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Chapter 1: An Introduction

i,  Behaviour, Anatomy and Chemistry: Coding and Relaticnships

The brain contains neurones in a vast and highly organised matrix.
Cragg (1975) has estimated that one neurone in the human cerebral cortex
receives information from 38,000 individual synapses. As the greatest
number of synapses derived from one axon in this tissue, so far observed,
is 60 (Marin-Padilla, 1968), it may be estimated that something like
600 separate neurones project to one other neurone. As the human brain
is estimated to contain 10! neurones (Hubel, 1979) we can readily
understand why brain modelling and the unravelling of central nervous

system (CNS) function and organisation are such daunting tasks.

We must, in order to make any advances, accept, first, that the
brain is an organised and understandable structure, and second, the
principle that alteration of the structure or chemistry of the brain will
result in specific functional changes and be expressed by altered neuro-
chemistry, physiology and behaviour. If such a change is demonstrated
and proves replicable then we might assume that it has implications

for the understanding of nervous system activity and organisation.

However, it must immediately be noted that while these physiologx/
behaviour relationships are believed to hold good, the author of this
thesis is reluctant to make automatic claims that because some physio-
logical manipulation always results in a particular form of behaviéural
response, then that physiological system must be intimately associated
with that behaviour. Indeed, it is often not immediately apparent
which physiological system under stimulation is responsible for the

observed behaviour. (Witness the continuing "fibres of passage vs.



intrinsic neurones" debate over the lateral hypothalamic syndrome, which
is discussed in Chapter 5, section iv(a).) Moreover, it is possible to
modify a behavioural response to physiolgical stimulation by altering,

for instance, an animal's environment or previous experience (Rosenz-

weig et. al., 1958), The principle that physiology/behaviour relation-
éhips should hold good, be replicable and dose-dependent is not challenged.
It simply has to be qualified by specifying that such things as previous
experience and test conditions need to be maintained to assure repli-
cability and before making broad claims, it must be made quite clear which

neuroanatomical and neurochemical systems mediate the observed effects.

The author also considers that the important relationships between
anatomy, chemistry and behaviour are only rarely stated, and that some
description of them ought to be attempted. Rose (1980) has cogently
argued that behaviour, chemistry and anatomy are simply vehicles for
examining events, If behaviour occurs, it may be examined and explained
in terms of behavioural science, anatomical events or by neurochemistry
(or by many other means). Each is a valid approach, but one cannot be
said to cause another. They are all simply expressions, in different
languages as it were, of the same event. They are related, obviously,
but not necessarily in a causal sense., Thus we may examine behaviour
as a functional expression of anatomy and chemistry, bearing in mind

that the three show an underlying unity.

ii. Techniques for Examining Neuronal Activity by Means of Behaviour:
Chemical Stimulation v Electrical Stimulation v Lesion Techniques

As this section specifically deals with "Techniques for examining

Neuronal Activity by means of Behaviour ......" we shall not review many



neurochemical, histological or electrophysical techniques which are
available. Neurochemical and histological techniques may be very use-

ful when investigating the effect of behaviour on neural substrates,

but they are not generally thought of as tools for eliciting, facilitating,
or modifying behaviour. Similarly, most electrophysiological work deals
with the effects of intracranial manipulations in anaesthetised animals

and as such is not directly concerned with behaviour,

Leaving aside these techniques, we may identify, in broad terms,
two types of approach to the problems of brain/behaviour interaction:
stimulation, by the application of chemicals or by the passage of electric
current ,and lesion, which involves the destruction by neurotoxic chemicals,
electrocoagulation, microknife cuts or suction of specific areas of the
brain, Either of these approaches may induce net excitatory or inhibitory
effects on both physiology and behaviour. The activation of a fibre
bundle whose net effect is excitatory may be achieved by direct and
specific chemical stimulation, electrical stimulation or by the removal

(1esion) of inhibitory influences on the cells of origin of the bundle.

Lesion studies have an important place within the neurobiologist's
armoury. It must be borne in mind throughout this discussion that the
purpose of any technique is to provide an answer to a question, and it
is with this in view that we shall discuss the relative merits and
demerits of each technique. If we wish to ask the question "what function
does this structure control?" then the application of a lesion may be
an appropriate step towards an answer. The pitfalls of lesion techniques
are many though they may safely be used to answer specific questions

of functional coding provided we bear in mind that:



(a) a gross lesion may destroy many anatomical elements within a
particular structure. These anatomical elements may normally relate

to behaviour in a complex and non-uniform manner.

(b) a gross lesion does not respect neurochemical differentiation and
as such can provide little information as to the way in which neuro-

transmitters relate to one another during behavioural activation.

(e) any lesion may elicit gross behavioural changes which mask more

subtle effects accessible only through less drastic intervention, and

(d) it is possible that compensatory mechanisms may be activated following

a lesion.

