
European Journal of Neuroscience. Vol. 8. pp. 1363-1376 .. 1996 © European Neuroscience Association. 

Glutamate-enriched Inputs from the Mesopontine 
Tegmentum to the Entopeduncular Nucleus in the Rat 

N. P. Clarke, J. P. Bolam and M. D. Bevan 
MRC Anatomical Neuropharmacology Unit and Department of Pharmacology. Mansf ield Road. Oxford OX1 3TH , UK 

Keywords: basal ganglia. glutamate , midbrain extrapyramidal area, pedunculopontine nucleus 

Abstract 

In order to clarify the origin and to examine the synaptology of the projection from the mesopontine tegmentum 
to the entopeduncular nucleus, rats received discrete deposits of anterograde tracers in different regions of the 
mesopontine tegmentum. Anterogradely labelled fibres in the entopeduncular nucleus were analysed at the light 
and electron microscopic levels. To determine the neurochemistry of the projection, the distributions of GABA 
and glutamate immunoreactivity in anterogradely labelled boutons in the entopeduncular nucleus were studied 
by postembedding immunocytochemistry. The morphological characteristics of anterogradely labelled structures 
were compared to those of choline acetyltransferase-immunopositive structures. The anterograde tracing 
demonstrated that the projection to the entopeduncular nucleus arises from the area defined by the cholinergic 
neurons of the pedunculopontine region and from the more medial and largely non-cholinergic, midbrain 
extrapyramidal area. The anterogradely labelled terminals formed asymmetrical synaptic contacts with dendritic 
shafts, cell bodies and more rarely spines in the entopeduncular nucleus, and they were significantly enriched in 
glutamate immunoreactivity compared to identified GABAergic terminals in the same region. The morphology. 
trajectory and synaptology of the anterogradely labelled fibres showed similarities to those of choline 
acetyltransferase-immunopositive fibres and terminals, providing indirect evidence in support of previous 
suggestions that at least part of the projection is cholinergic. The structures postsynaptic to the anterogradely 
labelled boutons also received input from other classes of terminals that had the morphological and 
neurochemical characteristics of boutons derived from the neostriatum, globus pallidus and subthalamic nucleus. 
These findings imply that the mesopontine tegmentum sends a projection to the entopeduncular nucleus that is 
heterogeneous with respect to its origin and also possibly its neurochemistry. The synaptology of the projection 
underlies one route through which the mesopontine tegmentum can exert effects on movement by modulating 
the direct and indirect pathways of information flow through the basal ganglia. 

Introduction 

The entopeduncular nucleus (EP) and its equivalent in primates, the 

internal segment of the globus pallidus. together with the substantia 
nigra pars reticulata represents the major output nuclei of the basal 
ganglia. As such, the acti vity of neurons in these nuclei conveys 
integrated basal ganglia inrormation t.u the thalamus and/or subcortical 
premotor neurons. In view of the importance of these neurons in the 
ex press ion of basal ganglia function it is necessary to understand the 
origin and nature of their afferent synaptic input , i.e. inputs that 
ultimately control the output of the basal ganglia. To this end the 
afferents of the EP have been extensively studi ed at both li ght and 
electron microscopic levels. and it is clear that the descending inputs 

derived from the neostriatum, globus pallidus and subthalamic nucleus 
have a hi ghly ordered and specific pattern of termination (Bolam and 
Smith , 1992; Bolam et al. , 1993; Bevan et al. , 1994). 

One of the ascending inputs to the EP is derived from the 
mesopontine tegmentum (MTg). which is an interface for many 
neuronal circuits and has been reported to be involved in Illany 

functions including locomolion (for review see Garcia-Rill , 199 1), 

arousal and sleep-wake mechani sms (for review see Jones, 1993). 
One of the ways the MTg may influence movement is by its 
widespread projections to various nuclei of the basal ganglia (Lavoie 
and Parent, I 994c; Bevan and Bolam, 1995 ; Futami et aI. , 1995). 
Although the projection to the EP has been examined at the light 
microscopic level (Graybiel, 1977; DeVito et aI. , 1980; lackson and 
Crossman , 1983; Saper and Loewy, 1982; Woolf and Butcher, 1986; 
Rye et al. , 1987; Lee et al., 1988; Spann and Grofova, 1989; 
Steininger et al. , 1992; Charara and Parent, 1994; Lavoie and Parent, 
1994b) and by electrophysiological techniques (Gonya-Magee and 
Anderson . 1983; Scarnati et al., 1988), little is known about its 
synaptology and neurochemistry. 

The precise neuronal origin of the projection from the MTg to the 
EP, and to the basal ganglia in general , has been the subject of much 
debate. It has been variously proposed that the projection arises 
almost exclusively from either the cholinergic neurons of the peduncul
opontine region (PPN-ChS) or the midbrain extrapyramidal area 
(MEA) (Woolf and Butcher. 1986; Rye et al., 1987; Lee et aI. , 1988; 
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Spann and Grofova, 1989). The first objective of the present study 
was therefore to gain an insight into the site(s) of origin of the 
projection from the MTg to the EP by placing di screte depos its of 
anterograde tracers in different pans of the MTg defined with respect 
to the location of cholinergic neurons, identified by nicotinamide 
adenine dinucleotide phosphate (NADPH)-diaphorase histochemi stry 
(Vincent el al.. 1983). 

There is an increasing body of evidence indicating that the MTg 
provides neurochemicall y heterogeneous inputs to the basal gangli a 
(Charara and Parent, 1994; Lavoie and Parent. I 994c; Bevan and 
Bolam, 1995 ; Futami el al. , 1995). Immunocytochemi cal studies 
using antibodies against glutamate or GABA have identified several 
neurochemically distinct populations of neurons in the MTg (Clements 
and Grant, 1990; Jones , 1990, 1993 ; Clements el aI. , 1991 ; Lai el al .. 
1993 ; Lavoie and Parent, I 994a, c). In view of the imponance of 
GABA and g lutamate in neurotransmi ssion and the previous sugges
tions by Gonya-Magee and Anderson (1983) and Scarnati el al. 
( 1988) that the MTg projection to the EP is excitatory in nature , the 
second objective of this study was to examine the amino acid contenl 

of the boutons and synaptic terminal s in the EP that were deri ved 
from the MTg. This was achieved by combining anterograde tracing 
and quantitative postern bedding immunocytochemistry for glutamate 
and/or GABA. 

It has been suggested pre viously that there is a cholinergic 
component to the projection from the MTg to the EP (Wainer el al. . 

1984; Woolf. 1991 ; Mesulam el al. , 1992). The third objective of the 
study was therefore to compare the morphology of the choline 
acetyl transferase (ChAT)-immunoreacti ve axons and the sy naptic 
nature of their terminals with those of anterograde I y labelled structures 
from the MTg. 

