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Abstract- In order to determine whether the cholinergic Obre, that innervate the substantia nigra make 
synaptic contact wi th dopaminergic neurons of the substantia nigra pa rs compacta , a double immunocyto
chemical study was carried o ut in the ra t and ferret. Sections o f reTrusion-fixed mesencephalon were 
incubated first to reveal choline acetyl transferase immunoreactivity to label the cholinergic tenninals and 
then tyrosine hydroxylase immunoreactivity to label the dopaminergic neurons. Each antigen was localized 
using peroxidase reactions but wi th different chromogens. 

At the light microscopic level, in confirmation of previous observations, choline acetyl transferase
immunoreacti ve axons and axonal boutons were found throughout the substantia nigra . The highest 
density of these axons was found in the pa rs compacta where they were often seen in close apposition 
to tyrosine hydroxylase-immunoreactive cell bodies and dendrites. In the ferret where the choline 
acetyltransferase immunostaining was particularly strong, bundles o f immunoreactive fibres were seen to 
run thro ugh the rcticulata perpendicular to the pars compacta. These bundles were associa ted with 
tyrosine hydroxylase-immunoreactive dendrites tha t descended into the reticulata . The choline acetyltrans
rerase-immunoreacti ve fibres made "climbing fibre" -type multiple contacts with the tyrosine hydroxylase 
positive dendri tes. 

At the electron microscopic leve l the choline acetyltransferase-immunoreactive axons were seen to give 
rise to vesicle-fi lled boutons that formed asymmetrical synaptic specializations with nigral dendrites and 
perikarya . The synapses were often associated with sub-junctional dense bodies. On many occasions the 
postsynaptic structures conta ined the tyrosine hydroxylase immunoreaction product. thus identifying 
them as dopaminergic. 

It is concluded that at least o nc of the synaptic targets of cholinergic tenninals in the substantia nigra 
are the dendrites and perikarya of dopaminergic neurons and that in the ferre t at least, the dendrites of 
dopami nergic neurons tha t descend into the pars reticulata receive multiple synaptic inputs from 
individual cholinergic axons. 

The substanti a nigra (SN) acts as one of the major 
output sta tions of the basal ganglia transmitting 
informa ti o n received by the striatum, via the pars 
reticula ta , to the thalamus, superior colliculus or 
brainstem. A second function of the SN is to provide 
a feedback system that modulates information flow 
through the basal ga nglia by an actio n in the stri a
tum. This modulatory feedback is mediated by the 
dopaminergic nigrostriatal neurons that are loca ted 
in the pars compacta of the SN and that project 
heavily and diversely onto the striatum. The func
tional importance of this feedback system is exem
plified by the profound motor disturbances that occur 
when these neurons degenerate in Parkinson's di sease 
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or in animal models of Parkinson's disease involving 
their selective destruction. In order to more fUlly 
understand the role of the dopaminergic neurons in 
this modulatory feedback it is necessary to under
stand the factors affecting the release of dopamine in 
the striatum. This is presumably a functi on of the 
activi ty of the dopaminergic neurons in the substantia 
nigra , which in turn is a function of the afferent 
synaptic input to the cell bodies and dendrites. To 
this end , the afferent synaplic input to dopaminergic 
neurons [i .e. tyrosine hydroxylase (TH)-immuno
reactive neurons] has been examined in some detail. 
The dopaminergic neurons have been shown, on 
mo rphologica l grounds, to receive direct synaptic 
input from GABAergic terminals'·18.ll deri ved from 
the striatum" and the globus pallidus," '" substance 
P-immunoreactive terminais ,6.9.21.)5,4Q ncuroten sin

immunoreactive terminals60 and enkephalin-immuno
reactive terminals.' In addition to these inputs the 
substantia nigra has other afferent inputs of chemical 
specificity . One of these inputs is from terminals that 
uti lize acetylcholine (ACh) as a transmitter which are 
derived from neurons in the brainstem (for references 
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see be low a nd Discussion). The evidence tha t ACh 

acts as a neurotra nsmitter in thc SN is substantial. 
Thus ACh" a nd the syn thetic enzyme for ACh , 

choline acctyltransferase (ChAT) are present," '" a s 
a re the breakdown enzyme, acetylcholinesterase 