Essentially points (c) and (d) may apply to any gross CNS inter-
vention. Finally, it is worth noting that not all functions may be
located by lesion studies. Lashley's long series of selective ablations
attempting to locate the neurocanatomical locus of memory led him to
forlornly conclude: "I sometimes feel, in reviewing the evidence on
the localisation of the memory trace, that the necessary conclusion is

that learning just is not possible" (Lashley, 1850).

Stimulation techniques, as we noted, may be divided into two
groups: electrical and chemical stimulation, Electrical stimulation
is a valuable but indiscriminate tool. Reference to Figure 1 helps
to make this apparent. If such an anatomical structure were stimulated
by a microelectrode "the net result may be a most complicated and
variable depolarisation of all the pathways in that region., Simul-
taneous changes in the ion flux of each nerve membrane would occur

altogether in this segment of the three pathways." (Myers, 1974, p5).



Figure 1. An hypothetical brain structure. It receives
afferent fibres (A, B, C) which make separate synaptic connections
(A1, B1, C1) with interneurones (p, q, r) which then make separate
synaptic connections (A2, B2, C2) with two different efferent
projections (X and Y). (Adapted from R.D. Myers "Handbook of

Drug and Chemical Stimulation of the Brain" (1974) p. 4.)
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The result would without doubt be stimulating but would lack any
specificity; functional differentiation of the pathways might prove

to be impossible. Valenstein et. al. (1970) observed eating, drinking,
grooming and gnawing as a result of stimulation of one electrode located
in the diencephalon: mno single behaviour was consistently observed.

Such a phenomenon quite possibly represents the functional expression

of simultaneous stimulation of overlapping neuronal systems., Similarly,
Miller (1965) describes how, in trying to fix a discriminable effect

in such a situation, he employed ever smaller electrodes until he

observed no effect at all, The overriding problem of electrical stimulation
is its lack of any discriminating properties. This does not, though,
invalidate it as a technique: "specific techniques to answer specific
questions" remains our motto. Indeed, the "non-specific" properties

of electrical stimulation of the brain may be of interest for their

own sake, and may elicit consistent behavioural patterns despite utilising

a gross stimulation: self-stimulation of the MFB, for instance, shows

this feature.

Chemical stimulation on the other hand has the potential to overcome

the problem of neurochemical non-specificity. Again, reference to

Figure 1 helps make this clear. If a cannula were aimed at this structure
any of the different neurotransmitter* systems (A, B or C) or inter-
neurones (p, q, r) active within the area could be specifically affected
by the application of chemicals or drugs known to affect only one of

the systems. Alternatively, any combination (A + B, B +C, A + C or
A+3B+ C) could be affected., It is this specific ability to select

for stimulation any one system from a varied collection that provides

*
For definitions of "neurotransmitter" and other terms, see Appendix i.



the greatest advantage of chemical over electrical stimulation.,

iid. Chemical Stimulation of Brain Tissue

R.D. Myers (1974) outlines four basic assumptions (which are not
always borne out), made regarding the ability of chemical stimulation
techniques to distinguish between interlaced networks of neurones. These

ares:

1« That the neuronal membrane at the dendrite will be
sensitive to a particular chemical (or chemicals).

2. That cells in another functional category in surrounding
tissue will remain inactive while excitation of another set of
neurones occurs.,

3. That there exists a specialized receptor for a specific
substrate or class of compounds, and that recognition occurs
between receptor and ligand.

4, That among a group of cells, collective excitation or

inhibition will occur in synchrony.

Having accepted these primary assumptions the level of analysis
at which examination is to occur has to be decided upon. Systemic
administration of a chemical or drug is the most basic level, the
substance being injected into the blood stream (intra-venous, iv)
sub-cutaneously (sc) or intra-peritoneally (ip). The greatest problem
of this approach is the effectiveness of transport into the brain.
Peptide fractions may not pass the liver if injected iv, while the
blood brain barrier(B.B.B)- itself not uniformly permeable and absent

in some areas (for instance the median eminence) - may not permit the



passage into brain of compounds even of low molecular weight. Indeed,
even if compounds do pass the B.B.B. they may act with varying degrees of
efficacy at various anatomical sites. Peripheral and central effects

may also differ and compete. Noradrenaline (NA), peripherally applied
has an anorexic (Russek et. al., 1967) effect, though if applied
centrally it has a well documented hyperphagic effect. (For instance,
see Myers (1974) p361-362). Once again, one has to gauge this technique
against the questions one is asking. If it is important to discover

a central site of action, this technique alone is not enocugh. However

if all that is required is, for instance, a model of human therapeutic
drug administration, this technique may be perfectly adequate, especially
if drugs are delivered by means of a slow release pellet or osmotic

mini-pump,

For the analysis of central effects, a more appropriate level of
analysis is to administer substances via the cerebral ventricles. This
route avoids the problem of B.B.B., passage: the injected drug without
doubt enters the brain, though the choice of ventricle affects exactly
where the substance does go. Intra-lumen stoppers (Herz et. al., 1970)
may be used to limit a drug to one particular ventricle. However,
answers to questions of anatomical specificity are still not provided.
The ventricular approach is "best considered as a highly useful but
provisional approach, at least anatomically ....... (it provides @) «.....

provisional extrapolation from a general pot of stew to a specific

vegetable", (Myers, 1974, p9).

