunoreactivity is represented as the ratio of the density of
immunogold particles overlying the synaptic terminals or boutons to that overlying striatal-like terminals
forming symmetrical synapses in the same section. The ChAT-immunopositive, pallidal-like and terminals
forming asymmetrical synaptic contacts are significantly enriched in glutamate compared to that found in
striatal-like synaptic terminals (Mann-Whitney U-test; P<0.0001).

terminals. This, together with findings from previous
studies,>>?°* adds weight to the suggestion that a
population of terminals in the EP and STN may
use both acetylcholine and glutamate as neurotrans-
mitters.

Technical considerations

Technical issues concerning the localization and
quantification of immunolabelling using the post-
embedding immunogold method have been discussed
extensively on previous occasions*?*7® and will not
be discussed further here. However three points
should be noted. First, due to differential fixation of

the EP and STN, which presumably relates to differ-
ences in vascularization, it was necessary to use
different fixatives to obtain optimal immunolabelling
for ChAT and the amino acids. Indeed, in the
STN, in which fixation was presumably better, there
were clearer differences in the indices of glutamate
immunoreactivity between putative glutamatergic
terminals and GABAergic terminals. For this reason
it is not possible to directly compare the levels of
immunoreactivity for the amino acids obtained in
the two nuclei. Secondly, the levels of amino acid
immunoreactivity observed in the cholinergic
boutons are likely to be an underestimate of the true
values as the immunoperoxidase reaction product
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Fig. 4. Frequency distribution of the level of GABA immunoreactivity associated with ChAT-positive and
unlabelled synaptic terminals and boutons in the entopeduncular nucleus. The unlabelled terminals were
divided on morphological grounds into striatal-like, pallidal-like and terminals forming asymmetrical
synaptic contacts (Asym). GABA immunoreactivity is represented as the ratio of the density of
immunogold particles overlying the synaptic terminals or boutons to that overlying terminals forming
asymmetrical synapses in the same section. ChAT-immunopositive terminals and terminals forming
asymmetrical synapses have significantly lower levels of GABA immunoreactivity compared to that
associated with striatal-like and pallidal-like terminals (Mann-Whitney U-test; P<0.0001).

may suppress immunolabelling for the amino acids
by the post-embedding immunogold method.®° This
may account, at least in part, for the significantly
lower levels of glutamate immunoreactivity in the
ChAT-immunopositive terminals compared to termi-
nals forming asymmetrical synapses, although the
degree of quenching is not known. Furthermore,
other factors may account for, or contribute to, this
difference and it is not necessarily the case that
different populations of glutamatergic terminals
should contain similar levels of glutamate immuno-
reactivity. Thirdly, due to the inherent variability of
the post-embedding immunogold technique, it is
preferable to normalize the density of immunolabel-
ling with respect to known immunonegative struc-
tures. This procedure in itself may cause problems
because of the ubiquitous nature of the glutamate
that subserves metabolic roles and because glutamate
is the precursor of GABA. There is, however, debate
in the literature as to the method of analysis most
suitable for establishing whether the glutamate
present in a presynaptic terminal solely subserves a
metabolic role or also has a transmitter function.
Some authors favour whole bouton analy-
sig812:13:23.32.64.67.77 \yhereas others have suggested
that metabolic and transmitter pools of glutamate
can be distinguished by analysis of the density of
glutamate immunolabelling associated with the syn-
aptic vesicles.**"® An additional refinement of the
technique, where the density of glutamate immuno-

labelling overlying vesicles is expressed as a ratio of
that overlying the axoplasmic matrix in the same
bouton, was not possible in this study due to the high
packing density of vesicles in all the types of terminal
we analysed. Consequently we examined the density
of glutamate immunolabelling overlying the boutons
as a whole and that overlying the vesicles in both the
EP and STN.

Glutamate and GABA immunoreactivity in cholinergic
terminals in the entopeduncular nucleus

The post-embedding immunocytochemistry for
glutamate and GABA revealed that ChAT-
immunopositive terminals in the EP are significantly
enriched in glutamate immunoreactivity compared to
a population of known GABAergic terminals i.e.
those terminals we characterized as neostriatal in
origin. This was not, however, the case for those with
the features of pallidal terminals when the density in
the terminals as a whole was considered. High levels
of glutamate immunolabelling have been observed
previously in terminals derived from the globus pal-
lidus.2>7 The neurons of the globus pallidus are
known to be GABAergic and to have a high basal
activity,28:33.50:59.65 The relatively high levels of gluta-
mate may thus be due to a high metabolic require-
ment for glutamate and/or due to a high turnover
rate of GABA. The fact that the levels of glutamate
are not different from those of the ChAT-positive
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Fig. 5. Frequency distribution of the level of glutamate immunoreactivity associated with ChAT-positive
and unlabelled synaptic terminals and boutons in the subthalamic nucleus. The unlabelled terminals were
divided on the basis of their synaptic specializations into those forming symmetrical (Sym) and those
forming asymmetrical synaptic contacts (Asym). Glutamate immunoreactivity is represented as the ratio
of the density of immunogold particles overlying the synaptic terminals or boutons to that overlying
terminals forming symmetrical synapses in the same section. The ChAT-immunopositive terminals and
terminals forming asymmetrical synaptic contacts are significantly enriched in glutamate compared to that
found in terminals forming symmetrical synaptic contacts (Mann-Whitney U-test; P<0.0001).