Some of the findin gs of the present study have been published in 
abstract form (Clarke el al. , 1995 ). 

Materials and methods 

Preparation of tissue 

All surgical procedures were carried out on male Sprague-Dawley 
rats (250--350 g; Charles River) whilst under deep anaesthesia, 
which was induced and maintained by intraperitoneal inject ion of 
pentobarbitone . Environmental conditions for the housing of the rats 
and all procedures carried out on them were in accordance with the 
Animals (Scientific Procedures) Act 1986. Injections of neuronal 
tracers were placed into specific regions of the MTg under stereotaxic 
guidance using coordinates derived from the atlas of Paxinos and 
Watson (1986). 

To study the origin of the projection. sections from seven animal s 
that had been used in a previous study (Bevan and Bolam, 1995) 
were examined in addition to another five animals injected to complete 
this study, Phaseolus vulgaris leucoagglutinin (n = 5) (PHA-L; 
2.5% in 0.01 M phosphate buffer, pH 8.0; Vector Laboratories, 
Peterborough, UK) (Gerfen and Sawchenko, 1984) or biotinylated 
dextran amine (n. = 7) (BDA; 10% in 0 .9% sodium chloride; 
Molecular Probes, USA) (Veenman et al. , 1992) was delivered by 
iontophoresis into the MTg via glass micropipettes of 10--50 J-lm 
internal diameter, using a pul sed (7 son, 7 s off) cathodal current 
(5- 9 J-lA) over 10--30 min. Four to eight days later the animal s were 
deeply anaesthetized and solutions were perfused via the ascending 
aorta using a peri staltic pump. Prior to perfusion with fixative. the 
blood was removed by rapid perfusion with 100 ml phosphate
buffered saline (0.01 M phosphate) (PBS) over 1- 2 min. Thi s was 
followed by perfusion with 300 ml of 1.5% glutaraldehyde and 2% 

paraformaldehyde in 0.1 M phosphate buffer. pH 7.4 (PB). over 20 
min (11 = 7). or by perfusion with 200 ml 0.1 % glutaraldehyde and 
3% paraformaldehyde in PB over 5 min followed by 200 ml of 3% 
paraformaldehyde in PB over 20 min (11 = 5). 

To study the neurochemi stry of the projection three animal s received 
pressure injecti ons of 50 nl wheat germ agg lutinin conjugated to 
horseradish peroxidase (WGA-HRP; 5% in 0.9% sal ine; Sigma) over 
5 min using glass mi cropipettes of 40-70 flm internal diameter. They 
were perfused 24 h later wi th 300 ml of 2 .5% glut araldehyde and 
2% para formaldehyde in PB over 30 min . followed by 300 ml of PB 
uver 15 min . Two unoperated animals. for ChAT immunocyto
chemistry, were perfused with 200 ml 0 .1- 0.5% glutaraldehyde and 
3% parafornlaldehyde in PB over 5 min followed by lOO ml of 3'7e 
paraformaldehydc in PB over 10 min . 

Following fixation. the brains were removed from the cranium. 
divided into 5 mm thick coronal slices and stored in PBS at 4°C 
pri or to further processing. Coronal sections (60 Illll) of the inject ion 

sites and the cntopcduncular nucleus were taken using a vibrating 

microtome and collected in PBS . Sections from animals used to study 
the origin of the projecti on and the unoperated animal s were then 
treated with I % sodi um borohydride in di stilled water for 5-20 min. 
washed many times in PBS and freeze-thawed as described prev iously 
(von Krosigk and Smith , 199 1). 

Visualization of neuronal tracers 

The BDA was visualized by incubation of the sections in an avidin
biotin-peroxidase complex (ABC; I: 100 dilution ; Vector Laborat
ories) in PBS containing I % bovine serum albumin overn ight at room 
temperature or for 48 h at 4°C, Peroxidase linked to BDA by the 
av idin-biotin bridge was revealed by placing thc secti ons in Tris 
buffer (0.05 M, pH 7.4) containing 0.025% diaminobenzidine and 
0 .006% hydrogen peroxide for 10-15 min . The react ion was termin
ated by rinsing several times in Tri s buffer. 

The PHA-L was visualized by incubating the sections in rabbit 
anti-PHA-L antibody ( I :500-1000 dilution ; Dakopatts. Denmark) 
overnight at room temperature or 48 h at 4°C, After many washes in 
PBS, the sections were incubated in a so lution of biotin ylated goat 
anti -rabbit IgG ( I: 100- 200; Vector Laboratories) at room tem perature 
for 2 h followed by a 2 h incubation in ABC ( I : 100). Bound 
perox idase was revealed using diaminobenzidine as above. The 
anti sera were diluted in PBS containing 1 % bovine serum albumin 

and 2% normal goat serum. 
The WGA- HRP was visualized using a mod ification of the 

tetramethylbenzidine (TMB)/tungstate method described by Weinberg 
and Van Eyck ( 1991 ). The sections were equilibrated in PB (pH 6.0) 
and then preincubated for 10 min in 10 ml of reacti on mi xture 
containing 9.2 ml PB (pH 6.0). 0.46 ml I % ammonium paratungstate. 
115 fll of 0.2% TMB in ethanol. 92 J-lI of 0.4% ammonium chloride 
and 92 J-l1 of 20% D-glucose. The reaction was initiated by the 
addition of 10 J-l1 of glucose ox idase (in 0.1 M sodium acetate, pH 4; 
Sigma) , shaken frequentl y during the 2-5 min incubation , and then 
stopped by rinsing the sections three times in PB (pH 6.0). The TMBI 
tungstate reaction product was stabili zed by incubating the sections 

in 5 1111 of stabili zation mixture, containing 5 mg diaminubenzidine 
in PB, 0 .8 ml 1% cobalt chloride solution and 167.5 J-l1 hydrogen 
peroxide, for 20 min . The sections were then rinsed three times in PB . 

Immunocytochemistry for choline acetyltransferase 

Sections were incubated in monoclonal antibody to choline acetyl
transferase which was raised in rat-mouse hybrid ce lls ( I :200-250; 
Boehringer Mannheim, Germany) overnight at room temperature or 



for 48 h at 4' C. After several washes in PBS the sections were 
incubated in a solution of biotinylated goat anti-rat IgG ( I :200; Vector 
Laboratories) for 2 h at room temperature, foll owed by a 2 h incubation 
in ABC. Bound peroxidase was revealed using diaminobenzidine as 
described above. The irnrnunorcagents were diluted in PBS contain ing 

2% bovine serum albumin and 2% normal goat serum. 