If the question asked is "what function does this particular

neuroanatomical structure relate to, and which neurotransmitter



facilitates this action" then one has to apply a technique which
involves highly localised ections and which can deliver minute amounts
of chemical., The microinjection technique aspires to these things.
Guide cannulae may be accurately implanted giving access to, but not
interfering with, particular areas of brain. Microinjection cannulae
may then be passed through the guide to deliver precise quantities of
chemical to the required area. While injection volumes and drug doses
remain small the anatomical and chemical precision is maintained (Myers
and Hoch, 1978). With larger amounts, diffusion away from the required
site becomes a problem that may lead to a spurious specificity being
assumed unless adequate control procedures are adopted. Crystals

may alternatively be applied, though dose-response characterisation

is difficult in this case, as is control over such factors as local pH
and osmolarity. Temporal control over the release of chemical onto

a particular structure may be achieved by using the push-pull perfusion
technique, although this, reliant on larger cannulae, lacks the
anatomical subtlety of the straightforward microinjection. The
induction of regional hydrocephalus has also been a problem when using
this technique, though this appears to have been skilfully minimised

by some authors (Redgrave, 1977).

In passing, we must mention another chemical approach: that of
micro-iontophoresis. At intervals two or more substances are ejected
into extra-neuronal spaces from the tips of a fused array of multi-
barrelled glass pipettes. Simultaneous recording shows whether or not
the released chemicals have inhibitory or excitatory effects on the
neural membrane. Control is the biggest drawback of the technique:

local pH, trauma to tissue pCO2 levels, and anaesthetic and paralysing

effects of the solutions are all indeterminable. The technique is unsuited



to an analysis of function: its main value is in electrophysiological
determination of in vivo cellular activity. Chemical techniques of

in vitro analysis are also valuable: assay studies of metabolites,
endogenous content studies, immunochemistry and histochemistry all
provide valuable chemical and anatomical data, but are of limited value

in directly assessing function.

We have presented this brief survey of available techniques to
highlight a simple point, which is basic to any scientific enterprise.
There are a variety of techniques available to us: lesion techniques,
electrical stimulation and recording techniques, and chemical stimulation
techniques, within which category there is further division, depending
upon the level of analysis required. However, in selecting a technique
one has to choose that which will most satisfactorily answer the question
which has been raised. The principle question asked in this thesis is
"Do cholinergic systems within the substantia nigra have a functional
interaction with dopaminergic systems in that same structure?". In
order to answer this question we need to use a technique or techniques
which provide anatomical and chemical specificity of stimulation and
allow for a functional expression of neural activity. For this reason

the simple microinjection technique was chosen.
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Chapter 2: The Substantia Nigra: Anatomy

1 General Structure

The substantia nigra was first described in the late eighteenth
century by Vicq d'Azyr (1'786) and Soemmering (1791): this description
was undoubtedly aided by the fact that the substantia nigra is a recog-
nizable nuclear mass, darkly stained by the pigment melanin. Functional
effects of the nigra were noted by Blocq and Marinesco (1893) and
Brissaud (1895) who observed a unilateral, left-sided Parkinsonism
resulting from specific right-side substantia nigra destruction in the
human patient. These observations were subsequently confirmed in the
postencephalitic Parkinsonian (Tretiakoff, 1919) and by Hassler in the

idiopathic (1938) and hereditary (1955) Parkinsonian state.

The substantia nigra (see Figure 2) lies above the crus cerebri
throughout the entire extent of the midbrain, It is defined ventrally
by a thin bundle of myelinated fibres (the cortico-bulbar and cortico-
spinal tracts) while in more caudal aspects the nigra is delineated
dorsally and dorsomedially by lemniscal fibres. The lateral portion
of the nucleus is embedded in the most dorsolateral portion of the crus
cerebri (Gulley and Wood, 1971). It is geerally assumed to be divided
into two regions, the cell-rich pars compacta and the relatively cell-
poor zona reticulata which is the more lateral and ventral of the two,

being situated directly above the fibres of the cerebral penduncles.

ii. Synapses Within the Substantia Nigra

Different authors have identified a varying number of synaptic

bouton types within the substantia nigra. Bak et. al. (1967) identified



Figure 2. Showing the relative position of the substantia nigra
(pars compacta and zona reticulata) in the ventral midbrain of the

rat. (Adapted from the stereotaxic atlas of Konig and Klippell (1963).)
The sections,enlarged by approximately 17.3X, are arranged from
anterior (A) to posterior (K); the distance of each section from

the inter-aural line is,in microns: A 3180, B 2970, C 2790, D 2580,

E 2420, F 2180, G 1950, H 1760, I 1610, J 1270, K 1020. (Abbre-
viations: SNC, substantia nigra pars compacta; SNR, substantia

nigra zona reticulata; SNL, substantia nigra pars lateralis; CC,

Crus cerebri; CCS, Commissura colliculorum superiorum; d, nucleus
Darkschewitsch; F, Columna fornicis; FMP, Fasciculus medialis prosen-
cephali; FR, Fasciculus retroflexus; HI, Hippocampus; hp, nucleus
posterior (hypothalami); H1, Forel's field H1; H2, Forel's field