terminals raises the possibility that the glutamate
immunolabelling in cholinergic terminals may also be
due to a high metabolic requirement for glutamate.
However, when the presumed transmitter pool of
glutamate was determined, i.e. that associated with
vesicles, ChAT-positive terminals had a significantly
higher level of glutamate immunoreactivity com-
pared to both striatal-like and pallidal-like terminals.
Furthermore, the levels associated with the vesicles of
pallidal-like terminals were not significantly different
from those associated with the vesicles of striatal-like
terminals.

The ChAT-immunopositive terminals are enriched
in glutamate immunoreactivity when considered as a
population, however, there are important features
that should be noted. The levels of glutamate in
the ChAT-positive terminals are significantly lower
than the levels in terminals that form asymmetrical
synaptic specializations. These terminals are mainly
derived from the subthalamic nucleus and are
therefore likely to glutamatergic.*>49¢275 The
lower levels in ChAT-immunopositive terminals may
represent a real difference in the concentration of
glutamate in the two populations of terminals, but
may equally be due to the quenching effect of
the peroxidase reaction product or, alternatively, it
may be that the population of ChAT-containing
terminals is heterogeneous. Indeed, it is clear
from the frequency distributions (Figs 3, 7) that a

number of ChAT-positive terminals have low
levels of glutamate immunoreactivity that are com-
parable to known non-glutamatergic terminals i.e.
striatal terminals. The data imply therefore, that
cholinergic terminals in the EP are heterogeneous
with respect to their content of glutamate. This
heterogeneity is consistent with the findings that only
a sub-population of the cholinergic neurons in
the pedunculopontine region are glutamate-
immunoreactive.?*2%5% Statistical tests to determine
the presence of two populations in a mixture could
not be applied to our data since the tests require
the assumptions that both sub-populations are
normally distributed and that they have a common
variance.*®

It was not possible to determine the origin of the
population of cholinergic terminals that possessed
elevated levels of glutamate immunoreactivity but the
weight of evidence suggests that they are derived
from cholinergic neurons of the MTg. Thus, (1) the
MTg contains  populations of  cholinergic
neurons.>®81:86-88 (2} Thjs region projects to the
EP.19'23'30'38'43'54'55'69’70’82’88 (3) Tracing Studies
combined with ChAT immunocytochemistry have
shown that it is the cholinergic neurons of the MTg
that project to the EP.*°%%%8 (4) No other sources
of cholinergic terminals in the EP have been
identified.®®8” (5) Tracing studies combined with
immunolabelling for glutamate have demonstrated
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Fig. 6. Frequency distribution of the level of GABA immunoreactivity associated with ChAT-positive and
unlabelled synaptic terminals and boutons in the subthalamic nucleus. The unlabelled terminals were
divided on the basis of their synaptic specializations into those forming symmetrical (Sym) and those
forming asymmetrical synaptic contacts (Asym). GABA immunoreactivity is represented as the ratio of
the density of immunogold particles overlying the synaptic terminals or boutons to that overlying
terminals forming asymmetrical synapses in the same section. ChAT-immunopositive terminals and
terminals forming asymmetrical synapses have significantly lower levels of GABA immunoreactivity
compared to that associated with terminals forming symmetrical synaptic contacts (Mann-Whitney
U-test; P<0.0001).

Table 2. Glutamate and GABA immunoreactivity associated with different types of terminal in the subthalamic nucleus

Terminal type Glutamate immunoreactivity GABA immunoreactivity

ChAT-immunopositive terminals
Symmetrical synaptic contacts
Asymmetrical synaptic contacts

2.517+0.13* (137) range: 0-7.734
0.936 £0.07 (118) range: 0-3.34
4.3424+0.19 (78) range: 0.49-9.15

1.69+0.27** (21) range: 0-4.704
13.106 + 0.8 (32) range: 7.64-23.608
1.0+0.15 (28) range: 0-3.329

Values indicate the mean +S.E.M. of the number of boutons shown in brackets and range of the indices of glutamate and
GABA immunoreactivity in ChAT-immunopositive terminals and unlabelled terminals in the subthalamic nucleus. The
single asterisk indicates that the ChAT-immunopositive terminals and boutons had levels of glutamate immuno-
reactivity that were significantly greater than those associated with terminals that formed symmetrical synaptic contacts
but significantly less than the levels associated with terminals that formed asymmetrical synaptic contacts (Mann—
Whitney U-test; P<0.0001 in each case). The double asterisk indicates that the levels of GABA immunoreactivity were
significantly lower than the levels associated with terminals forming symmetrical synaptic contacts (P<0.0001).