Histochemistry for NADPH-diaphorase 

Fo llowing the visuali zation of the neuronal tracers. sections of the 
MTg from the BOA- and PHA-L-injected animal s were processed 
for the visuali zation of NAOPH-diaphorase-positi ve neurons. These 
secti ons were incubated in a solution containing 0.1 % NAOPH 
(Sigma). 0.1 % nitroblue tetrazolium (Sigma) and 0.3% Triton X- lOO 

dissolved in Tri s- HCI (0.05 M, pH 7.4) at 37' C for 5- 30 min (Vincent 
el al .. 1983). The reaction was terminated by rinsing the sections 
several times in Tris buffer (0 .05 M. pH 7.4). These sections were 
then mounted on gelatin-coated slides and processed for standard 
light microscopy. 

Processing of sections for electron microscopy 

Sections from the EP of a ll animals were placed flat at the bottom 
of a Petri di sh and postfixed in I % osmium tetroxide (Ox ch em, UK) 
(in 0.1 M PB at pH 7 .4) for 30 min. They were then washed in PB 
and rapidl y dehydrated through a graded series uf dilutions uf alcohul. 
To enhance the contrast of the tissue in the e lectron microscope, the 
sections were stained with 1% uranyl acetate (Taab, UK) at the 70% 
alcohol phase. The sections were placed in two washes of propylene 
oxide for 10 min and then in resin (Ourcupan, Fluka) overnight. 
Finally, the sections were embedded in resin on microscope slides. 
placed in an oven and cured for 48 h at 60'C. 

Analysis of material 

The injection sites in the MTg and the distribution of NAOPH

positive neurons were analysed in the light microscope, drawn and 
photographed . Sections of EP from animals that had received BOA 
or PHA-L and from the unoperated animals that had been immuno
labelled for ChAT were also drawn and/or photographed. Selected 
areas of the EP that were rich in labelled structures were cut out 
from the slides and glued to blank resin blocks. Serial ultrathin 
sections were cut on a Reichert-lung Ultracut-E ultramicrotome and 
collected on Pioloform-coated copper slot grids. The ultrathin sections 
were contrasted with lead ci trate for 1-2 min and exami ned in a 

Phi lips 410 electron microscope. 
To compare the morphology and the nature of the postsynaptic 

targets of terminals anterograde ly labelled from the MTg and terminals 
immunopositive for ChAT, all parts of ultrathin sections were scanned 
at a constant magnification . All labelled terminals forming synaptic 
contacts were photographed and classified according to their origin, 
morphology and nature of the postsynaptic target. Cross-sectional 
areas of labelled terminals and their synaptic targets were determined 
from photographs using a digitizing pad and MacStereology software. 
The cross-sectional areas were compared statistically using the Mann
Whitney V-test and a level of P < 0.05 was considered significant. 

Postembedding immunocytochemistry for GABA and 
glutamate 

In order to test for the presence of fi xed glutamate and GABA 111 

anterogradely labelled and non-labelled terminals in the EP of the 
WGA- HRP-injected animals, ultrathin sections were collected in 
series as pairs or triplets on gold, Pioloform-coated grids and labelled 
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by the postembedding immunogold method. Glutamate-like and 
GABA-Iike immunoreactivity (hereafter referred to as glutamate and 
GABA immunoreactivity respectively) were detected using polyclonal 
antisera directed against fixed amino acid-protein complexes. 

Pairs or triplets of sections from a series were imrnunolabclled on 

alternate grids to reveal glutamate and GABA immunoreactivity using 

a slight modification of the method described by Phend and co
workers (1992). The grids were first washed in 0.05 M Tris buffer 
(pH 7.6) containing 0.9% NaCI and 0.01 % Triton X- lOO (TBS
Triton) and then incubated overnight at room temperature on drops 
of a I :5000 dilution of rabbit anti-glutamate antiserum (Amel 
Products, New York ; Hepler el al. , 1988; Petrusz el al., 1990; 
Abdullah el al .. 1992) or a I: 15 000 dilution of rabbit anti-GABA 
ant iserum (code 9 ; Hodgson et aI. , 19X5 ; Somogyi and Hodgson, 

1985; Somogyi et al. , 1985) in TBS-Triton. After several washes in 
TBS-Triton and one wash in TBS at pH 8.2, the grids were incubated 
for 1-1.5 h at room temperature in a I :25 dilution of 15 nm gold
conjugated gnat anti-rabbit IgG (BioCell , Cardiff, UK) in TBS at pH 
8.2. The grids were washed in TBS at pH 8.2 and then in water, 
stained with I % aqueous uranyl acetate for 1-1.5 h and then 
with lead citrate. The sections were then examined in the e lectron 

microscope. 

Analysis and quantification of glutamate- and GABA-immuno
labelled material 

Immunoreactivity for glutamate or GABA was detected by the 
presence of the electron-dense immunogold particles overlying 
labelled and unlabelled structures. In order to quantify the immuno
reactivity, the cross-sectional areas of terminals and blood vessels in 
micrographs were calculated with the aid of a digitizing pad and 
MacStereology software. These values were then used to calculate 
the density (particles/)lm2) of immunogold particles overlying antero
gradely-labelled and non-anterogradely-Iabelled boutons or terminals. 
The values were then corrected for non-specific binding of the 
antibodies to ti ssue-free resin by subtracting the density of gold 
particles overlying the lumen of capillaries in the same ultrathin 

section . The corrected density of immunogold particles overlying 
terminals and boutons in glutamate-labelled sections was normali zed 
and referred to as the index of glutamate immunoreactivity. by 
expressing it as a ratio of that overlying s triat~I-1ikc terminals (average 
of seven terminals per section) , i.e. terminals that have the morphology 
of striatal terminals, form symmetrical synapses and have previously 
been shown to be GABAergic (Bolam and Smith, 1992; Bolam et aI. , 
1993). In order to control for the variabi lity in immunolabelling on 
different days, between grids on the same run , or even between 
sections on the same grid, the immunogold particle density overlying 
striatal-like terminals in the same section was used when the data 
were normalized. 

The density of immunogold particles overlying terminals and 
boutons on GABA-Iabelled sections was also normalized (index of 
GAB A immunoreactivity), but in this case by expressing it as the 
ratio of the density overlying boutons that have the morphology of 
terminals derived from the subthalamic nucleus, form asymmetrical 
synapses and have previously been shown to be glutamate-positive 
(average of six terminals per section) (Smith and Parent, 1988; 
Nakani shi el al. , 1991 ; Bolam el al., 1993; Bevan el al., 1994). Issues 
concerning the quantification of immunolabelling have been discussed 
extensively on a previous occasion (Bevan el aI. , 1995). 