H2; i, nucleus interstitialis (Cajal); ip, nucleus interped-
uncularis; LM, Lemniscus medialis; mmm, nucleus mammilaris medialis,
pars medialis; SAM, Striatum album mediale colliculi superioris;

SPCC, Splenium corpus callosi; sut, nucleus subthalamicus; ZI,

Zona Incerta.)
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two synaptic types within the nigra - 'encircled' and 'sandwich!
synapses. The encircled synapse observed involved large dendrites

2 in diameter on which three synaptic boutons appeared to terminate

by partially or completely encircling the process. Either small

(~ 5003) clear vesicles or a combination of large, dense-core and small
clear vesicles were present, all of which might be contained within an
envelope of astrocytic processes (Gulley and Smithberg, 1971). The
sandwich synapse involved only small dendrites Q( m diameter) surrounded
by one or two synaptic boutons containing only small clear synaptic

vesicles.

Bak's were the first observations made in an electron microscopic
study of the nigra. The subsequent study by Gulley and Smithberg (1971)
using electron microscopy and Golgi stained material, discovered more
synaptic configurations, These authors observed three basic types of axo-
dendritic synaptic endings and axo-axonic synapses. Their first cate-
gory of axo-dendritic synapses is further divided into two sub-groups.
Group Al have a moderate number of 3782 clear vesicles, show an equal
thickening of both pre- and post-synaptic membranes and are primarily
located on cell bodies and primary segments of all neuronal types. Group
A2 has many densely packed 3782 clear vesicles with equal thickening of
both pre- and post-synaptic membranes and is found only on small dendrites
of less than O.Qp diameter. Group B are characterised by having large,
dense core vesicles 0449003) and 3783 clear vesicles. Post-synaptic and
pre-synaptic membranes show a differing degree of thickening, the post-
synaptic being the more prominent, and the synaptic cleft is widened.

They are found on large and medium dendrites of all neuronal types. The
synapses of Group C have large dense core vesicles and 5813 clear

vesicles, and both pre- and post-synaptic membranes are equally thickened.



These are found in cell body and primary segments of all neurone types.
The axo-axonic synapses observed by Gulley and Smithberg also occur

in two varieties. The first is found on the axon hillock and has small
boutons with one or two small mitochondria, clear vesicles 6116002)
which appear slightly elongated. The second type is found between two
synaptic endings. These have only one bouton and small clear vesicles.
They are not associated with a junctional complex, suggesting that

they are post-symaptic.

Gulley and Smithberg note that dense core vesicles (Type B) are
usually associated with aminergic nerve endings in the CNS (Bloom and
Aghajanian, 1968; Bloom and Giarman, 1968). Furthermore, they report
that type B was the only bouton type to selectively take up 3HNE, again
indicating that this bouton mediates catecholaminergic neurotransmission.
These authors further speculate that bouton types A1 and A2 may be

cholinergic and type C serotonergic.

Hajdu, Hassler and Bak (1973) in a further electron microscopic
study of substantia nigra, identified six separate bouton types within

substantia nigra as follows:

Type 1, Pleomorphic vesicle boutons, which have ovoid, elongated vesicles
(~~v 5002 diameter) mainly contacting neuronal perikaryaand large den-
drites, though also located on distal portions of dendrites. 40% of
boutons are of this type.

Type II, Elongated vesicle boutons which have ellipsoidal vesicles
G\'4OOR wide, 700/8003 long) contacting primarily large dendrites. 10%
of all boutons are of this type.

Type III, Small, round vesicle boutons. These vesicles are approximately

12.
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4002 in diameter, usually contacting small dendrites, and accounting
for 10% of all boutons.

Type IV, large, round vesicle boutons which mainly contact distal portions

of dendrites and whose vesicles have a diameter of approximately 6003;
20% of all boutons.

Type V, Clear Terminal. 15% of all boutons are identified by clear

terminal vesicles of varying size and loose arrangement, found on
proximal portions of dendrites and occasionally neuronal perikarya.
They are further characterised by the presence of microtubules and
endoplasmic sacs.

Type VI, ﬂUhnamed). Type VI boutons are typically identified by large
dense-core vesicles (800—12002 diemeter) and clear round vesicles

(6008 diameter). Only 5% of all boutons show these characteristics.