(AChE)8 and ACh receptors,"'" the stimulation of 

which causes excitation 12
·Jl·J4 Light microscopic 

immunocytochcmistry has shown that ChAT im

muno reactivity is present in axons and terminal-like 
swellings"·,··2J.J,.,, that form asymmetrica l synaptic 

spccializa tions.2.J7.J8 Several observations suggest that 

at least one of the synaptic targets of the C hAT-posi

tive terminals are the dopa minergic neurons of the 

pars compacta: (i) ChAT-immunoreactive fibres are 

most densely distributed in the pars compacta of the 
SN ;,,·20·2J (ii) dopaminergic neurons arc rich in 

A C hE;' (iii) dopa minergic ncuro ns possess nicotinic 
ACh receptors, thc stimulation of which causes 

a n increased firing rate;"'" a nd (iv) stimulation of 

thc region of the pedunculopontine nucleus with 

kainic acid ca uses an excitation of dopaminergic 

neuronS that is scnsitive to nicotinic receptor block

a de." The object of the present experiment was 
thc rcfo re to tes t directly whether cholinergic termi

na ls make synaptic contact with dopaminergic neur

o ns in the SN . 

EXPERIMENTAL PROCEDURES 

Pe~/i/Se ,fixalion 

Experiments were carried oul on 11 female albino Wistar 
rats (160- 200 g body weight). and six female ferrets 
(400- 800 g body weight). The rats were deeply anaes the tizcd 
with chloral hydrate (350 mg/kg, i.p.) and perfused through 
the aorta initially wi th Ca" -free Tyrode's solution followed 
by 200 IllI of fi xa ti ve consisting of 3% paraformaldehyde 
and 0.1- 0.5% glutaraldehyde in 0.1 M phosphate buffer 
(PB; pH 7.4) over a period of 10- 12 min . This solution was 
followed by lOO ml of 3% para formaldehyde in PB over a 
period of 4-5 min . The brains were removed from the skull 
and on some occasions postfIxcd in the second fi xative 
solution for up to 1 h. The ferrets were anaesthetized with 
a lethal dose of sodium pentobarbitone (80 mg/kg, i.p.) and 
pre-perfused with NaHCO]/ HCO] buffered saline (pH 7.2) 
and then 500 ml (approx. 10 min) and 300 ml (approx. 
20 min), respectively, of the two fixative solutions described 
ahovc. On some occasions they were postperfused wi th 
5001111 of PB. Some of the ferret brains were also post fixed 
in the second fixative solution for up to 20 min. Ferrets that 
were prepared for light microscopy only, were perfusion ~ 
fixed with 2% para formaldehyde and 15% (v/v) saturated 
picric acid in 0.1 M PB, the brains from these animals were 
sectioned on a freezing microtome. 

Preparation of the sect inns 

Artcr pcTfusion or post fixation the brains were transferred 
to PB or phosphate-buffered saline (PBS; 0.01 M phosphate, 
pH 7.4). the mesencephalon was dissected out and then 
sectioned either immediately o r with a few days delay, at 
70 t,m on a vibrating microtome in PBS. Most sections were 
then trea ted with pronase l7 in order to enhance the im
munostaining for ChAT. The sections were washed twice in 
Tris- HCI buffer (TB; 0.05 M, pH 7.4) and then incubated in 
a 0.001 % solution of pronase (protease Type XXV , Sigma) 
at room temperature with constant shaking for 10 min . The 
reaction was stopped by addition of ice-cold TB followed by 
several washes in the same buffer and then several washes 

in PBS. On some occasions the sections were left at 4°C 
overnight at this stage. Most of the sections were then 
freeze-thawed to increase penetration of the immuno
reagents. They were first equilibrated in a cryoprotectant 
consist ing of 25 % sucrose and 10% glycerol in 0.05 M PB, 
placed on nylon mesh nets, initially frozen by immersion in 
isopentane cooled (but still liquid) in liquid nitrogen and 
then immersed in liquid nitrogen. They were then thawed in 
PBS at room tempera ture and subjected to immunocyto
chemistry as described below. 

Immunocytochemistry 

All the sections were subjected to either a double im
munocytochemical protocol to reveal both ChAT and TH 
or single staining to reveal each antigen separately. The 
douhle immunocytochemica l staining was carried out ac
cording to the method of Levcy el aln in which both 
antigens are revealed by peroxidase methods but using 
different chromogcns for the peroxidase reactions. Briefly, 
the sections were incubated in the following sequence of 
solutions in PBS: monoclona l antibodies against ChAT, the 
characteristics of which have been described in detail else
where," diluted I :200 for 12- 48 h; severa l washes in PBS; 
either rabbit (Dakopalls) or sheep (Serotc'Ch) anti -rat IgO 
diluted I : 50 in PBS for 2- 18 h; several washes in PBS; rat 
peroxidase- antiperoxidasc (PAP; Sternberger- Meyer Inc) 
diluted I: lOO for 2- 18 h. Some of the ferret sections were 
incubated in a mixture of primary antibodies against ChAT 
from two different sources: I : 50 rat anti-ChAT (see Ref. 16) 
and I : 500 rat an ti-ChA T (sce Rer. 31) in PBS supplemented 
with 2% bovine serum albumin. In this case the primary 
antibodies were localized using a I : 50 dilution of biotiny
lated ra bbit anti -rat and then a 1:25 dilution of an 
avidin- biotin- peroxidase complex (Vector). 