Anterogradely labelled and non-anterogradely labelled boutons or 
synaptic terminals encountered during systematic scanning of the 
glutamate-immunolabe lled ultrathin sections were photographed and 
the density of immunogold particles overlying them was calculated 
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and norm ali zed as described above. Most of the anterogradely labelled 
structures and some of the non-anterogradely labelled structures were 
examined and photographed in the next or nex t-but-one section that 
was GABA-Iabelled. The glutamate and GABA immunoreactivities 
of populations of boutons were compared statisticall y usi ng the 
Mann-Whitney V-test and a level of P < 0.05 was considered 
significant. 

Results 

Light microscopic analysis 

IlIjectioll sites ill the MTg 

Seven BOA injections (Fig. IA-C, G- J, C' , G') and hve PHA-L 
injections (Fig. ID-F, K- L, K') were made in the MTg. The injection 
si tes were characterized by neurons densely fi lled. in Golgi-fashion, 
with brown diaminobenzidine reaction product. The diaminobenzidine 
used to visualize the tracers was easi ly distinguishable from NAOPH
diaphorase-positive neurons (cholinergic neurons) that were iden tified 
by the blue-purple reaction product that labelled their proxi mal 
regions [see Fig. I A, B of Bevan and Bolam (1995) for colour 
micrographs of injections illustrated in our Fig. I B, F]. 

The injection sites could be roughly divided into three groups. (i) 
Injections largely confined to the PPN-Ch5 (Butcher and Semba, 
1989) (n = 5) (Fig. I A- E, C'). (ii) Injections in volving both the 
PPN-ChS and the MEA (11 = 5) (Fig. I F- J . G'). (i ii ) Injections 
placed in the MEA and thus largely avoiding the PPN-ChS (11 = 2) 
(Fig. I K, L, K ' ). 

The mesopontine tegmenTal projection 10 the ell/opedUIlL"uiar 
nucleus 

The injections locali zed discretely in the PPN-ChS (Fig. I A-E, C') 
and injections localized discretely in the MEA (Fig. I K, L, K') led 
to anterograde labelling in the ipsilateral EP (Fig. 2A, B) and to a 
lesser extent in the contralateral EP. Consistent with these observations, 
injections that included both the PPN-ChS and the MEA (Fig. IF- J, 
G') also resulted in anterograde labelling in the EP. As all the material 
in the present study was prepared for electron microscopy and the 
sizes of the tracer deposits varied , it was not possible to make 
quantitati ve estimates of the density of the projections. Nevertheless, 
the anterogradely labelled fibres resulting from each of the three 
groups of injections had a simil ar morphology; they ranged from 
thick fibre s with multiple varicosities to thin fibres that had relatively 
few varicosities. The thick and thin fibres coursed in simple linear 
or branching fashion in mediolateral, rostrocaudal and dorsoventral 
directions . [n 60 ~m thick sections some hbres coursed over large 
areas of the EP whereas others were restricted to more discrete 
regions of the nucleus. 

Cholinergic illnervatioll of the entopeduncular Il ucleus 

Cholinergic fibres were identi fied by immunocytochemistry for ChAT 
visualized by the brown diaminobenzidine reaction product (Fig. 2C
F) . They were relatively rare and tended to be very thin and non
varicose (Fig. 2C-E), although occasional thicker varicose fibres (Fig. 
2F) were observed . The ChAT-immunopositive fibres displayed a 
variety of trajectories. In addition to the axons and terminals, a few 
ChAT-immunopositive perikarya and dendrites were observed along 
the medial and lateral borders of the EP and were continuous with 
the cholinergic (Ch4) cells of the nucleus basalis of Meynert. These 
dendrites, like the terminal fibres, are very thin and slightly varicose 
and so could only be distinguished at the electron microscopic level. 

Electron microscopic analysis 

Allterogradely labelled strucfllres 

The electron microscopic analysis of anterogradely labelled structures 
was carried out on ti ssue from two animals. which were perfused 
with fixative containing 1.5% glutaraldehyde. one that had received 
an injection of BOA in the medial PPN-ChS (Fig . I B) and one that 
had received an injection of BDA that included both the PPN-ChS 
and the MEA (Fig. I H). Labelled structures were identihed by the 
presence of the electron-dense diaminobenzidine reaction product 
that adhered to the outer surfaces of organe lles, such as mitochondria, 
and the inner surface of plasma membranes. React ion product was 
found in nerve terminals, dendrites and myelinated and unmyelinated 
axons. Terminals anterogradely labelled wi th BOA from the MTg 
(Fig. 3A-C) and those labelied with WGA-HRP (identified by the 
crystals of TMB reaction product; Figs Sand 6) were of small to 
large size, were densely packed wit h round or pleomorphic synaptic 
vesicles and made asy mmetrical synaptic contacts with dendritic 
shafts and cell bodies or occasionally spines. The asymmetrical 
synaptic specializations were occasionally assoc iated with subsynaptic 
dense bodies (Fig. 3A, B). There were no significant differences 
between the sizes of the terminals labelled by ei ther method, or 
between thei r postsynaptic targets (Fig. 4; Table I ). 

Choline acelyltran~ferase-;'HmunoreaCli\1e structures 

The electron microscopic analys is of ChAT-immunopositi ve structures 
was carried out on the two unoperated animals. The ChAT-immuno
reactive terminals (Fig. 30 , E) were of small to medium size, 
contained variable densities of round or pleomorph ic synaptic vesicles 
and made asymmetrical synaptic contacts with dendritic shafts or 
spines. 

The size of the anterogradely labelled terminals (Table I) was 
significantly greater than the ChAT-immunoposi ti ve terminals (Mann
Whitney V-test, P '" 0.000 I), although the distributi on of the cross
sectional areas of the ChAT terminals was included within the 
distribution of the cross-sectional areas of the anterogradely labelled 
terminals (Fig. 4). The sizes of the structures postsynaptic to the 
ChAT-immunopositi ve terminals were significantl y (P < O.OS) smaller 
than those postsynaptic to the WGA- HRP-Iabelled terminals (Table I). 

Glutamate alld GABA illllllllnoreactivirv ill the el1 topedUllcular 
Ill/cleus 

Postembedding immunocytochemistry for glutamate and GABA was 
carried out on sections from two animals that had received WGA
HRP injections. The pattern of glutamate and GABA immunolabe lling 
in the EP was si milar for both animals. Boutons forming asymmetrical 
synaptic contacts in the EP have levels of glutamate associated with 
them that are consistently higher than that associated with boutons 
forming symmetrical synaptic contacts. Boutons forming symmetrical 
synaptic contacts, on the other hand, exhibit levels of GABA 
immunoreactivity greater than that associated with any other structure 
including neurons, cell bodies and dendritic structures and the majority 
of terminals forming asymmetrical synaptic contacts. 