Hajdu, Hassler and Bak show that one bouton - the type 1, pleo-
morphic vesicle type - predominates (40%) in the nigra. Rinvik and
Grofova (1970) also found that this type predominated, although they
estimated it to account for 80-90% of all nigral boutons. (Though these
authors worked only on cat substantia nigra, this may not be the source
of their difference with Hajdu et. al.. Bak et. al. (1975) in a study
of nigra in rat and cat concluded that the two species showed "great
similarity" with regard to the substantia nigra.) Hajdu et. al. make
no thorough attempt to identify the neurotransmitters at each bouton,
though Bak et. al. observe only Type VI bouton atrophy following dorsal
and median raphe nucleii destruction, suggesting that these boutons,

probably equivalent to Gulley and Smithberg's Type C, utilise serotcnin .

Dendro-axonic transmission within the substantia nigra has also

been proposed recently by McGeer et. al. (1979). They observed that the
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DA synthesising enzyme tyrosine hydroxylase (TH) is localised to micro-
tubules and the smooth endoplasmic reticulum which approaches post-
synaptic membranes. They also found that spiroperidol binding in the
substantia nigra occurs on afferent striato-nigral neurones. Together
these results suggest that DA is synthesised and released from dendrites
within the substantia nigra and that the released DA acts on receptors
located on neurones afferent to the nigra. McGeer and his colleagues
point out, in a very apt simile that "communication at many C.N.S.
Synapses may involve a neurotransmitter dialog rather than a monolog"
and proceed to sound the warning that "if true, this will affect inter-
pretations of many pharmacological, behavioural and physiological

experiments",

Similarly, dendro-dendritic synapses within the substantia nigra have
been morphologically established (Hajdu, Hassler and Bak, 1973; Wilson
et. al., 1977). It has been postulated that the pars compacta DA cells
are able to release DA from their long dendrites. Bjorklund and Lindvall
(1975) have established that potassium will cause the release of exo-
genous 3HDA which had been previously taken up by the DA neurones, and
that this release is calcium dependent. Nieoullon et. al. (1979) have
extended this by demonstrating that tetrodotoxin (TTX) which blocks
sodium channels and consequently axonic transmission, if added to the
perfusion fluid in a push-pull cannulation of the substantia nigra,
causes an increase in the release of BHDA from the nigra itself. This
suggests that intra-nigral DA is not released by a process dependent
on the activity of axonal sodium channels, but that instead, it is
probably released dendritically. Such a release between the dendrites
of DA neurones could cause the lateral inhibition of these neurones as

suggested by Groves et. al. (1975a) and Llinas (1975).



The possibility of field effects being able to account for some
neuronal communication within substantia nigra has also been suggested.
Gulley and Wood (1971) observed that when pars compacta neurones were
clcsely related, astrocytic processes intervened between the neurones.
Such ensheathing has been suggested by Peters and Palay (1966) to ensure
the electrical isolation of adjacent neurones and processes. However,
in the lateral regions of substantia nigra neurones were seen by Gulley
and Wood to appear in groups of two or three, the membranes of apposed
neurones being separated by a space of merely 150—2003 for a distance of
one or two microns. Neither glial intervention nor morphological
specialisation of the apposed membranes could be detected, leading to
speculation concerning the functional significance of this, and the
possibility of field effects occurring.

iii., Neurones Within the Substantia Nigra

Gulley and Wood (1971) in a thorough study of the fine structure of
neurones within the substantia nigra identified three types of neurone:

large (25-4Qu diameter); medium (15—29p); and small (8—1§u).

The large neurone was found predominantly in the rostrolateral

portion of the zona reticulata, though it occurred throughout the region
never appearing in the pars compacta. It had an oval nucleus with a
single nuclear infolding, evenly distributed chromatin and many nuclear
pores. The rough endoplasmic reticulum (RER) consisted of many groups
of short interconnected cisternae randomly distributed throughout the

cytoplasm, except in the perinuclear regions. The Golgi apparatus had
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numerous cisternae and vesicles arranged concentrically around the nucleus

and near the various groups of RER. The vesicles observed were dense
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cored, The inclusions appeared as whorls of lamellae embedded in a fila -
mentous mesh, Between three and five dendrites were noted, all apparently

tapering, and having irregular contours and dendritic thorns.

The medium sized neurone was found to be the predominant neurone of

the pars compacta. The nucleus of this newronal type was oval and
eccentric with only slight nuclear infoldings, which were filled with
free ribosomes. Fine, evently distributed chromatin was observed with
some clumping near the nuclear invaginations. A moderate number of
nuclear pores were counted. The RER contained several groups of three
or four cisternae, interconnected, and parallel to the nuclear envelope.
A similar grouping of between four and seven cisternae parallel to the
cell membrane in the cytoplasm and away from the nucleus was also observed.
The Golgi apparatus appeared to consist of one group of cisternae and
vesicles around the nucleus and a second group which projected into the
primary dendrite segments. Dense cored vesicles were again observed.

The inclusions of the medium sized neurone were seen as whorls of
cisternae with ribosomes attracted to the imner and outermost membranes.
Four to six dendrites were present. Neurotubules and glycogen were

tightly packed in medium sized processes.

