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even relauvely dista! dendnies in the pars retculata, but more frequently in the pars
compacta, contained HRP reaction end-product indicating that they belong 1o
migrestriatal newroncs (Fig 102 and b)

The HRP reaction end- product formed from o-rolidine is not osmiophilic and so
is not ag clectron dense as the produc: formed from DABY. In heavily labelled
neurgnes it Rlled the perikaryon and prouimal dendrites homogencously (Fig. Ja and
b). Sometimes |t formed a crystalline precipitate in nigrostriatal seurones as described
previously®™. Lightly labelled cells could be idennified in semithin sections (Fig. 3b).

Dol sraiming af reqrogradely labelled nigrasiriaiol mesrenes

In our adult rat specimens it was difficult 1o stain the Zona compacta neuranes
with the rapid Golgi method employed in the combined HRP-Golgl-degeneration
procedure. Meurones were not only rarely swained but also many partially stained
neurones were observed. Nevertheless, from the few Golgl stained retvogradely
labeted neurones that were found it was observed that most of the dendrites remamed
in the zona compacta and had a course parallel with the sheath of the compacta cell
layer (Fige. Ja and 4). Some of the dendrites turned ventrally and descended into the
rona reticulata (Fig. 4), but the whale course of each dendniie could noi be established

Termmal degemeration

Following lesions in the nucless accumbens-ventral striatum region, degenera-
ting terminaly and anoes could be found in the ipnlateral substantia nigra The
eleciron denss type of degeneration was the most common type observed, (Figs. 2¢, 6,
10 and lla and d). There was no qualitative difference in the appearance of
degenerating terminals in the animal whether the lesion was caused by kanic acid or
electrelysis, nor was there any difference between the animals in the synaptic relations
of retrogradely HRP-labelled suroctures and degenerating terminals; therefore the
results obtained from the 3 animals will be described tagether.

The heaviest degeneration was Found in aress which on (he basis of their
synaptology correspond to the rema reticolata, However, the border beétween
reticulsta and compacia is not sharp and the most dorsal 2one with reliculata
charactenstics contained occasonal retrogradely labelled migrostriatal neurones. The
zone af degeneration usually ended at the ventral sspect of the dense layer of
retrogradely labelled neurones. althoush scanered degeneraning terminais could be
found in the neuropil in the ventral layer of the compacta (Figs. 2a, ¢ and 10).

At all surwival times early and ke siages of degeneration were obasrved in both
the material processed for histochemistry with DAB (Fige. 2, 6, 9, 10 and 11) and in
the Golg-HRP material (Fig ¥) Tn the carly stages, vesicles could atill be recognized in
the electron densz cyioplasm (Figs ic, § and 10a) In the late stages boutons became
shrunken and were filled with homogencous electron dense material (Figs. 9, 10 and
11d}.

The synaptic contacts of degenerating termunals could be established on the
bans of the synaplic cleft and the postsynaptic membranc specialization. At the
contacts between degencraling terminals and perikarya small Amounts of punctate
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postsynaptic dense material could be observed (Figs. 2¢ and 11d), Long appositicn of
the synaptic membranes with moderate postsynaplic density could be seen at
axodendritic synapses (Figs. 3¢, 9 and 10). In terminals with this later type of eontact,
synaplic vesicles resembling those of HRP type | boutons (see below) were recogni-
zable (Figs. 6 and |10a) in the early stages of degeneration. In rare cases early stages of
degenerating boutons with type | characieristics weare found to contain HRP-reaction
end-product in tubules of smeoth endoplasmic reticulum (Fig. 6). In addition to the
symmetrical type of degenerating boutons on perikaryz and dendrites, a few axo-
dendrivic degenerating boutons were lound, with extensive asymmetric Lype post-
synaplic density.

Symapric contacis between degoneraring terminals amd vetrogradely labelled sivie fures

In those cases where the zone of degeneration overlapped areas where retro-
gradely labelled neurones occurred, numerous symmetrical synaptic cantacts hefween
the perikarya of nigrostriatal neurons and degenerating boutons were found (Figs. 2
and Il). In one secucm up 1o & such synaptic contacis were observed on a single
neurone. Déendrites containing HRP-reaction end-product also reccived degenerating
terminals and occasionally several degencrating boutons converged onto one HRP-
labelled dendrite (Fig. 10).