The immunoreactivity associated with several populations of ter
minals and boutons, defined on the basis of their origin or morphology, 
was analysed quantitatively (Figs S-8). Striatal-like terminals were 
defined as irregularly shaped terminals containing numerous round and 
ovoid synaptic vesicles, few mitochondria and forming symmetrical 
synaptic contacts. Pallidal-like terminals were defined as larger 
terminals that contained vesicles that did not fill the whole of the 
bouton but were congregated close to the active zone. The terminals 
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FIG. I. (A-L) Schemalic diag rams demonstrating the sites of twelve tracer deposits (shaded area) in the MTg (BDA. A-C. G-J; PHA· L, D- F. K. L) in relation 
to ADPH-diaphorase-posi ti ve (cholinergic) neurons. denoted by fi lled ci rcles. The injection sites can be divided into three groups: (i) injections largely confined 
to the PPN·Ch5 (A-E); (ii) injections involving both the PPN·Ch5 and the MEA (F-J); (iii ) injec tions placed in the MEA and largely avoiding the PPN·Ch5 
(K. L). The micrographs C', G ' and K' are of the injection sites represented in the schematics C. G and K respective ly. LDTg. laterodorsal tegmental region: 
MEA, midbrain extrapyramidal area: PPN-Ch5. region of the cholinergic neurons of the pedunculopontine nucleus; scp. superior cerebellar peduncle. All 
micrographs are at the same magnification: bar in C ' = I mm. 
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FIG. 2. (A- F) Light micrographs of anterogradely labe lled fib res and ChAT-immunopositive fibres in the entopeduncular nucleus. The fib res anterogmdely 
labe lled from injections in the MTg (A- B) have either large (thick ;lfrow) or sl11~1I1 (thin arrow) diameter and display a range of trajectories. Varicosit ies 
(arrowheads) were morc frequently observed on the thicker fibres. The anterograde fibres arose from an injection involvi ng the PPN-ChS and the M EA (Fig. 
IJ ). The fibres that are immunoposilive for ChAT are genera lly thin and non-varicose (C- E). although there is an occasional thicker. varicose (arrowhead) fibre 
(F ). T hese ChAT-immunoposilive fibres are relative ly roue in the entopeduncular nucleus and are also di verse in trajectory. All micrographs are at the !o.amc 
magni fication: bar in A = 20 I1 m. 

T ABLE I . M ean ::!: SEM . number and range of cross-sect ional areas of ChAT
imlllunopositi ve terminals and terminals anlerogradely labelled from the M Tg 
with BOA or WGA- H RP. and the cross-sectional area of their postsynaptic 
targets in the entopeduncular nucleus. 

ChAT-immunopositive 
terminals 

BDA-anterogradely 
labelled temlinals 

WGA- HRP
anterogradely 
labe lled tenninals 

Terminal area 

0.416 :!: 0.04 11m2 
11 = 23 
range. 0. 135-0.827 11 m' 

0.704 :!: 0.05 11111' 
11 = 32 
range. 0.268- 1.29 1 11111' 

0.82 :!: 0.09 11 111' 
11 = 32 
range. 0.239- 2.439 11 m2 

Postsynaptic target urea 

0.929 :!: 0.2 11 111112 
11 = 23 
range. 0.038-3.924 I1 m' 

1.4 14 :!: 0.273 11 1112 
11 = 31 
range. 0.082-5.64 1 11111' 

1.587 :!: 0.238 11111' 
11 = 28 
range. 0.067-4.776 11 111' 

The anterogradely labe lled te rminals are significantly (Mann- Whitney V-test) 
larger than the ChAT-immunopositi ve terminals (P '" 0.000 I). The ChAT
immunopositive postsynaptic target areas are significantly smaller than the 
WGA- HRP-anterogradely labe lled target areas (P < 0.05). The data on the 
cross-sec tional areas of the terminals are illustrated graphically in Figure 4. 
Il . number of tcrminals. 

contained several mitochondri a and fonned symmetrical synaptic con
tacts. Subthalamic-like tenninals were defi ned as medium-sized ter
minals conta ining small , round synaptic vesicles which congregated at 
the active zone, and forming asymmetrical synaptic contacts. 
Striatal-like termillals. Tenninals that displ ayed the morphological fea
tures typical of tenninals deri ved from the neostriatum contained re la-

ti vely low level s of glutamate immunoreacti vi ty (mean :':: SEM of index 
of glutamate immunoreacti vity. 1.004 :':: 0.043, Il = 82) but high leve ls 
of GAB A immunoreactivity (mean :':: SEM of index of GA B A immuno
reactivity, 4 .588 :':: 0. 19 1. 11 = 120). The levels of glutamate immunore
acti vity were significantl y (Mann- Whitney U-test) lower than those 
associated with tenninals that di splayed morphological features of 
subthalamic tenninals (P < 0.000 I). pallidal terminals (P < 0.0 I ) or 
terminals anterogradely labelled from the MTg (P < 0.000 I). The 
leve ls of GAB A immunoreacti vity were significantl y greater than those 
associated with the three other tenninaltypes (P < 0.000 I for subthal
amic-like and anterogradely labe lled boutons; P < 0.05 for pa llidal
like). 
Pallidal-like termillals. Terminal s that di splayed the morphological 
features typical of terminals deri ved from the globus pallidus had 
relatively low levels of glutamate immunoreactivity (mean :':: SEM, 
1.426 :':: 0. 156, Il = 13) but high leve ls of G ABA immunoreactivity 
(mean :':: SEM, 3.432 :':: 0 .384. Il = 14) associated with them. The 
levels of glutamate immunoreacti vity were significantl y lower than 
those associated with terminal s that di spl ayed morpholog ical features 
of subthal amic tenninals or terminals anterogradely labe lled from the 
MTg (P < 0.00 1 in each case) . The levels of GAB A immunoreacti vity 
were significantly greater than those associated with subthalamic-like 
tenninals orterminals anterogradely labelled from the MTg (P < 0.000 I 
in each case). 
Subthalamic-like termil1als. Terminals that displayed the morphological 
features typi cal of terminals derived from the subthalamic nucleus had 
hi gh levels of glutamate immunoreacti vity (mean :':: SEM. 2.439 :':: 
0 .08. 11 = 8 1) but low levels of GABA immunoreacti vity (mean :':: 
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FIG. 3. (A-E) Electron micrographs illustrating the morphology of synaptic terminal s anterogradely labe lled from the MTg and those immunocytochemically 
labe lled for ChAT in the entopeduncuJar nucleus. The synaptic terminals are fi lled with elec tron-dense peroxidase reaction product that was revea led using 
diaminobenzidine as the chromogen. Both the anterogradely labelled termi nals (A- C) and the ChAT-immunopositive terminals (D. E) fonn asymmetrical 
!'.ynaplic contac ts (arrows) with dendritic shafts of enlOpeduncu lar neurons. The terminals in A and Care anterogradcly labelled from an injection largely 
confined to the PPN-ChS (Fig. 18) and the terminal in B originates from an injection involving both the PPN-ChS and the MEA (Fig. IH). In 8 the dendrite 
i ... receivi ng convergenl synaplic input from the anterogradely labelled terminal and a non-anterogradely labelled terminal (asteri sk) fomling an asymmetrical 
'ynapse (arrowhead) , In C the dendrite is receiving convergent synaptic input from the anterogradely labe lled terminal and a non-anterogradely labelled tenninal 
fa:-. teri sk) that is in symmetrical synaptic contact (arrowhead) . A ll micrographs ;:Ire at the same magnification: bar in A = 0.5 J.1111 . 