The small neurone was discovered in both pars compacta and zona

reticulata and had an oval nucleus with much infolding and clumping of
chromatin especially apparent around the nuclear invaginations. A
fibrous inclusion was present but few nuclear pores were noted. The
RER had scattered, single cisternae with frequent continuities between
these and the nuclear envelope. A poorly developed Golgi apparatus

was present; only a small group of cisternae and vesicles were present
near the mouth of a nuclear invagination. The only inclusion observed

was a fibrous, nuclear one. Dendrites took the form of three or four



stout processes with few organelles in the primary segment and loosely
arranged neurotubules. Significantly, the axons of the small neurones
observed were seen, in Golgi preparations, to be associated with the
dendrites of other nigral neurones. This neurone is therefore presumed
to be an internmeurone: the lack of Nissl material and the relative
paucity of cytoplasmic organelles is compatible with this inter-
pretation, which is further supported by the observation that neurones
with similar cytological features, but in other structures, have been
categorised as interneurones. (For instance, in caudate nucleus
(Adinolfi and Pappas, 1968), and in the dentate gyrus (Laatsch and
Cowan, 1966). A short axoned neurone within the substantia nigra has
been previously reported in Golgi preparations by Ramon y Cajal (1904),
who described the axon of this neurone entering corpuscles formed by
different axons and dendrites of nigral neurones. Taber (1961) also
noted the presence of short-axoned nigral neurones with little or no

Nissl substance.,

Gulley and Wood conclude, rightly and obviously, that the varying
size and characteristics of nigral neurones demonstrates the existence
of a heterogeneous population of neurones. Their observation is clearly
supported by many other studies. Several authors have described the
nigra as containing neurones of varying sizes (Ramon y Cajal, 1904;
Rioch, 1929; Gillilan,1943; Taber, 1961 and Hanaway et. al., 1970)

and as containing neurones with varying distributions of Nissl material
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(Malone, 1910, 1913; Morgan, 1927). Bak (1965) found the Golgi apparatus

of various neurones within the substantia nigra to be associated with

a non-uniform distribution of dense core vesicles. Finally, a functional

difference has been clearly demonstrated by Anden et. al. (1964) and

Fuxe (1965) who have reported the existence of dopamine fluorescence from



most, but not all, pars compacta neurones, but none at all from zona

reticulata neurones.

Gulley and Wood believe that both location and number suggest that
their medium sized neurone, most populous in pars compacta, corres-
ponds to the fluorescent DA neurones known to be present there, and
giving rise to the important nigro-striatal projection. The large amount
and complex organisation of the Nissl material of this neurone is
presumably related to the size (7;$1 diameter) and length of its axon.
Alone of all the nigral neurones, these take up exogenously applied
NA, a characteristic only of catecholamine neurones and a further
suggestion that these utilise the most prodigious compacta catecholamine,

dopamine (DA).

The large neurones found particularly within the zona reticulata -
especially in the rostro-lateral portion which some authors have
designated pars lateralis - are hypothesised tc be the neurones which
form the nigro-thalamic projection (Nauta and Mehler, 1969). The nigro-
thalamic neurones are believed tc possess large axons: this is certainly
suggested by Gulley and Wood's findings of a large cell body with a well-
developed granular reticulum. Carpenter and Strominger (1967) observed
that lateral lesions in the substantia nigra resulted in heavier
degeneration of the nigro-thalamic projection than did more medially

placed lesions.,

While other authors examining rat substantia nigra broadly agree
with Gulley and Wood in their descriptions of neurones, there have been
some disagreements. Hajdu, Hassler and Bak (1973) found most nigral

neurones to be between 8 and 2§p in diameter, the majority being between



8 and 1%p. The neuropil they describe in the following manner: most

of the observed neurones have long, straight dendrites with infrequent
branches, oriented for the most part sagitally. The dendritic cytoplasm
appeared rich in regularly arranged tubuli while dendritic spines were
rare - a true spine apparatus (Gray, 1959) never being observed. Many
fine myelinated and unmyelinated fibres were also observed, mostly
between .15 and .2§p in diameter. Their description of six nigral
bouton types we have already catalogued. Basically these authors are in
good agreement with both Gulley and Woéd (1971) and Gulley and Smith-

berg (1971).

However, Hajdu, Hassler and Bak could not discriminate three types
of neurone - the 40n large neurone was not observed, though two others
were, The larger of these had a better granular endoplasmic reticulum
and more free ribosomes and lysosomes. The smaller had a pale cytoplasm
and a paucity of organelles. Bak et. al. (1975) also found that the
largest neurone in substantia nigra was only 28u in diameter, with most

neurones in the reticulata being between 12 and 1§p. diameter.