The frequency distribution of this data is illustrated graphically in Figs 5 and 6.

that at least part of the projection from the MTg to
the EP is glutamate enriched.?®

The distribution of GABA immunoreactivity in
ChAT-immunopositive terminals in the EP (Fig. 4)
showed that as a population they are GABA-
negative, having a level of GABA immunoreactivity
not significantly different from that in terminals
forming asymmetrical synaptic contacts and signifi-
cantly less than that in striatal-like and pallidal-like
terminals. However, a number of terminals with
indices of GABA immunoreactivity greater than five
were observed. This level of immunoreactivity is
generally associated with terminals that use GABA

as a neurotransmitter. The origin of these terminals,
however, is unclear. They are unlikely to be derived
from the MTg as cholinergic neurons in this region
do not express glutamic acid decarboxylase.3*46:52
One possibility is that they are local collaterals of the
adjacent cholinergic neurons of the basal forebrain,
that sometimes lie within the EP, as a small pro-
portion of these neurons have been shown to contain
glutamate  decarboxylase-like immunoreactivity®?
and they have been suggested to be the origin
of synaptic terminals in the striate cortex of the cat
that are immunoreactive for both GABA and
ChAT.>
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Fig. 7. Frequency distribution of the density of immunogold particles overlying vesicles in ChAT-positive
and unlabelled synaptic terminals and boutons in glutamate-immunolabelled sections in the entopedun-
cular nucleus. The unlabelled terminals were divided on morphological grounds into striatal-like,
pallidal-like and terminals forming asymmetrical synaptic contacts (Asym). Glutamate immunoreactivity
is represented as the ratio of the density of immunogold particles overlying the vesicles in synaptic
terminals or boutons to that overlying the vesicles in striatal-like terminals forming symmetrical synapses
in the same section. The ChAT-immunopositive terminals and terminals forming asymmetrical synaptic
contacts have significantly greater levels of vesicle-associated glutamate immunolabelling than striatal-like
and pallidal-like synaptic terminals (Mann-Whitney U-test; P<0.001).

Glutamate and GABA immunoreactivity in cholinergic
terminals in the subthalamic nucleus

The post-embedding immunocytochemistry for
glutamate revealed that ChAT-immunopositive
terminals in the STN are significantly enriched in
glutamate immunoreactivity compared to identified
GABAergic terminals, i.e. terminals forming sym-
metrical synaptic contacts and presumably derived
mainly from the globus pallidus. Furthermore, the
immunolabelling associated with vesicles in ChAT-
positive terminals was significantly greater than that
associated with the pallidal-like terminals although
significantly lower than the terminals forming asym-
metrical synapses. The present studies also confirm
that ChAT-immunopositive terminals in the STN are
GABA-immunonegative.2. As was the case with the
EP, the origin of the cholinergic terminals in the STN
was not identified but the weight of evidence also
suggests they are derived from the MTg.885-88

The frequency distributions (Figs 5, 8) reveal that
in addition to the main body of the population
exhibiting high levels of glutamate immunoreactivity,
there are a number of ChAT-immunopositive termi-
nals with low levels of glutamate immunoreactivity.
The levels of glutamate immunoreactivity in these
terminals is in the range of those obtained for known
GABAergic terminals. As is the case in the EP, these

findings suggest that in the STN there may be more
than one population of cholinergic terminals with
respect to their levels of glutamate, although statisti-
cal analysis to test this could not be applied.*®
This suggestion is consistent with the presence of
glutamate immunoreactivity in only a sub-population
of cholinergic neurons in the MTg.?%26:53