The ChAT-imm unoreacti ve structures were then localized 
by first washing the sections in TB and then pre-incubation 
for 10 min in a solu tion of diaminobenzidine (DAB) in TB 
(0.05%) followed by 5- 10 min in the same solution but 
containing 0.001 % H 20 2 . The reaction was terminated by 
two washes (5 min) in TB and three washes in PBS 
(5- 10 min). Some of the rat sections were incubated to 
reveal the ChAT-immunoreactive structures using 0.25% 
DAB and 0.006% H, O, but including 0.0 1 M imidazole in 
the reaction mixture. Occasionally at this stage, there was a 
delay of a few days before starting the TH immunostaining. 
In these cases the sections were either stored in PBS at 4°C 
or a t - 23°C in an anti-freeze solution containing ethylene 
glycol and glycerol in PB. In the la tter case, the procedure 
enhanced the penetration of the immunoreagents without 
any detrimental effects on ultrastructure. 

Thc sections were then passed through a series of sol
utions to reveal TH immunoreactivity. They were incubated 
fo r 18- 48 h in a I : 1000 dilution of rabbit anti -TH ." The 
TH antibodies were then localized using either the PAP 
technique or an avidin- biotin- pcroxidase procedure. For 
the former. after several washes in PBS the sections were 
incubated for 2 18 h in a I : 50 di lut ion of goat anti-rabbit 
IgO (TeN Immunobiologicals) followed by several washes 
in PBS and then 2 18 h in a I : 100 dilution of rabbit PAP 
(TCN Immunobiologicals). For the latter, after the washes 
in PBS they were incubated for 2 h in a I :200 dilu tion of 
biotinylated goat anti -rabbit IgO (Vector), washed in PBS 
and then 2- 18 h in a I : 100 di lution of an avidin- biotin
peroxidase complex (Vector). The bound peroxidase in both 
cases was then localized using benzidine dihydrochloridc 
(BDHC) as the chromogen. Bricfly, they were washed 
(10 min) in 0.0 1 M PB at pI-l 6.8 and then incubated in a 
solution or BDHC (0.01 % in the same buffer) containing 
0.025% sodium nitroprusside for 10- 15 min . Hydrogen 
peroxide, to a final concentration of approximately 0.005%, 
was then added and the sections incubated for a further 
2- 6 min. The reaction was terminated by several washes in 
the low pH PB (for details see ReI's 4, 32). 



Cholinergic input to dopamincrgic neuro ns 485 

On some occasions the double immunocytochemical pro
tocol was carried out by incubation of the sections in a 
cocktail of the two primary anti sera. The ChAT-immuno
reactive sites were localized first as described above and 
using DAB as chromogen. The TH-immunoreactive sites 
were then locali zed using the avidin- biotin- pcroxidase 
method and BDHC as the chromogen. 

Some sections were used for light microscopic analysis 
o nly; these were usually incubated to reveal only one of the 
antigens in which case BDHC was not used as a chromogen . 
Triton X-lOO was included in the antibody solutions and 
they were mounted on gelatine-coated slides on completio n 
or the immunostaining. These sections were air·dried, dehy
drated and mounted in XAM. 

Control incubations were ca rried out to ensure that 
cross-reactivi ty was not occurring between the different 
antibody solutions. The controls were also ca rried o ut to 
ensure that , where there was the possibility or recognition 
of an antibody from onc of the series by those from the 
other series (e.g. recognition of the rabbit anti-rat by the 
goat anti-rabbit), the peroxidase reaction product o bscured 
the antigenic sites. Thus the who le double immunocyto
chemica l protocol was carried out with the omission of each 
o r the primary antibodies in turn. 