One area from animal 5T24 which contained 5 HRP-labellad cells that were alse
Gaolgi-stained was studied under the electron meirascope (Figs. 3 and 4). Degencration
in this region was sparse and the zone of degeneration stopped short of the perikarya.
Only two degenerating boutons were found in synaplic contact with the Golgi stained,
gold toned dendrite of one of the HRP-labelled nigrostniatal neurones (N; in Figs. 3
and 4), although most of the l=ngth of this dendrite, as well as the athers, was studied
in strinl sectipns.

HRP-labelled axony and merve terminals

Enzyme reaction end-product was not only found m perikarya and dendrites but
wis also présent in myclinated axons and, more frequently, m thin unmyé¢linated
axons. It could usually be found within membrane limired tubules and vesicles,
occasionally in dense bodies and multivesicular bodies. There were at least two types
of nerve terminals contaming HRP reaction end-prodoct in such structures.

Type | boutans, These made axodendritic synapses with both thick and thin
dendritic shafis as well as with occasional spines of these dendrnitzss (Figs 5 and 9).
They contained large, clear, round vesicles which were ightly packed filling mast of the
boutan (Fig. 5). A lew dense core and granular wesicles, larger in size than the clear
ones, could glso be observed in these boutons. The boutons had prominent triangular

— =

Fig. |1, a- reirogridely HR P-labelled mgrosiriatal nedrone in fona reiiculata. Frimed areds (b) and
(<) are shown gl higher magnificaiion in (b) and (¢}, Syarptic comaces (large armowi) between HREP-
jabelled {horizonial armows) type 2 boutons and the prikeryon are seen. d: a degenerating bouion
framed in (a) i alsp in symapiic contact (large arrows) with The aame penkaryon. mvh, multivesicolar
body. Casz 5T27, DAB as subsirace. Scabss: a, | pm, b, 2, and o, 0.2 pem.,
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presynaptic denss projections. The synaptic contact 2one was exlensive and there was
a moderate postsynaptic membrane specialization (Figs. 5 and 9). Type | boutons may
complelely ¢ngheath dendrites in the rona reticulats (Fig. 3).

Type 2 bourons. These HRP-labelled boutons made synapses with proximal
dendrites but mainly with perikarya (Figs. 8, 11b and |lc). They were most
frequently found in the zona compacta 2nd contained small picomorphic and Aattened
vesicles. The vesicles accumulated in small clustars at the synapiic active zones, which
were small compared to those of type | boutons. The pre- and pasteynaptic membrane
gpecializations were small and symmetrie,

There were differences im the mitochondria in the two types of boutons; type |
boutons had much tmaller and fewer mitochondria than type I boutons (compare
Figs. 5 and &),

Synaptic refationships af HRP-lobeiled pre- and posisynaptic structires

HREP-labellzd perikarya 2nd proximal dendrtes of nigrosinatal neurones fre-
quently received synapses from type 2 HRP-labelled tarminals (Fig. | 1). In one section
up 1o 7 labelied boutons could be abserved in contact with one neurane, On Lhe ather
hand, type | labelled boutoms formed synapses mainly with unlabelled dendrites,
which probably reflects the scarcity of HRP-labelled dendrites in the area of the zona
reticulata where most labelled type | boutons were found.

Convergence of HRP-labelled and degenerating boutons was found on 1o both
retrogradely HRP-labelled and unlabelled dendrites (Fig 9) and perikarya (Fig. 11).
On the dendrites the HRP-labelled terminals were of type 1, while on the perikarya
they were type 2.

Camparisen of lacal axon collareral teyminaly of striotonigral newranes with rupe | HRP-
lebelled bowtons { Figs. 5 and 7)

The bouwtons of the local axon collatérals of an HRP-labelled, Golgi swined
striatonigral neurone were studied within the neostmatum. This neurone was a
medium size cell with densely spiny dendrites and has been descnbed in another
report®, Gold toming of the ‘Golg stained striatenigral neurone and its local axon
collaterals revealed the internal detail of it structure. The boutons containad larse,
clear vesicles similar to those m type | boutont (Fig, 7). The presynaplic dense
projections were well developed and the boutons formed symmelrical synaptic con-
tacis, simular to those of the wype | HRP-labelled boutons that were found in the
gubstantia nigra in the presant study.