Functional considerations

Elevated levels of a putative transmitter in
terminals fulfils one of the criteria that the sub-
stance acts as a neurotransmitter. The detection of
elevated levels of glutamate in synaptic terminals
by immunocytochemical means, is consistently
observed in known or putative glutamatergic
terminaIS.B’12’13’23’32’48’56’64’67’68’77’84’85 OUr findings
that cholinergic terminals in the EP and STN, that
are probably derived from the cholinergic neurons of
the MTg, contain elevated levels of glutamate implies
that they may use glutamate as a transmitter. The
fact that they also have the ability to synthesize
acetylcholine implies that there is co-existence of
the neurotransmitters, acetylcholine and glutamate,
in a sub-population of terminals in the entoped-
uncular nucleus and subthalamic nucleus, that are
derived from the mesopontine tegmentum. Thus our
data, other immunocytochemical and tracing
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Fig. 8. Frequency distribution of the density of immunogold particles overlying vesicles in ChAT-positive
and unlabelled synaptic terminals and boutons in glutamate-immunolabelled sections in the subthalamic
nucleus. The unlabelled terminals were divided on the basis of their synaptic specializations into those
forming symmetrical (Sym) and those forming asymmetrical synaptic contacts (Asym). Glutamate
immunoreactivity is represented as the ratio of the density of immunogold particles overlying the vesicles
in synaptic terminals or boutons to that overlying vesicles in terminals forming symmetrical synapses in
the same section. The ChAT-immunopositive terminals and terminals forming asymmetrical synaptic
contacts have significantly greater levels of vesicle-associated glutamate immunolabelling than terminals
forming symmetrical synaptic contacts (Mann-Whitney U-test; P<0.0001).

data,®-24726:53 together with the findings of physio-
logical studies®”"* raise the possibility that glutamate
and acetylcholine act as co-transmitters in at
least some of the terminals of mesopontine
tegmental neurons in the entopeduncular nucleus and
subthalamic nucleus.

Although our data only address one of the criteria
that a substance is a neurotransmitter, i.e. its pres-
ence in terminals, there are precedents for the co-
release of glutamate and acetylcholine in other
systems. Thus the depolarization-induced co-release
of glutamate and acetylcholine has been demon-
strated from synaptosomal preparations of rat
cerebral cortex.3*?> The study by lIsrael and co-
workers*? demonstrated that acetylcholine was
released in preference to glutamate at low concen-
trations of extracellular calcium (0.1 mM) whereas
they were co-released at high concentrations (3-
10 mM). Furthermore, Bartfai and co-workers have
suggested that different stimulus frequencies and dif-
ferent presynaptic receptors are important factors in
controlling their release.* Obviously the precise func-
tional significance of the co-localization of acetylcho-
line and glutamate described in the present study
depends on whether the two putative transmitters are
co-released and on the location and types of recep-
tors expressed by the pre- and postsynaptic struc-
tures. Studies are in progress to determine whether

excitatory amino acid and acetylcholine receptors
co-localize at synapses in the STN and EP.

CONCLUSIONS

The main finding of this study clarifies and extends
previous analysis on the projections from the
mesopontine tegmentum to the EP?® and the
STN.B Taken together, they demonstrate the synaptic
convergence of cholinergic terminals, some of which
are enriched in glutamate, with terminals that medi-
ate the direct and indirect pathways of information
flow through the basal ganglia, i.e. terminals derived
from the striatum, globus pallidus and subthalamic
nucleus. Finally, the present study adds data to the
converging evidence for multiple transmitter systems
arising from neurons in the MTg and emphasizes
the need to elucidate the circuitry involving these
systems.

Acknowledgements—The authors thank Caroline Francis,
Liz Norman, Paul Jays and Frank Kennedy for technical
assistance. We also thank Peter Somogyi for the GABA
antiserum and Jason Hanley and Muriel O’Byrne for com-
ments on the manuscript. This work was funded by the
Medical Research Council, U.K and the Wellcome Trust.
N.P.C. is in receipt of an MRC Research Studentship.
M.D.B. is in receipt of an Advanced Wellcome Training
Fellowship (046613/2/96/2).



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

3L

Glutamate-enriched cholinergic boutons in basal ganglia 383

REFERENCES

Abdullah L. H., Ordronneau P. and Petrusz P. (1992) Molecular requirements for hapten binding to antibodies against
glutamate and aspartate. Neuroscience 51, 729-738.

Aziz T. Z., Peggs D., Sambrook M. A. and Crossman A. R. (1991) Lesion of the subthalamic nucleus for the
alleviation of 1-methyl-4-phenyl-1,2,3,6,-tetrahydropridine (MPTP)-induced parkinsonism in the primate. Movement
Disord. 6, 288-292.

Baron M. S., Vitek J. L., Bakay R. A. E., Green J., Kaneoke Y., Hashimoto T., Turner R. S., Woodard J. L., Cole
S. A., McDonald W. M. and DeLong M. R. (1996) Treatment of advanced Parkinson’s Disease by posterior GPi
Pallidotomy: 1-Year results of a pilot study. Ann. Neurol. 40, 355-366.

Bartfai T., Iverfeldt K., Fisone G. and Serfozo P. (1988) Regulation of release of coexisting transmitters. A. Rev.
Pharmac. 28, 285-310.

Beaulieu C. and Somogyi P. (1991) Enrichment of cholinergic synaptic terminals on GABAergic neurons and
coexistence of immunoreactive GABA and choline acetyltransferase in the same synaptic terminals in the striate cortex
of the cat. J. comp. Neurol. 304, 666-680.