Prepnrafion of sections fo r electron microscopy 

On completio n of the immunostaining the sections were 
washed twice in the low pH PB and immersed in a 1% 
solution of osmium tetroxide in the same buffer at room 
tcmrerat ure for 20 30 min. They were then washed three 
times in the low pH PB, dehydrated in an ascending series 
o r alcohols and two changes of propylene oxide and trans
rerred to an electron microscopic resin (Durcupan ACM, 
Fluka) . After eq uilibra ting overnight in the resin, they were 
mounted on microscope slides and cured at 60"C for 48 h. 
One per cent uranyl acetate was included in the 70% ethanol 
to improve contrast in the electron microscope. After exam
inat ion in the light microscupe, areas or interest were cut o ut 
from the slides, glued to blank cyl inders of resin and 
secti oned on an ultramicrotome. The ultrathin sections were 
collected on Pioloform-coated single slot grids, stained with 
lead citrate" and examined in a Philips 410 or CM 10 
electron microscope. 

Analysis of the materiul 

All sections were ca rerully examined in the light micro
scope for the distribution and relationships of ChAT
immunoreacti ve and TH-immunoreactive structures in the 
substantia nigra. Areas of interest were cut rrom the slides 
and re-sect ioned for electron microscopy and examined ror 
ChAT-immuno reactive boutons in synaptic contact with 
TH-immunoreactive structures. Some of the ChAT
immunoreact ive boutons seen in close apposition to the 
TH-immunoreactive structures in the light microscope were 
examined in the electron microscope by correlated light and 
electron microscopy.4 

RESULTS 

Light microscopic observations 

The TH-immunoreacti ve structurcs were identified 
by the granular BDHC reaction product or in light 
microscopic sections, by the DAB reaction product. 
Their distribution in the mesencephalon of both the 
rat and ferret was consistent with that of previous 
obscrva tions in these species."'" Of importance to 
this study was the dcnse band of immunopositive cells 
occupying the pars compacta of thc substantia nigra 
(SNC) and the ventral tegmental a rea . The substa ntia 
ni gra pars reticulata (SNR) contained only a few 

TH-positive cells except in the caudal aspects where 
larger numbers were present. However, throughout 
the rostrocaudal extent of the pars reticulata there 
were many TH-positive dendrites that were derived 
from cells locatcd in the pars compacta (Fig. lA) . 

The distribution of ChAT-positive structures, 
identified by the presence of the amorphous DAB 
reaction product, was also similar to that described 
previously.>·t9·2o.21.17.l8.J9 Thus, the most caudal aspects 
of the nigra contained a fcw scattered, ChAT-positive 
neurons (considered to be a rostral extension of the 
pontomesencephalotegmental cholincrgic cell groups), 
thc mid-region (rostrocaudal) of the medial aspects of 
the nigra contained the ventrally projecting oculomo
tor nerve and the whole extension of the nigra 
contained ChAT-positive axons and axonal boutons 
(Fig. I B) . The density and distribution of the ChAT
positive fibres and terminals were often difficult to 
assess because of the difficulty in staining the termi
nals. It was apparent, however, that both the SNR 
and thc SNC contained immunoreactive fibres that 
gave rise to axonal swellings . The density of fibres 
was greatest in the SNC where their distribution 
mirrored that of the TH-positi vc neurons (Fig. I). In 
the ferret it was evident that , in addition to the 
apparently randomly dispersed ChAT-positive 
axons, the pars reticulata contained bundles of long 
positive axons that gave ri sc to man y boutons and 
followed a course perpendicular to the pars com
pacta . The appcarance of these bundles of fibres was 
reminiscent of thc bundles of dendrites of dopamin
ergic neurons of thc compacta that descend into the 
reticula ta. 

In the double-stained material the ChAT-positive 
structures coursed in amongst the TH-positive peri
karya and dendrites in both the SNC and SNR and 
were often seen in closc association with each other 
(Figs 2D; 4A, E). Some of the cases where distinct 
associa tions were identified at the light microscopic 
level were subsequently examined in the clectron 
microscope (Figs 2D- F; 4). In the ferret, sections in 
which the ChAT immunostaining was strong, it was 
evident that the bundles of ChAT-positive axons seen 
in the SNR were closely associated with bundles of 
TH-immunoreactive dendrites. Indi vidual ChAT
immunoreactive axons were seen to follow the course 
of individual TH-positive dendritcs and give rise to 
many boutons that were closely apposed to the 
dendrites (Fig. 4A, E) . At the light microscopic level 
single ChAT-positive axons were seen to give rise to 
as many as 10 boutons closely apposed to a single 
dendrite. Occasionally more than one ChAT-positive 
axon was seen converging onto the same TH-positive 
dendrite . 