DISCUSRSION

Maonosymaptic targets of striatonigral fibres

Our main fnding is that neurones projecting Lo the neostristum from the
substantia nigra receivie monosynaptic impul from neurones in the nucizus accombens-
venlral striaturmn reglon, That these afferent termioals comprise an importaot part of
the inpul of nigrestnistal neurones is suggesied by the numerous degenerating boutons
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on the perikarya as well as on the proximal and distal dendrites. Earlier studies in the
rat!3and in the cat}!.1® showed that following large lesions in the striatum degencrating
terminals could be found in synaptic contact with both the dendrites and perikarya of
nigral neurones. However, the nigra contains neurones that project to many parts of
the brain and local interneurones may also be presentl.6.?. Thus, in the earlier studies
it was not possible to determine with morphological methods which type(s) of neurone
receive the monosynaptic afferents from the striatum. Using the retrograde HRP-
labelling or its combination with Golgi staining it is now evident that both nigro-
thalamic3! and nigrostriatal neurones receive a monosynaptic input from the stiiatum,
although this input probably originates in different parts of the striatum. In the earlier
study on the striato-nigro-thalamic pathway, the lesions were placed in the main body
of the striatum3! whereas in the present study the lesions were located in the ventral
striatum and nucleus accumbens.

The origin of HRP-labelled boutons

Our results are in agreement with carlier studies?h3 on HRP in striatonigral
system, demonstrating that the neuronal smooth endoplasmic reticulum and the
lysosomal system contain the reaction end-product. Two main types of bontons were
found to contain reaction end-product in the substantia migra, following injection of
HRP into the striatum.

Type 1 boutons in the present study are identical with type 1 boutons of Rinvik
and Grofova® in the cat, with type C boutons in the rat!? and with endings with large
synaptic vesicles in the primate?®. Itis more difficuit to correlate the HR P-labelled type
2 boutons with any described previously. We may have selected a subpopulation of
boutons hitherto unrecognized, because we studied the synaptic connections of
labelled structures. In any case there is a clear difference between the two populations
of HRP-labelled boutons not only in morphology but more importantly in termina-
tion. Type 2 boutons were mainly found on perikarya and proximal dendrites while
type | boutons occurred mainly on more distal dendrites and not on the perikarya of
nigrostriatal neurones. This difference in termination indicates a differential input
onto the various recipient parts of nigrostnatal and other nigral output neurones.

The presence of a large number of HRP-labelled boutons raises the question: are
these boutons the terminals of striatonigral neurones? Following injection of HRP
into the striatum, labelled boutons could appear in the substantia nigea in 3 ways: (1)
through anterograde transport of HRP from the striatum ; (2) they could be local axon
collaterals labelled anterogradely following retrograde labelling of nigrosiriatal neu-
rones; and (3) they may represent the anterogradely labelled boutons of neuronesin a
third nuclews that was labelled retrogradely from the striatum and which sends long
axon collaterals to the substaniia nigra.

Tt is likely that at least some of the type 1 boutons are labelled by the first
mechanism. Thus, following placement of lesions in the accumbens-ventral striatum
region, the degenerating boutons in the nigra have, at an early stage, the same
maorphological features as the type | HRP-labelled boutons. In rare cases HRP-
labelled boutons of type | themselves showed the early stage of degencration (Fig. 6),
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indicatng that they originate lrom that part of the siriatum where the spread of HRP
overlaps with the region of the lesion induced by kamic zcid. Finally, the boutons
formed by local axon collaterals of identified stoistonigral newrons®® have very
similar morphological features 1o type | HRP-labelled boutons in the substaptia nigra.
This suggests not only that type | boutons are of striatal origin, but that they are
boutons of the mediun size neurones with densely spiny dendnies that are known to
project 1o the nigra’t-31

Mo HRP-labelled boutons of type 2 were found that also showed signs of
degeneration and so their ongin is uncertain. [t is noteworthy that they had the same
postsynaptic target (the perikarya of nigrostriatal neuranes) and a similar symmetncal
gynaptic specialization ns some af the boutons thal degenerated after the placement of
a lesion in the accumbens—ventral striatum. Although the origin of Lype 2 boutons
from neurones in the striatum requires confirmation by maore direct methods, it 18
significant that there is a strong afferent system thai can be labelled by HRP injecied
into the stnatum and which terminates on the perikarya and proximal dendrites of
nigrostratal neurones.