Benazzouz A., Gross C., Féger J., Boraud T. and Bioulac B. (1993) Reversal of rigidity and improvement in motor
performance by subthalamic high-frequency stimulation in MPTP-treated monkeys. Eur. J. Neurosci. 5, 382-389.
Bergman H., Wichmann T. and DeLong M. (1990) Reversal of experimental parkinsonism by lesions of the
subthalamic nucleus. Science 249, 1436-1438.

Bevan M. D. and Bolam J. P. (1995) Cholinergic, GABAergic and glutamate-enriched inputs from the mesopontine
tegmentum to the subthalamic nucleus in the rat. J. Neurosci. 15, 7105-7120.

Bevan M. D., Bolam J. P. and Crossman A. R. (1994) Convergent synaptic input from the neostriatum and the
subthalamus onto identified nigrothalamic neurons in the rat. Eur. J. Neurosci. 6, 320-334.

Bevan M. D., Clarke N. P. and Bolam J. P. (1997) Synaptic integration of functionally diverse pallidal information in
the entopeduncular nucleus and subthalamic nucleus of the rat. J. Neurosci. 17, 308-324.

Bevan M. D., Crossman A. R. and Bolam J. P. (1994) Neurons projecting from the entopeduncular nucleus to the
thalamus receive convergent synaptic inputs from the subthalamic nucleus and the neostriatum in the rat. Brain Res.
659, 99-109.

Bevan M. D., Francis C. M. and Bolam J. P. (1995) The glutamate-enriched cortical and thalamic input to neurons
in the subthalamic nucleus of the rat: Convergence with GABA-positive terminals. J. comp. Neurol. 361, 491-511.
Blomqvist A., Ericson A.-C., Craig A. D. and Broman J. (1996) Evidence for glutamate as a neurotransmitter in
spinothalamic tract terminals in the posterior region of owl monkeys. Expl Brain Res. 108, 33-44.

Bolam J. P. (1992) Preparation of CNS tissue for light and electron microscopy. In Experimental Neuroanatomy — A
Practical Approach (ed. Bolam J. P.), pp. 1-29. Oxford Unversity Press, Oxford.

Bolam J. P. and Smith Y. (1992) The striatum and the globus pallidus send convergent synaptic inputs onto single cells
in the entopeduncular nucleus of the rat: a double anterograde labeling study combined with post-embedding
immunocytochemistry for GABA. J. comp. Neurol. 321, 456-476.

Bolam J. P., Smith Y., Ingham C. A., von Krosigk M. and Smith A. D. (1993) Convergence of synaptic terminals from
the striatum and the globus pallidus onto single neurones in the substantia nigra and the entopeduncular nucleus. In
Chemical Signalling in the Basal Ganglia (eds Arbuthnott G. W. and Emson P. C.), Vol. 99, pp. 73-88. Elsevier Science
Publishers, Oxford.

Brotchie J. M., Mitchell I. J., Sambrook M. A. and Crossman A. R. (1991) Alleviation of parkinsonism by antagonism
of excitatory amino acid transmission in the medial segment of the globus pallidus in rat and primate. Movement
Disord. 6, 133-138.

Canteras N. S., Shammah-Lagnado S. J., Silva B. A. and Ricardo J. A. (1990) Afferent connections of the subthalamic
nucleus: a combined retrograde and anterograde horseradish peroxidase study in the rat. Brain Res. 513, 43-59.
Charara A. and Parent A. (1994) Brainstem dopaminergic, cholinergic and serotoninergic afferents to the pallidum in
the squirrel monkey. Brain Res. 640, 155-170.

Chedotal A., Umbriaco D., Descarries L., Hartman B. K. and Hamel E. (1994) Light and electron microscopic
immunocytochemical analysis of the neurovascular relationships of choline acetyltransferase and vasoactive intestinal
polypeptide nerve terminals in the rat cerebral cortex. J. comp. Neurol. 343, 57-71.

Clarke N. P., Bevan M. D., Cozzari C., Hartman B. K. and Bolam J. P. (1996) Glutamate-enriched cholinergic
terminals in the basal ganglia. Soc. Neurosci. Abstr. 22, 893.

Clarke N. P. and Bolam J. P. (1997) Co-localization of neurotransmitters in the basal ganglia. Br. J. Pharmac. 120,
281P .

Clarke N. P., Bolam J. P. and Bevan M. D. (1996) Glutamate-enriched inputs from the mesopontine tegmentum to the
entopeduncular nucleus in the rat. Eur. J. Neurosci. 8, 1363-1376.

Clements J. R. and Grant S. (1990) Glutamate-like immunoreactivity in neurons of the laterodorsal tegmental and
pedunculopontine nuclei in the rat. Neurosci. Lett. 120, 70-73.