SEM. 0.999 :!: 0.055. 11 = 63) assoc iated with them. The levels of 
glutamate immunoreactivity were significantly greater than those 
associated with terminals that di splayed morphological features of 

stri atal terminals or pallidal terminals (P < 0.000 I in each case). The 
levels of GABA immunoreactivity were significantly lower than those 
associated with striatal-like or pallidal-like terminal s (P < 0.000 I). 
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FIG. 4 , FrcLJucncy d istrihulion of the c ross-sec tional areas of synaptic terminals and bou tons ill the clllopcuuncu lar nucleus that were e ithe r ChAT-immunoposit ive 
or anterogradely labelled following injec tiuns uf BOA or WGA- HRP in the mesoponline tegmentum . The termi nals anterogradeiy labelled with BDA or WGA
HRP a re significantly (Mann- Whitney V-test) larger than the ChAT-immunuposit ivc terminals (P < 0.000 I). although their di stributions overlap. Two WGA
HRP-Iabe lled terminals with cross-sec tional areas of 2.146 and 2.439 ~lm2 are omitted frol11 the di stribution fur the sake uf clarity. The mean ± SEM , num ber 
(1/ ) and ra nge of cross-sectio na l areas of ChAT-imlllullopos iti vc . BDA-anterograde ly IlIbe lled and WGA- HRP-anterograde ly labe lled te rm ina ls and their respec ti ve 
postsynaptic targc:t arcas arc shown in Tahle I . 

Tenllillals alld bOil tOilS allterogradely lahelled Jrom the MTg. The 
terminals and boutons anterogradely labelled from the MTg had high 
levels of glutamate immunore"cti vi ty (mean :!: SEM. 2.079 :!: 0.09. 
11 = 54) but low levels of GAB A immunoreactivity (mean :!: SEM, 
1.11 68 :!: 0.09, n = 52) associated with them. The levels of glutamate 
immunoreactivity were significantly greater than those associated 
with terminals that displayed morphological featu res of striatal 
terminals or pallidal terminals (P < 0.005 in each case). The levels 
of GAB A immunoreactivity were significantly lower than those 
associated with striatal-like or pallidal-like terminal s (P < 0.000 I). 

Convergence oJ tenllillals allterogradely labelled from the MTg with 
the direct and indirect pathways oJ inJormatioll Jlow through the 
basal gallglia on sillgle elltoped.lI1calar nearollS 

Individual entopeduncular neurons were observed receiving conver
gent synaptic contact from terminals anterogradely labelled from the 
MTg and terminals that possessed the morphological "nd neurochem
ical characteristics of those derived from othcr bas"1 ganglia nuclei. 
The anterogradely labelled terminals were observed making synaptic 
contact with dendrites that also receivcd synaptic input from terminals 
that displayed the morphological and/or neurochemical characteristics 
of terminals derived from the neostriatum (/1 = 26), globus p"lIidus 
(11 = 2) and subthalamic nucleus (/1 = 3) (Figs 3. 5 and 6). Convergent 
input from anterogradely labelled terminals and globus pallidus 
terminals also occurred on the perikarya of single EP neurons (It = 3). 

Discussion 

The m"jor findin gs of thi s study provide new data concerning the 
origin , neurochemistry and synaptic organization of the mesopontine 
tegment al projection to the EP. The projection is predominantly 
ipsilateral and arises from both the PPN-Ch5 and the adjacent . largely 
non-cholinergic. MEA. The postembedding immunocytochemical data 
fu lfi l one of the criteria that glutamate is a neurotransmitter in the 
projection from the MTg to the EP by demon strati ng that the 
anterogradely labelled terminal s are glutamate-enriched compared to 
known GABAergic terminals. The fact that part nf thi s projection 
arises . in the region of the cholinergic neurons in the MTg. the 
similarity between the morphology, trajectory and synaptology of 
some of the anterogradely labelled fibres and ChAT-immunopositive 
fibres. and previous tracing studies suggest that one component of 
the projection might be cholinergic. These findings, together with the 
electron microscopic findings, support the hypothesis that the MTg 
sends glutamatergic and cholinergic projections to the EP. where "t 
least one of the roles of the projection is to modul ate the direct and 
indirect pathways of information flow through the b"sal gangli a. 

The site of origin of the mesopontine tegmental projection to 
the entopeduncular nucleus 

The use of small deposits of "nlerograde tracers combined with 
histochemical counlerstaining for NADPH-diaphorase. which in 
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FIG 5. Pairs of elec tron micrographs of se rial sec lions of synaptic tenninals in the entopeduncular nucleus that were anterogradely labelled from WGA- HRP 
inject ions in the MTg. The WGA- HRP was revea led using let rameth ylbenzidine/lungstate which. unlike diaminobenzidine. forms crystal s (sma ll arrows). One 
of each pair has been il11 lTIunolabe lled for glutamate (A. C; GLU) and the o ther fo r GABA (B. D). The anterogradely labelled synaplic terminals are assoc iated 
with relati ve ly high indexes of g lutamale immunoreactivity (A, 2.055: C. 2.977) and are GABA-immunonegative (8. 0.935: D. 1. 155). They form asymmetrical 
!\ynaptic contacts (a rrows) with dendrites (d) or perikarya (p) o f entopeduncular neurons. In A and B the anterogradely labe lled terminal can be seen making 
synapt ic contact with the perikaryon of a single en topeduncular neuron which receives symmetrica l synaptic contact (arrowheads in A) from a pallidal-like 
te rmina l (asteri sks). The index of glutamate immunoreactivity overl ying the pa ll ida l-like te rminal is 1.708 and the index of GABA immunoreactivity is 2.772. 
In C and D the anterogradely labe lled terminal makes synapt ic contact with the dend rite of a si ngle entopeduncular neuron which receives symmetrical synaptic 
<.:o nlac t (arrowhead in D) from a striatal-like te rminal (aste ri sks). The striatal -like terminal is assoc iated with a level of glutamate immunoreacti vi ty of 1.001 
and a level of GABA immuno reac ti vity of 6.767. All micrographs are at the same magnification: bar in A = 0.5 Ilm. 