Posnible correlations with newrorransmitiars

In order to understand the functional rale of the monosynaptic pathway from
ncurones in the sccumbens-ventral siriatum to nigrostnatal neurones, we need o
wdentify the neurotransmitters of path the aferent terminals apd the cecipient
nigrasiriatal neuronzs. Although there is, at present, no direct evidence we can draw
some lentative conclusions from histochemical and neurochemical studies. The
striatonigral substance P containing projection originates mainly from the anterior
siriatum in the rat?-814.0% and the caudal nucleus actumbens-ventral striatam region
(part of the area affected by our lesions) contains substance P immuonoreactive cell
badies!®, Substanée P immunoreactive fibres can be seén to pass among, and ventral
io, zona compactia neurcnes forming ultrastructurally idéentified boutons on their way
(P. Somogyi, 1. Priestley, A. C. Coella, A. D. Smith and J. P. Bolam, unpublished
observations). However, it 15 possible that nigral substance P does not originale from
rieuronss in the veniral siriatal region becausz there was no decrease in the amount of
substance P in the substantia nigra foliowing a lesion in the nucleus accumbenst®,
although microdisscetion of the different parts of the substantia nigra was not
performed. The importance of subdividing the nigra was shown by Walaas and
Fonnum™, who found a sclective decrease in the level of gletamate decarboxylase
sctivity in the rostromedial substanta pigra (including part of the pars compacta)
following placement of legions in the nueleus accumbens. Thus, the evidence al present
[avours y-aminobutyrale as 2 transmitier in the neurones that project from the
accumbens o the nigra.

The majority of nigrostriatal neurones are dopaminergic, but some have been
found to lack tyrosine hydroxylase'® or dopamine®. Allthough we cannot exclude the
possibility that some afferents from the ventral striatal region terminate on nen-
dopaminergic pigrosiriatal neurones, the finding that degenerating boutons can
readily be found on most of the retrogradely labelled neurones when they are within an
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area of degensration imphies that the dopaminergic nigrostriatal nenrnnes receive a
monosynaptic mput Mrom the accumbens-ventral striatum

Porrible funerional implications

There seem to be functionally distinel areas within the nzostriatum?.? and s
our findings about the input of nigrostnatal neurones may have lunciional implica-
tiong, The degenerating boutons we found in contact with nigrostriatal nesrones must
originate from & different part of the striatwm (the ventral region, including the
accumbens) from the great majority of the HRP-labelled boutons becawse the later
an'y ravely showed signs of descneration. 1L is likely that many of the HRP-labelled
boutons oniginated from neurones in the main body of the stratum, [t is noteworthy
that we observed convergence of HRP-labelled boutons and degenerating boutons on
the same nigrostriatal neurone. T is, thus, conceavable that striatel afferznt from wide
areas, which process different information, converge on Lo single nigral neurones
which in turn project the integrated information back te the sirlatum. This nigro-
striatal fecdback pathway should pot be considered only as a simple (monosynaptic)
feedback loop since it invalves regions of the steiatum which feed back on to nigral
neurones that project to a different part of the stnawwm. This can be concluded from our
studies on animals with electrolytic ksions in the ventral striatum, since the retro-
gradely labelled nigrostriatal neurones thal received degeneraling lermina's could not
have taken up HEP from the area affecied by the lesion because their atons would
have undergone electrocongulation. Itis also unlikely that their retrograde labelling
occurred via axon collaterals, since the axons of nigrosiriatal cells do nol branch 1o
large areas of the stratem as indicated by the lack of double labeled cells in
experiments invalving the use of flugrescent dyesit,

We zntatively conclude thal our finding of HRP-labelled boutons in contaet
with nigrostrintal neurones )s consistent with a point-te-point (i.e. area-to-area) reci-
procity involving the negral projection to the main body of the striatum, but that the
circull involving the nucleuws accumbens-ventral striatum region is not exclusively
wrganized in this mode since newranes fram this region are in monosynaplic contact
with nigral neurones that project elsewhere in the strmtum. The latier conclusion is in
azreement with the interpretations of Nauta et al 3,

The ventral striatum-nucleus accumbens region is known to reccive limbic
afferepts (for references see Wauwta mnd Domesick??; Graybiel and Ragsdale!®,
Mogengon et al.1%. On the ather hand, the main bady of the caudoputimen where
most of the HRP was inpected participates in somato-motor functions'®. The
monosyngphic connection through the substantia nigra demonstrated in the presant
siudy berwesn these iwo arcas thus provides a nevronal basis, at the synapiic level, for
an ‘interface’ berween limbic and motor systems!® 8,
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