Clements J. R. and Grant S. R. (1990) Glutamate and acetylcholine are co-localized in the lateral dorsal tegmental and
pedunculopontine nuclei. Soc. Neurosci. Abstr. 16, 1189.

Clements J. R., Toth D. D., Highfield D. A. and Grant S. J. (1991) Glutamate-like immunoreactivity is present within
cholinergic neurons of the laterodorsal tegmental and pedunculopontine nuclei. Adv. exp. med. Biol. 295, 127-142.
Cozzari C., Howard J. and Hartman B. (1990) Analysis of epitopes on choline acetyltransferase (ChAT) using
monoclonal antibodies (Mabs). Soc. Neurosci. Abstr. 16, 200.

DelLong M. R. (1971) Activity of pallidal neurons during movement. J. Neurophysiol. 34, 414-427.

DeLong M. R. (1995) The pathophysiology of parkinsonism. Brain Res. Ass. Abstr. 12, 64.

DeVito J. L., Anderson M. E. and Walsh K. E. (1980) A horseradish peroxidase study of afferent connections of the
globus pallidus in Macaca mulatta. Expl Brain Res. 38, 65-73.

Docherty M., Bradford H. F. and Wu J.-Y. (1987) Co-release of glutamate and aspartate from cholinergic and
GABAergic synaptosomes. Nature 330, 64-66.



384

32.

33.

34.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

N. P. Clarke et al.

Ericson A.-M., Blomqvist A., Craig A. D., Ottersen O. P. and Broman J. (1995) Evidence for glutamate as
neurotransmitter in trigemino- and spinothalamic tract terminals in the nucleus submedius of cats. Eur. J. Neurosci.
7, 305-317.

Filion M. and Tremblay L. (1991) Abnormal spontaneous activity of of globus pallidus neurons in monkeys with
MPTP-induced parkinsonism. Brain Res. 547, 142-151.

Ford B., Holmes C. J., Mainville L. and Jones B. E. (1995) GABAergic neurons in the rat pontomesencephalic
tegmentum: Codistribuiton with cholinergic and other tegmental neurons projecting to the posterior lateral
hypothalamus. J. comp. Neurol. 363, 177-196.

Freund T. F. (1989) GABAergic septohippocampal neurons contain parvalbumin. Brain Res. 478, 375-381.
Garcia-Rill E. (1991) The pedunculopontine nucleus. Prog. Neurobiol. 36, 363-389.

Gonya-Magee T. and Anderson M. E. (1983) An electrophysiological characterization of projections from the
pedunculopontine area to entopeduncular nucleus and globus pallidus in the cat. Expl Brain Res. 49, 269-279.
Graybiel A. M. (1977) Direct and indirect preoculomotor pathways of the brainstem: An autoradiographic study of
the pontine reticular formation in the cat. J. comp. Neurol. 175, 37-78.

Groenewegen H. J. and Berendse H. W. (1990) Connections of the subthalamic nucleus with ventral striatopallidal
parts of the basal ganglia in the rat. J. comp. Neurol. 294, 607-622.

Hepler J. R., Toomim C. S., McCarthy K. D., Conti F., Battaglia G., Rustioni A. and Petrusz P. (1988)
Characterization of antisera to glutamate and aspartate. J. Histochem. Cytochem. 36, 13-22.

Hodgson A. J., Penke B., Erdei A., Chubb I. W. and Somogyi P. (1985) Antisera to y-aminobutyric acid. | Production
and characterization using a new model system. J. Histochem. Cytochem. 33, 229-239.

Israel M., Lesbats B. and Bruner J. (1993) Glutamate and acetylcholine release from cholinergic nerve terminals, a
calcium control of the specificity of the release mechanism. Neurochem. Int. 22, 53-58.

Jackson A. and Crossman A. R. (1983) Nucleus tegmenti pedunculopontinus: Efferent connections with special
reference to the basal ganglia, studied in the rat by anterograde and retrograde transport of horseradish peroxidase.
Neuroscience 10, 725-765.

Ji Z., Aas J.-E., Laake J., Walberg F. and Ottersen O. P. (1991) An electron microscopic, immunogold analysis of
glutamate and glutamine in terminals of rat spinocerebellar fibers. J. comp. Neurol. 307, 296-310.

Johnson N. L. (1973) Some simple tests of mixtures with symmetrical components. Communications in Statistics 1,
17-25.

Jones B. E. (1990) Relationship of GABAergic to cholinergic neurons within the laterodorsal and pedunculopontine
tegmental nuclei. Soc. Neurosci. Abstr. 16, 300.

Jones B. E. (1993) The organization of central cholinergic systems and their functional importance in sleep-waking
states. Prog. Brain Res. 98, 61-71.

Kharazia V. N. and Weinberg R. J. (1994) Glutamate in thalamic fibers terminating in layer IV of primary sensory
cortex. J. Neurosci. 14, 6021-6032.