The results of Hajdu, Hassler and Bak,and Gulley and Wood are not
incompatible however, though they do only fit awkwardly with each other,
As Hajdu's group are able to observe small (8—1gp) neurones which have
a pale cytoplasm and a paucity of organelles, one would suggest that
there is no question as to the existence of Gulley and Wood's small
neurone which was similarly characterised. What difficulty remains lies
in deciding whether Gulley and Wood's large (25-40p) and medium (15-20p)

neurones - which presumably correspond to the "compacta output cells"

(DA - medium sized) and the "reticulata output cells" (the nigro-thalamic

cells, large neurones) - can in fact be discriminated morphologically.

A third study suggests that they can be. Faull and Mehler (1978)
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characterise the nigral efferents to three separate structures - the
striatum, thalamus and tectum., The ngro-gtriatal cells they claim to
have a diameter of 13.8p (# 2.4p); the nigro-thalamic 19.3 4 3.4);

and the nigro-tectal 15.8 4 3.4p. This clearly suggests that Gulley and
Wood are correct in discriminating between the various efferent systems
of substantia nigra by cell diameter, (the nigro-thalamic being bigger
than the nigro-striatal) but it is also clear that Faull and Mehler,

like Hajdu, Hassler and Bak, could not find the very large 40n neurones.,

ive Afferent and Efferent Projections of the Substantia Nigra

In studying the projections to and from the substantia nigra, we shall
focus our attention first on the efferent projections and second on the
afferent projections. Figure 3 presents a summary diagram of the proposed

connections,

ive.a. Efferent Projections

The substantia nigra has three major efferent pathways to the
striatum, thalamus and tectum. Faull and Mehler (1978) in the most
recent and comprehensive study of these, used relatively large injections
of the retrogradely transported cell marker horseradish peroxidase (HRP)
to define their cells of origin., Figure 4 shows the sources of the

separate projections which Faull and Mehler (1978) define,

ai. The Nigro-Striatal Projection

This arises almost exclusively from the pars compacta, though a

group of cells projecting to the striatum from the zona reticulata has



Figure 3, A schematic representation of the major afferent and
efferent projections of the substantia nigra (pars compacta, snpc,
and zona reticulata, snzr). (Circles represent cell bodies; open

ends represent synaptic connections. The diagram is not tc scale.)
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Figure 4. "Schematic summary diagram depicting the principal
location of the nigral cells projecting to the tectum, thalamus

and striatum within the rostral (a) and caudal (b) portions of the
substantia nigra. Cells within the pars compaéta division project
to the striatum while the pars reticulata portion is divisible into
three complementary longitudinal subnucleii projecting respectively
to the tectum, thalamus and striatum." (From Faull and Mehler
(1978) Pe. 999,) It must be noted that the clarity of the zona
reticulata subdivisions has been criticised by other authors, who
claim that the three reticulata projections overlap each other tc

a greater degree, and that a population of neurones exists which
possess branched axons projecting to both the VM thalamus and the

superior colliculus (Bentivoglio, Van Der Kooy and Kuypers, 1979).



Figure 4
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been described by Faull and Mehler (1978), Bentivoglio et, al.
(1979) and Butcher and Talbot (1978). However, these groups
disagree as to the precise location of the zona reticulata nigro-
striatal cells., Faull and Mehler place them within the caudal
reticulata while Bentivoglio et. al. suggest that they are located
primarily within the dorsal reticulata. Butcher and Talbot place
them in the rostrolateral portion of the zona reticulata, which

is referred to as the pars lateralis by some authors.

Faull and Mehler found that the pars compacta nigro-striatal
cells had a medium sized soma (15.1 1 2.7 diameter), categorising
them as the medium sized neurones of Gulley and Wood (1971). The
striatal projection neurones of the reticulata Faull and Mehler
observed appeared to be slightly smaller than those of the pars
compacta (13.8 + Z.Qp.diameter) though both were found to have
oval, multipolar cells and to be cytoarchitectonically similar.
All the striatal projection cells were seen as being smaller than
either the nigro-thalamic or nigro-tectal cells. Faull and Mehler
did not observe any overlap between the zona reticulata-striatal

neurones and any other cells.

The striatal projection cells of the pars compacta have been
characterised as utilising the neurotransmitter dopamine (DA)
(Anden et. al, 1964). The projection is monosynaptic, the pars
compacta somata sending long axons to the striatum where they

synapse predominantly on a system of cholinergic internmeurones.



On the other hand, while some authors (Dahlstrbm and Fuxe, 1965) suggest
that the nigro-striatal cells of the zona reticulata are also
dopaminergic, others (Guyenet and Aghajanian, 1978) suspect that

they may not be.