Electron microscopic observations 

In the elcctron microscope the ChAT-immuno
reactive structures (containing the amorphous 
DA B reaction product) were identificd as axons, 
pre-tcrminal boutons and synaptic boutons. No 
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Fig. 2. 



Fig. l. Light micrographs of adjacent sections o f part of the ventral mesencephalon of the ferret incubated 
Lo reveal TH immunoreacLi viL Y (A) and ChAT immunoreacLiviLY (B). In bOLh cases the chromogen for 
Lhe peroxidase reacLion was DAB. NoLe the dense band of TH-immunoreacLive cell bodies occupying Lhe 
SNC and the few cells but many dendrites in the SNR. The disLribuLion of ChAT-immunoreactive fibres 
(B) appears LO parallel the disLribuLion ofTH-immunoreacLive SL rucLures. Thus, the S C contains a dense 
plexus of ChAT-immunoreactive fibres and bouLons whereas the SNR is far less dense. NOLe Lhe 
ChAT-immunoreacLive oculomoLor nerve coursing Lhrough the nigra (Ill) in bOLh micrographs. Scale 

bar = 200 I' m. 
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differenccs in the morphology of the boutons were 
identified between the two species; therefo re they will 
be described together. The boutons were of about 
1- 1.5 I'm in diameter, they contained ma ny vesiclcs 
that were tightly packed and were of variable shape 
and size that is best described as round and oval 
(Figs 2A-C, F; 3A- D). Mitochondria were also often 
present within the boutons (Figs 2A; 3A- D). When 
followed in serial sections the boutons were found to 
form synaptic specializations with spines (Fig. 2A), 
proximal (Figs 2E, F ; 3C) and distal (small diameter) 
dendritic sha fts (Figs 2B, C; 3A, B, D) and perikarya. 
Specializations were of the asymmetrical type (Figs 
2A- C; 3A- D) although on occasions thc postsynaptic 
density was not extensive (Fig. 3A). The synapses 
werc often associated with sub-junctional dense 
bodies (Figs 2B, C; 3B- D). 

In the double-immunostai ned materia l, whethcr 
examined by correlated light and electron microscopy 
or by scan ning the ultra thin sections, the ChAT
positive bo utons were often seen apposed to TH
immunoreactive dendrites a nd sometimes perikarya , 
containing the granular BDHC immunoreaction 
product (i.e. TH-positivc). In scria l sections they were 
generally found to form asymmetrical synapses with 
the TH-positive structures (Figs 3A- D ; 4). The post
synaptic structures were often seen to receive synaptic 
input from non-immuno react ivc boutons (Figs 2B; 
3A, D ). 

Correlated light and electron microscopy of the 
ChAT-positive climbing fibres along the TH-posi ti vc 
dendrites revealed that individual cholinergic axons 
made multiple synaptic contacts with the TH-positive 
dendrites (Fig. 4). The bo utons formed asymmetrical 
synaptic specializations. The postsynaptic dendrites 
also received inputs fro m non-immunoreactive 
boutons forming both symmctrical and asymmetrical 
synapses. 

In the control sections in which the primary a nti
bodies against ChAT were omitted, DAB reaction 
product was not detected at either the light or 
electron microscopic levcls. Similarly the omission of 
the a ntiserum against TH resulted in sections without 
any specific BDHC reaction product. These controls 
indicated that the two rcaction products are only 
associa ted with their appropria te antigens. In no case 
was the DA B reaction prod uct associated with cell 

bodies or dendrites nor was the BDHC reaction 
product present in axon termina ls, indicating that 
there was no detectable cross-reactivity between the 
t wo sets of immunoreagents. 

DISCUSSION 

The results o f the present study confirm the pres
ence of a cholinergic input to the SN and confirm that 
the cholinergic axons form asymmetrical syna ptic 
contacts with nigral neurons. More importantly, the 
present findings demonstra te tha t one of the synaptic 
targets of the ChAT-positive, i.e. cholinergic, bou
tons in the substantia nigra of both rat and ferret are 
TH-immunoreactive structures, i.e. the dopaminergic 
neurons of the SN . 