Kita H. and Kitai S. T. (1987) Efferent projections of the subthalamic nucleus in the rat: light and electron microscopic
analysis with the PHA-L method. J. comp. Neurol. 260, 435-452.

Kita H. and Kitai S. T. (1991) Intracellular study of rat globus pallidus neurons — membrane properties and responses
to neostriatal, subthalamic and nigral stimulation. Brain Res. 564, 296-305.

Kondoh T., Blount J. P., McDaniels E. P., Ebner T. J., Low W. C. and Maxwell R. F. (1994) Posteroventral
pallidotomy for the treatment of dystonia. Soc. Neurosci. Abstr. 20, 1257.

Kosaka T., Tauchi M. and Dahl J. L. (1988) Cholinergic neurons containing GABA-like and/or glutamic acid
decarboxylase-like immunoreactivities in various brain regions of the rat. Expl Brain Res. 70, 605-617.

Lavoie B. and Parent A. (1994) Pedunculopontine nucleus in the squirrel monkey: distribution of cholinergic and
monoaminergic neurons in the mesopontine tegmentum with evidence for the presence of glutamate in cholinergic
neurons. J. comp. Neurol. 344, 190-209.

Lavoie B. and Parent A. (1994) Pedunculopontine nucleus in the squirrel monkey: projections to the basal ganglia as
revealed by anterograde tract-tracing methods. J. comp. Neurol. 344, 210-231.

Lee H. J., Rye D. B., Hallenger A. E., Levey A. I. and Wainer B. H. (1988) Cholinergic vs noncholinergic efferents
from the mesopontine tegmentum to the extrapyramidal motor system nuclei. J. comp. Neurol. 275, 469-492.
Llewellyn-Smith 1. J., Phend K. D., Minson J. B., Pilowsky P. M. and Chalmers J. P. (1992) Glutamate-
immunoreactive synapses on retrogradely-labelled sympathetic preganglionic neurons in rat thoracic spinal cord. Brain
Res. 581, 67-80.

Lozano A. M., Lang A. E., Galvez-Jimenez N., Miyasaki J., Duff J., Hutchinson W. D. and Dostrovsky J. O. (1995)
Effect of GPi pallidotomy on motor function in Parkinson’s disease. Lancet 346, 1383-1387.

Mesulam M.-M., Mash D., Hersh L., Bothwell M. and Geula C. (1992) Cholinergic innervation of the human
striatum, globus pallidus, subthalamic nucleus, substantia nigra and red nucleus. J. comp. Neurol. 323, 252-268.
Mink J. W. and Thach W. T. (1991) Basal ganglia motor control. I. Nonexclusive relation of pallidal discharge to five
movement modes. J. Neurophysiol. 65, 273-300.

Mrini A., Moukhles H., Jacomy H., Bosler O. and Doucet G. (1995) Efficient immunodetection of various protein
antigens in glutaraldehyde-fixed brain tissue. J. Histochem. Cytochem. 43, 1285-1291.

Nakanishi H., Kita H. and Kitai S. T. (1987) Intracellular study of rat substantia nigra pars reticulata neurons in an
in vitro slice preparation: electrical membrane properties and response characteristics to subthalamic stimulation.
Brain Res. 437, 35-44.

Nakanishi H., Kita H. and Kitai S. T. (1991) Intracellular study of rat entopeduncular nucleus neurons in an in vitro
slice preparation: response to subthalamic stimulation. Brain Res. 549, 285-291.

Oakman S. A, Faris P. L., Kerr P. E., Cozzari C. and Hartman B. K. (1995) Distribution of pontomesencephalic
cholinergic neurons projecting to substantia nigra differs significantly from those projecting to ventral tegmental area.
J. Neurosci. 15, 5859-5869.

Ottersen O. P. (1989) Quantitative electron microscopic immunocytochemistry of neuroactive amino acids. Anat.
Embryol. 180, 1-15.

Park M. R., Falls W. M. and Kitai S. T. (1982) An intracellular HRP study of the rat globus pallidus. I. Responses
and light microscopic analysis. J. comp. Neurol. 211, 284-294.



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

Glutamate-enriched cholinergic boutons in basal ganglia 385

Petrusz P., Van Eyck S. L., Weinberg R. J. and Rustioni A. (1990) Antibodies to glutamate and aspartate recognize
non-endogenous ligands for excitatory amino acid receptors. Brain Res. 529, 339-344.

Phend K. D., Weinberg R. J. and Rustioni A. (1992) Techniques to optimize post-embedding single and double
staining for amino acid neurotransmitters. J. Histochem. Cytochem. 40, 1011-1020.