this region is a faithful marker of cholinergic neurons (Vincent 
el al.. 1983), enabled us to clarify the conflicting reports in the 
literature. We demonstrated that the area defined as the MEA (Rye 

el al .. 1987; Lee el al., 1988). which consists largely of non
cholinergic neurons. provides a major innervation of the EP. We 
also demonstrate that the region we have defined as PPN-Ch5 
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FIG. 6. Pairs of electron micrographs of serial sections of synaptic lenninals in the enlOpeduncular nucleus that were anterogradely labelled from WGA- HRP 
injections in the MTg. The WGA- HRP was revealed using tctramethylbenzidine/tu ngstate which. un like diaminobenzidine. forms crystals (small arrows). One 
of each pair has been immunolabe lled for glutamate (A. C; GLU) and the other for GABA (B. D). The anterogradely labelled synaptic termi nals are associated 
with relatively high indexes of glutamate immunoreacti vity (A. 2.324: C. 2. 129) and are GABA- immunonegati ve (B. 0.775: D. 0.387). They foml asymmetrica l 
synaptic contacts (arrows) with dendri tcs (d) or perikarya (p) of entopeduncular neurons. In A and B the anterogradcly labe lled 1crminal makes synaptic contact 
with the perikaryon of a single entopeduncular neuron which receives symmetrical synaptic contact (arrowhead in B) from a pallidal-like terminal (asterisks). 
The index of glutamate immunoreactivity overlying the pall idal-like terminal is 0.809 and the index of GABA immunoreactivi ty is 5.354. In C and D the 
anterogradely labelled terminal forms synaptic contact wilh the dendrite of a single entopeduncular neuron which receives an asym metrica l synaptic contact 
(arrowhead in D) from a subthalamic-like terminal (asterisks). The subthalamic- like terminal is associated wi th an index of glUl3mf.lte immunoreacti vity of 2.789 
and an index of GABA immunoreacti vi ty of 0.935. All micrographs are at the same magn ification: bar in A = 0.5 j.1m. 

(Bevan and Bolam. 1995), which includes Ihe more Ia!erally placed 
diaphorase-positive (i.e. cholinergic) neurons (Woolf and Butcher. 
1986; Spann and Grofova, 1989) innervales the EP. h appears. 
Iherefore, Ihal the mesoponline projecli on 10 Ihe EP arises from 
bolh Ihe cholinergic and non-cholinergic regions of Ihe MTg and 
nol exclusively from one region or Ihe other (Woolf and Bulcher, 
1986; Lee et al., 1988; Spann and Grofova. 1989). 

Dala deri ved from injeclions of tracers in the brainslem should 
be inlerpreted wi lh caul ion due 10 Ihe possibility of uptake by 
fibres of passage. However, there are no known projeclions 10 Ihe 
EP or olher regions of the basal gangli a from regions caudal 10 

our deposits. Funhennore, each of our injecli ons gave rise to a 
similar pallem of labelling in Ihe EP and other regions of Ihe 
basal ganglia (not illustrated). 

Neurochemistry of the mesopontine tegmental projection to 
the EP 

The poslembedding immunocYlochemistry for glulamale and GABA 
combined wilh Ihe anlerograde labell ing revealed Ihal anlerogradely 
labelled terminals form asymmelrical synaplic specia li zali ons. are 
enriched in g lulamale immunoreacli vily and are GABA-immuno
negali ve. Despile Ihe ubiquilous di stribulion of glutamale in mamma
lian lissue. the levels Iha! we deleCled in Ihe anlerogradely labelled 
lerminals were significanll y grealer Ihan in idenlified GABAergic 

terminals, i.e. lerminals derived from Ihe neostri alum or globus 

pallidus. The level of enrichmenl Iha! we observed might be an 
undereslimale of the true value as Ihe densily of immunogold panicles 
was nonnali zed with respecI 10 GABAergic lerminals Ihal will , in 
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FIG 7. Frequency distribution of the level of glu tamate imlnunorcaL:ti vily associated with synapt ic terminals and boutons in the entopeduncular nucleus Ihal 
" t'rt' either anterogradel y labe lled from the mcsopontine tegmentum (MTg) or non-anterogradely labe lled. The non-anterogradely lahe lled terminals we re divided 
on morphulogical grounds into striatal-li ke. pa ll idal-like and subthalamic- like. GIUlamate immunoreacti vity is represented as the ratio of the density of 
Immunogold particles overl yi ng the synaplic lcrmi nal or hOUlon to that overlying striatal-like terminals fOfming symmetrical synapses in the same section. T he 
Jntl'rogmdc ly labe lled and subtha lamic- li ke termina ls are significantly enriched in g lutamate compared to the leve l found in striata l-like and pallidal-like synapt ic 
t~rmmal, (Mann- Whitney V-test: P < O'(x)5 ). 

addit IOn to metabolic glutamate. contain glutamate requi red for the 
,~nthesis of GA BA. It is also important to note that the index of 
glutamate immunoreacti vi ty in the anterogradely labe lled terminals 
"a; nOt Significantly di fferent fro m the index in subthalamic- like 
termi nals. wh ich are well establi shed as being glutamatergic (S mith 
and Parent. 1988; Rinvik and Ottersen, 1993). Previous studies have 
demonstra ted significant enrichment of glutamate immunoreactivity 
111 known and putative glutamatergic terminals (Somogy i el al .. 1986; 

Otterse n. 1989: Ottersen and Storm-Mathi sen. 1989; Van den Pol. 
1991: L1ewellyn-Smith el al., 1992: Phend el al.. 1992: Rinvik and 
Ottersen. 1993: Kharazia and Weinberg. 1994: Valtschanoff el al .. 
1994: Bevan el al .. 1995: Bevan and Bolam. 1995: Ericson el al. . 
1995). Our fi nding of a signifi cant enrichment of glutamate in the 
anterogradely labe lled terminals fulfils one of the criteria that a 
substance is a neurotransmitter. impl ying therefore that the projection 
from the MTg to the EP is glutamatergic. This suggesti on is consistent 
with the high levels of glutamate immunoreacti vity found in neurons 
in the MTg of the rat (Clements and Grant. 1990; C lements el al.. 
199 1). cat (Lai el al .• 1993) and squi rrel monkey (Lavoie and Parent . 
1994a. c). and with the electrophysiological data on the projecti on 
IGonya-Magee and Anderson, 1983; Scarnati el al. , 1988). 