Technical considerations 

The object of this study was to determine whether 
dopaminergic neurons in the SN receive a dircct 
synaptic input from cholinergic axon terminals. T o 
address this type of question it is necessary to apply 
a double immunocytochemical technique so that the 
chemical nature of both the pre- a nd postsynaptic 
structures can be identified . To this end wc applied a 
double pre-embedding peroxidase procedure that has 
been used ex tensively in the study of the synaptic 
connections of chemically characterized structures in 
the SN J.6·7,41 .48.19 This proced ure enabled us to identify 
both TH-posi tive neurona l perikarya and dendrites 
and ChAT-immunoreactive termina ls at the electron 
microscopic level and so identify synaptic contacts 
between dopaminergic and cholinergic structures. 
The problems of the depositi on of one peroxidase 
reaction prod uct on the othcr a nd the problems of 
cross-reactivity of the immunoreagents have been 
addressed extensively before.,·s.J2 In additi on, the 
control experiments in the prescnt study ensured that 
only ChAT-immunoreactive struct ures were labelled 
by thc DAB reaction product a nd that only TH
immunoreactive structures were la belled by the 
BDHC reaction product. These control cxpcriments 
indicated that wc were labelling structures with each 
chromogen tha t were specific to the antibodies used. 

Although the sta ining of TH-immunorcactive 
structures is generally not a difficult procedure since 
the enzyme seems particularl y robust, this is certainly 

Fig, 2. (A-C) Electron micrographs of ChAT-immunoreactive boutons (ChAT) forming asymmetrical 
synapses (arrowheads) with non-immunoreactive dendritic shafts (B, Cl and a spine (A) in the SN of the 
rat. The immunoreact ive st ructures are recognized by the amorphous electron-dense precipitate associated 
with membranes. Compare the immunoreactive boutons with the non-immunoreactive boutons labelled 
by asterisks. Also present in A are two TH-immunoreactive dendrites (TH) identified by the BDHC 
immunoreaction product. D- F illustrate correlated light and electron microscopy of a ChAT-immuno
reactive bouton apposed to a TH-irnmunoreactive neuron . D is a light micrograph of a TH-immuno
reactive neuron in the rat SN. The neuron is closely apposed by a ChAT-immunoreacti ve bo uton Cb). The 
proximal dendrite of the same neuron is shown in E. The dendrite (d) is identified by the electron dense 
granules of the BDHC reaction product dispersed throughout the cytoplasm. The ChAT-positive bouton 
(b) is shown at higher power (in a serial section) in F. The bouton is closely apposed to the TH-posili ve 
(granules of immunoreaction product indicated by arrows) dcndrite and the junction which is probably 
synaplic is associated with a subjunct ionai cistern (arrowheads). A, B, C, and F arc at the same 

magnification; scale bar = 0.5 J1m; in 0 = 10 I'm; in E = 2lim . 
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Fig. 3. Electron micrographs of ChAT-immunoreactive boutons (ChAT) forming synaptic contacts 
(arrowheads) with TH-immunoreactive dendrites (the TH immunoreaction product is indicated by TH 
and arrows) in the SN of the ra t (A, B) and the ferret (C, D). In B, C and D the synapses a re clearly 
asymmetrical and associated with subjunctional dense bodies whereas in A the synapse appears 
symmetrical at this level. The asterisks indicate non·jrnm unoreactive boutons. All micrographs are at the 

same magnification; scale bar in A = 0.5 pm. 
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Fig. 4. 
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not the case for the immunostaining of cho linergic 
terminals. The staining of cholinergic terminals in 
most parts of the brain has proved very difficult, 
particularly when preparing materia l for electro n 
mi croscopy; it seems that the enzyme is very sensitive 
to thc method of fixation and the primary antiscra 
very sensiti ve to the secondary antibodies. To over
come this problem it was necessa ry to adopt special 
procedures of fix a ti on and tiss ue treatment (pronase 
treatment and freeze-thawing). However, these pro
ced urcs, as well as the low concentrations of glu
tara ldehyde tha t were used, are generally detrimental 
to the ultrastructural preservation of the tissue. Fur
thermore, the use of pronase was detrimenta l to the 
TH immul1ostaining. For these reasons compromises 
had to be made between the qua lity of preservation 
and the degree of immunostai ning. 

Cholinergic {erminals ill {he substantia nigra 

The detection of a ChAT-immuno reactivc axonal 
plexus in the SN of both the rat and ferret confirms 
previous immunocytochemica l st udies (ferret;"·J9 
rat '·19·'O.37.38 ) that have identified a cholinergic inner
vation of the SN . Our observations a lso confirm 
previous descriptions that it is the pars compacta that 
receives a more dense innerva tion than the pars 
re ticulata ' ·'· ·13 In fact , in the ferret there was a 
remarkable correspo ndence between the distribution 
of the dopaminergic neurons of the pars compacta 
and the densest regio n of cho linergic axons and 
terminals (see Fig. I). 