Rinvik E. and Ottersen O. P. (1993) Terminals of subthalamonigral fibres are enriched with glutamate-like
immunoreactivity: an electron microscopic, immunogold analysis in the cat. J. chem. Neuroanat. 6, 19-30.

Rye D. B., Saper C. B., Lee H. J. and Wainer B. H. (1987) Pedunculopontine tegmental nucleus of the rat:
Cytoarchitecture, cytochemistry, and some extrapyramidal connections of the mesopontine tegmentum. J. comp.
Neurol. 259, 483-528.

Saper C. B. and Loewy A. D. (1982) Projections of the pedunculopontine tegmental nucleus in the rat: evidence for
additional extrapyramidal circuitry. Brain Res. 252, 367-372.

Scarnati E., Di Loreto S., Proia A. and Gallie G. (1988) The functional role of the peduculopontine nucleus in the
regulation of the electrical activity of entopenduncular neurons in the rat. Archs ital. Biol. 126, 145-163.

Shink E. and Smith Y. (1995) Differential synaptic innervation of neurons in the internal and external segments of the
globus pallidus by the GABA- and glutamate-containing terminals in the squirrel monkey. J. comp. Neurol. 358,
119-141.

Shupliakov O., Brodin L., Cullheim S., Ottersen O. P. and Storm-Mathisen J. (1992) Immunogold quantification of
glutamate in two types of excitatory synapse with different firing patterns. J. Neurosci. 12, 3789-3803.

Smith Y., Bolam J. P. and von Krosigk M. (1990) Topographical and synaptic organisation of the GABA-containing
pallidosubthalamic projection in the rat. Eur. J. Neurosci. 2, 500-511.

Smith Y. and Parent A. (1988) Neurons of the subthalamic nucleus in primates display glutamate but not GABA
immunoreactivity. Brain Res. 453, 353-356.

Smith Y., Wichmann T. and Delong M. R. (1994) Synaptic innervation of neurones in the internal pallidal segment
by the subthalamic nucleus and the external pallidum in monkeys. J. comp. Neurol. 343, 297-318.

Somogyi P., Halasy K., Somogyi J., Storm-Mathisen J. and Ottersen O. P. (1986) Quantification of immunogold
labelling reveals enrichment of glutamate in mossy and parallel fibre terminals in cat cerebellum. Neuroscience 19,
145-150.

Somogyi P. and Hodgson A. J. (1985) Antisera to y-aminobutyric acid. 111 Demonstration of GABA in Golgi-
impregnated neurons and in conventional electron microscopic sections of cat striate cortex. J. Histochem. Cytochem.
33, 249-257.

Somogyi P., Hodgson A. J., Chubb I. W., Penke B. and Erdei A. (1985) Antisera to y-aminobutyric acid. Il
Immunocytochemical application to the central nervous system. J. Histochem. Cytochem. 33, 240-248.

Spann B. M. and Grofova I. (1989) Origin of ascending and spinal pathways from the nucleus tegmenti
pedunculopontinus in the rat. J. comp. Neurol. 283, 13-27.

Spann B. M. and Grofova I. (1992) Cholinergic and non-cholinergic neurons in the pedunculopontine tegmental
nucleus. Anat. Embryol. 186, 215-227.

Steininger T. L., Rye D. B. and Wainer B. H. (1992) Afferent projections to the cholinergic pedunculopontine
tegmental nucleus and adjacent midbrain extrapyramidal area in the albino rat. 1. Retrograde tracing studies. J. comp.
Neurol. 321, 515-543.

Umbriaco D., Watkins K. C., Descarries L., Cozzari C. and Hartman B. K. (1994) Ultrastructural and morphometric
features of the acetylcholine inervation in adult rat parietal cortex: an electron microscopic study in serial sections.
J. comp. Neurol. 348, 351-373.

Valtschanoff J. G., Phend K. D., Bernardi P. S., Weinberg R. J. and Rustioni A. (1994) Amino acid immunocyto-
chemistry of primary afferent terminals in the rat dorsal horn. J. comp. Neurol. 346, 237-252.

Van den Pol A. N. (1991) Glutamate and aspartate immunoreactivity in hypothalamic presynaptic axons. J. Neurosci.
11, 2087-2101.

Wainer B. H., Levey A. I., Mufson E. J. and Mesulam M.-M. (1984) Cholinergic systems in mammalian brain
identified with antibodies against choline acetyltransferase. Neurochem. Int. 6, 163-182.

Woolf N. J. (1991) Cholinergic systems in mammalian brain and spinal cord. Prog. Neurobiol. 37, 475-524.

Woolf N. J. and Butcher L. L. (1986) Cholinergic systems in the rat brain: Ill. Projections from the pontomesen-
cephalic tegmentum to the thalamus, tectum, basal ganglia and basal forebrain. Brain Res. Bull. 16, 603-637.

(Accepted 7 May 1997