The simi larity in Ihe morphology and synaptology of the antero
grade ly labelled terminals and ChAT-immunopositi ve terminals. com
bi ned with the location of the tracer deposits in re lation to identi fied 
cholinergic neurons in the PPN-Ch5 and previous combined retrograde 
labelli ng and immunocytochemical studies (Woolf and Butcher. 1986; 
Lee el al .. 1988). suggests that a component of the projection arises 
from the choli nergic neurons of the MTg. Thi s is consistent with the 
presence of m3 muscarinic receptors in the EP (Levey el al., 1994) 

and previous immunocytOChemical studies (Woolf. 199 1; Mesulam 
el al., 1992). The fact that the overall distributi on of the sizes 
of ChAT-positive terminals fa ll s within the overall distribut ion of 
anterogradely labelled terminals. the difference in the mean sizes of 
the ChAT-immunopositi ve and the anterogradely labelled boutons 
(Table I ) and the location of the tracers deposits are in favour of 
both cholinergic and non-cholinergic components of the projection 
(Clements and Grant. 1990; Jones, 1990. 1993; Clements el al .. 199 1; 
Spann and Grofova. 1992; Lavoie and Parent, 1994a. c). It should 
be noted that the larger cross-sectional area of the anterogradely 
labelled boutons is not a fixation artefact; it is in fact likely to be an 
underestimate. as the higher concentrations of glutaraldehyde used 
for the anterograde tracing would lead to more tissue shrinkage than 
the concentration used for ChAT immunocytochemistry (Hopwood. 
1972). It must be remembered that our observations only provide 
indi rect evidence of a cholinergic component of the projection from 
the MTg to the EP. and indeed it is also possible that the cho linergic 
terminals in the EP could ari se from a previously unidentified 
cholinergic projection. 

An important iss'ue that remains to be addressed is the glutamate 
level in cholinergic terminals. as some of the cholinergic neurons in the 
pedunculopontine region have been shown to be strongly glutamate
immunoreacti ve (Clements and Grant, 1990; Clements el al., 199 1; 

Lavoie and Parent. I 994a. c). However the ant ibody against glutamate 
that we used was prepared against a glutamate-glutaraldehyde-protein 
conjugate (Hepler el al .• 1988; Petrusz el al .• 1990; Abdullah el al .• 
1992); the re latively high levels of glutaraldehyde therefore required 
during fixation of the ti ssue were not compatible with immunocyto
chemistry for choline acetyltransferase. Thus for technical reasons 
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FIG. 8. Frequency distribution of the level of GABA immunoreacti vity associated with synaplic terminals in the enlopeduncular nucleus that were either 
anterogradely labelled frolll the mesopontine tegmentum (MTg) or non·anlcrogradely labelled. The nOIl-anterogradely labelled Icrminals were divided on 
morphological grounds into striatal-like. pallidal-like and subthalamic-like. GABA immunoreactivity is represented as the ratio of the density of immullogold 
particles overlying the synaptic tenninal or bouton 10 Ihat overlying subthalamic- like termi nals forming asymmetrical synapscs in the same section. The striaral
like and pall idal-li ke terminals are significantly enriched in GABA compared to the levels found in amerogradely labelled and subthalamic- like synaptic 
termina ls (Mann- Whitney U-test: P < 0.00( 1). Two striatal -like terminals with levels of GABA imlllunoreacti vity of 12.39 and 14.05 are omilled from the 
distribution for the sake of clarity. 

we were unable to test for the presence of glutamate immunoreactivity 
in ChAT-positive structures in the EP. 

Synaptic organization and functional considerations 

It is now recognized that neurons of the direct and indirect pathways 
of information fl ow through the basal ganglia. which have functi onally 
different roles in the control of movement, and prov ide different 
patterns of innervation of the output neurons of the basal gangli a. 
Thus input from the indirect path ways. i.e. from the globus pallidus 
and the subthalamic nucleus. occurs in the more prox imal regions of 
the neurons whereas that from the direct pathway, i.e. from the 
neostriatum. occurs in both di stal and proximal parts of the neurons. 
The anterogradely labelled terminals identified in the present study 
formed asymmetrical synaptic contacts with all parts of entopeduncu
lar neurons that were examined. The findings of previous anterograde 
labelling studies (Bolam and Smith. 1992; Bolam et al., 1993; Bevan 
et al., 1994) and the neurochemical findings in the present study 
enabled us to identify striatal-like, pallidal-like and subthalamic- like 
boutons in the EP and thus examine the relationship between the 
anterogradely labelled terminals and the innervation by neurons of 
the direct and indirect pathways. Anterogradely labelled terminals 
from the MTg made synaptic contact with the same neurons in the 
EP that received input from terminals deri ved from the neostri atum 
and from both the globus pallidus and subthalamic nucleus. This 
synaptic convergence implies that the input from the MTg can directly 
modulate. or influence. the output of the basal gangli a by interacting 
with the major pathways of information fl ow through the basal 
ganglia. By convergence with stri atal terminals. MTg terminals are 

in a position to modulate the direct pathway (i.e. cortex- neostri atum
EP) and by convergence with pall idal and subthalamic termi nals they 
are in a position to modul ate the indirect pathways. 

This study demonstrates the anatomi cal and neurochemical sub
strates of the excitatory input of the MTg to entopeduncular neurons 
that have been previ ously reported electrophysiologically (Gonya. 
Magee and Anderson. 1983 ; Scarnati et al .. 1988). The presence of 
a glutamatergic component and possibly also a cholinergic component 
to this projection, and previous fi ndings of glutamatergic and cho
li nergic inputs from the MTg to other structures. incl uding the 
substanti a nigra pars compacta in the squirrel monkey (Lavoie and 
Parent, I 994c). the dopaminergic neurons of the substanti a nigra pars 
compacta in the rat (Futami et al., 1995) and the subthalamic nucleus 
in the rat (Bevan and Bolam. 1995), demonstrate that the MTg has 
the potential to exert widespread effects at many levels of the basal 
ganglia. The projection from the MTg to the EP, as well as to other 
regions of the basal ganglia, thus represents an interface between the 
basal gangli a, which have important roles in movement. and brainstem 
systems in volved in locomotion, sleep-wake cycles and arousal. 
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Abbreviations 

BD .~ 

Ch.~T 

EP 
GABA 
LOT g 
~I E.~ 

\ ITg 
:\A DPH 
PB 
PBS 
PHA -L 
PP:"-ChS 

TBS 
n IB 
\\ G ~- II R P 

bio linylated dex tra n amine 
l: holine acetylt ransferase 
entopeduncu lar nucleus 
y-ami nobutyric acid 
l:.lI e ra l dorsa l tegmenta l region 
midbrain extrapyramidal area 
me"oponline tegmentum 
nicotimunide adenine dinucleotide phosphate 
0. 1 M phosphate buffer. pH 7.4 
phosphate-buffered saline 
Phasf?(l /lI s vlIlgaris leucoagglutinin 
:.lrt:a defined by the cholinergic neurolls of the 
pedunculopontine region 
Tris-burrered sa line 
tetramethylbenzidine 
wheat germ agglutini n conjugated to horseradish pe roxidase 
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