The electro n microscopic demonstrati on tha t the 
ChAT-posi ti ve axonal terminals form asymmetrica l 
synapses with nigra l neurons a lso confirms previous 
ultrastructural studies in the ral. ' ·37.38 The majority of 
the termina ls made syna pses with dendritic shafts 
a ltho ugh a small number were identified in contact 
with dendritic spines or perikarya. This distrihution , 
however, probably reflects the relati ve proportions of 
dendrites, spines and pcrikarya in the SN and not a 
selective or preferen tial innervation of dendrites. The 
major object of the present experiment, however, was 
to dctermine whether any of the cholinergic tcrminals 
in the SN made contact with the dopaminergic 
neurons. This quest ion arose because of the indirect 
evidence tha t dopaminergic neurons recei ve a cholin
ergic input (see Introd ucti on) and because of the 

co-distribution of TH- and ChAT-immunoreactive 
structures in the SNC. The analysis of the double
stai ned materia l revealed that the dopaminergic neur
ons do indeed receive a direct synaptic input from 
cholinergic terminals. This input occurred on all parts 
of the neurons so far examined , i.e. proximal and 
distal dendrites and perikarya. The quantitative 
nature of this input cannot be assessed in the present 
materia l beca use of the difficulty in labelling the 
cholinergic termina ls and because of problems of 
penetration of the immunoreagents, both of which 
give rise to fa lse negatives. Nevertheless, it is clear 
from the present study and from other studies of the 
synaptology of dopaminergic neurons tha t most of 
the afferent bo utons to dopaminergic neu rons form 
symmetrical synapses . Thus, in a study of the GABA
ergic input , in the region of 70% of the a fferent 
termina ls to dopaminergic neurons were identified as 
GABAergic and forming symmetrical synapses' Fur
thermore, other chemica l classes of termina ls form 
symmetrical synapses, e.g. neurotensin-positive ter
minals" The proportion of asymmetrical terminals 
in contact with the dopaminergic neurons is thus 
low and includes several different classes, i.e. 5-
hydroxytryptamine-co ntaining terminals from the 
raphe," enkephalin-immunoreactive terminals,'·ll 
a population of substance P-immunoreactive 
termina ls· ·'·"·".4, and possibly termina ls derived form 
the cortex' ... '·53 and subthalamic nucleus .'· It is thus 
li kely that the cholinergic terminals identified in 
contact with dopaminergic neurons account for only 
a small proportion of those termina ls forming asym
metric synapses which in turn acco unt for only a 
small proportion of the to tal inpul. The functional 
significance of this input is therefore likely not to 
depend on a massive innervation of the neurons like 
tha t from the stria tum nor a heavy and strategically 
loca ted input like that from the globus pa llidus,"·" it 
is more likely to depend on the topographical re
lati onship of this input to other inputs and the 
electrophysiological responses of the neurons to re
leased ACh. The situatio n, however, may be different 
in the pars reticula ta whcre individual cholinergic 
fibres make multiple contacts with the dopaminergic 
dendritcs. The cholinergic input to this part of the 
neuron represents a higher proportion of the total 
input and one might predict the ACh released from 

Fig. 4. Correlated light and electron microscopy of "climbing-fibre-like" ChAT-positive fibres in synaptic 
contact with TH-positive dendrites in the SN R in the ferret. A and E are light micrographs of 
TH-immunoreactive dendrites (d) in the pars reticulata with ChAT-positive axons apposed. The axons 
give rise to many boutons (small arrows). Bouton b l in A is shown in the electron microscope in Band 
C where the ChAT immunoreacti on prod uct is visible (b , ChAT). The bouton forms asymmetrical 
synaptic contact with the dendrite containing the TH immunoreaction product (TH arrows). Three 
myelinated axons are indicated by arrowheads for correlation between the light and electron microscopic 
levels. Similarly the bouton b2 in E is shown in D to contain the ChA T immunoreaction product and make 
asymmetrical synaptic contact wi th the TH-immunoreactive dendrite (some immunoreaction product 
indicated by TH and arrows). A TH-positive dendrite (d, ) and a myelinated axon (arrowhead in E) are 
indicated by arrowheads for correlat ion between the light and electron microscopic levels. The asterisk 
denotes a non-immunoreactive terminal forming a synapse wi th the TH-positive dendrite. Scale bars in 

A and E = 10 I'm; in B = I I'm; in C = 0.2 I'm; in D = 0.5 I'm. 
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these terminals may have a more pronounced effect 
on the neurons . 

Ori!?in of the choliner!?ic inpUlto dopaminergic neuruns 

Several lines of evidence suggest that the cholin
ergic terminals identified in contact with the dopa
minergic neurons are derived from cholinergic 
neurons of the pedunculopontine tegmental and 
la terodorsal tegmental nuclei, some of which may be 
ectopieally placed in the nigra itself. J7 These nuclei 
contain dense populations of cholinergic neurons and 
have been shown by many authors to project to the 
SN (for Ref. see 30, 45). Lesions of the peduncu
lopontine tegmental nucleus in the cat lead to the 
degeneration of terminals that form asymmetrical 
synapses with retrogradely labelled ni grostriata l 
neurons. 52 That these projections are likely to be 
cholinergic, at least in part, has been demonstrated by 
severa l groups using the combination of retrograde 
labelling with ChAT immunocytochemistryu4.20.l, It 
must be noted , however, that some authors consider 
that it is not the cholinergic neurons in these ccll 
groups that give rise to the projection to the SN .l0.45 
Additional evidence in favour of the cholinergic 
projection has come from the work of C1arke et al. 14 

who showed that stimulation of neurons in the 
tegmental nuclei by infusion of kainic acid leads to a 
dose-related excitation of nigral neurons that were 
characterized as dopam inergic neurons on the basis 
of their responsiveness to apomorphine a nd haloperi
dol, and that the excitation is blocked by int ravenous 
administration of the nicotinic receptor antagonist, 
mecamylamine. The weight of evidence, therefore, 
makes it likely that the cholinergic terminals idcnt
ified in synaptic contact with the dopaminergic neur
ons in the present st udy are derived from cholinergic 
neurons in the pedunculopontine tegmental and 
laterodorsal tegmental nuclei. 

The fact that the cholinergic terminals form asym
metric synapses that are often associated with sub
junctional dcnse bodies is of interest since two other 
classes of terminals form similar types of synapses; 
i.e. enkephalin-positive terminals25 and a sub
population of substance P-positive terminals"·" both 
of which contact dopaminergic neurons6 .1.'.21.JS.40 
Because of this simi larity in morphology, the possi
bility must be considered tha t there is a co-existence 
of these peptides with ACh. This idea is more likely 
for substance P as a proportion (15- 40%) of the 
rostrally projecting cholinergic neurons in the 
pedunculopontine tegmental and laterodorsal teg
mental nuclei a lso contain substance P immuno
reactivity -'0.56.S7 Furthermore, the only other type 

of axon that has been shown to make multiple, 
climbing-fibre-like contacts with nigra I neurons is a 
population of substance P-positi ve axons that form 
asymmetrical synapses" often with sub-junctional 
dense bodies. The remarkable similarity between 
these and the cholinergic fibres (especially in the 
reticulata of the ferret) adds weight to the possibi lity 
of the co-existence of the two substances. It is likely, 
therefore, that some of those neurons that project to 
SN contain both ACh and substance P. To determine 
whether this is the case or not req uires the application 
of douhle immunocytochemical staining of terminals 
or double immunocytochemical staining of the peri
karya combined with retrograde labelling. 

CONCLUSIONS 

There seems to be little doubt that the SN receives 
a substantial cholinergic input that is directed mainly 
towards the pars compacta and that is probably 
derived from tegmental cholinergic neurons. The 
projection, at least in part, is directed towards the 
dopaminergic neurons, where asymmctrica l synapses 
are formed between the cholinergic terminals and 
the dopaminergic dendrites and perikarya. These 
synapses thus represent the anatomical substrate for 
the excitatory action of cholinergic agonists on dopa
minergic neurons, for the excitatory effect on dopa
minergic neurons of kainate stimulation of the 
pedunculopontine nucleus, 14 possibly for the dopa
mine-dependent behavioural effects of cholinergic 
agen ts injected into the nigra" and fo r changes in the 
turnover of dopamine in response to ACh receptor 
agonists (sce Ref. 51). Although AChE has been 
proposcd to have functions in the SN that are 
independent of the cholinergic system,21 the presence 
of cholinergic synapses on dopaminergic ncurons 
suggests that at least one of the functions of AChE 
associated with this class of neuron, 8 is the hydrolysis 
of released ACh. Finally, although the classical view 
that the balance between the levels of activity of ACh 
and dopamine for " normal" basal ganglia function 
occurs within the striatum (see Ref. 29), the detection 
of cholinergic terminals in contact with dopaminergic 
neurons implies that at least part of this balance 
resides in the SN. 
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