We shall turn our attention to the dopaminergic nigro-striatal
projection in due course, treating it in much greater detail., Mean-
while considerable attention has been directed recently towards
the other major efferent pathways of the substantia nigra. Many
authors (for instance, Di Chiara et. al., 1978; Olianas et. al.,
1978a, 1978b) have argued that the substantia nigra acts as an
output station for the striatum, impulses being relayed from the
caudate-putamen and/or the globus pallidus back to the nigra by
the striato-nigral projections, It is thus currently hypothesised
that the GABA-ergic striato-nigral projection not only acts to
provide feedback inhibition of the DA cells in pars compacta,

but also activates other outputs from the zona reticulata.

aii. The Nigro-Thalamic Pathway

The nigro-thalamic cells lie within the central longitudinal
region of the reificulata immediately ventral to the pars compacta.
At rostral lévels these cells occupy the dorsal two-thirds of

the reticulata while at caudal levels they are found especially
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in dorsal regions of its central two-thirds (Faull and Mehler,
1978). The cells which make up this projection were identified
by Faull and Mehler as having an average cell diameter of 19.3

& 3.%p, the largest of the nigral neurones observed by them. This
is in agreement with other authors, notably Gulley and Wood (1971)

and Nauta and Mehler (1969).

The nigro-thalamic pathway has been shown to terminate prin-
cipally in the ventro-medial nucleus of the thalamus (Faull and
Carman, 1968; Clavier et, al., 1976; Faull and Mehler, 1978;
Kultas-Ilinsky et. al., 1978; Di Chiara et. al., 1979a). Di
Chiara et, al., (1979a) suggest that this pathway utilises GABA
as a neurotransmitter, having observed terminal degeneration
after kainic acid lesions of the cells of origin of the projection.
In the kainic acid lesioned substantia nigra, tyrosine hydroxylase
(TH) (a DA synthesising enzyme) levels fell by 5&% compared
to the unlesioned side while glutamic acid decarboxylase (GAD)

(a GABA synthesising enzyme) levels fell by 18%. No effect on
the cholinergic synthetic enzyme, choline acetyltransferase (CAT),
was detected in the substantia nigra or in either the ventro-
medial (VM) or ventro-basal (vB) thalamus, while, significantly,
GAD levels fell to 35% of control in the VM thalamus, but not

at all in the VB thalamus. This enzyme-specific loss of GAD
rather than CAT in only the VM thalamus strongly suggests that
GABA is indeed the transmitter utilised by the nigrothalamic

projection,
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aiii, The Nigro-Tectal Pathway

The nigro-tectal projection also arises in the reticulata,
predominantly from the rostral portions of the medial two-thirds. The
cells of origin of this projection Faull and Mehler (1978) identify as
being on average smaller than those of the nigro-thalamic projection but
larger than those of the nigro-striatal systems. The projection appears
to terminate mainly within the intermediate grey layer of the superior
colliculus (Faull and Mehler, 1978). The terminals of the projection
have been labelled by axoplasmic transport (Vincent et, al., 1978) and
are seen forming symmetrical synapses with major dendrites. They have
moderately packed pleomorphic vesicles and 1-2u diameter boutons. The
axons which constitute the projection, labelled in the substantia nigra,
appear to be myelinated. Electrophysiological data(Deniau et. al., 1978a)
suggest that the pathway has a possible inhibitory function, an hypo-
thesis which is sustained by the observation that GABA - which usually
mediates synaptic inhibition - appears to be the pathway's primary
neurotransmitter. Lesion of the substantia nigra by kainic acid (Di-
Chiara et., al., 1979a) as well as reducing the VM thalamic GAD content
also lowers levels of this enzyme in the superior colliculus to 40% of
control, CAT levels, as in the thalamus, remain unchanged. These
results confirm those of Vincent et. al, (1978) who found that substantia
nigra lesions decreased GAD levels in superior colliculus to 60% of
control while CAT levels fell only by 14%, and that the uptake of

neither glycine nor aspartate was unaffected,

There is evidence that some nigral output neurones are branched.
Deniau et. al. (1978b) found that neurones in the pars compacta were

activated only from the striatum, the axons having a relatively slow



25.

conduction velocity of between 0.3% and 1.0 m/sec. Sme neurones in the
reticulata however were activated from more than one structure., Anti-
dromic stimulation of both the striatum and the superior colliculus

was able to activate these neurones, which had a fast conduction velocity
(1.9 - 10.00 m/sec). In a double labelling study, Bentivoglio et. al.
(1979) also found that some neurones in the zona reticulata showed
branching, Having first established that their individual tracers - red
fluorescent Evans Blue and a fluorescent DAPI-primuline mixture -
performed retrograde tracing individually as well as did the more

common retrograde tracer, HRP, they systematically examined the fluore-
scent patterns resulting from simultaneous injections into any two of

the major nigral output areas - striatum, thalamus or superior colliculus.
Their results demonstrated that the only population of branched neurones
was in the zona reticulata - as Deniau et. al. (1978b) found - but that
they projected to the VM thalamus and superior colliculus. This is

at variance both with Deniau et. al. (1978b) and Guyenet and Agha-

Jjanian (1978) who suggest, on the basis of electrophysiological data
(antidromic stimulation), that nigro-striatal neurones send collaterals

to the thalamus. Guyenet and Aghajanian provide an explanation for the
discrepancy which Bentivoglio et. al. echo; that the electrophysiological

work may involve unintentional stimulation and recording from fibres of

passage.

It must also be noted that in their labelling study of the various
nigral efferents, Bentivoglio et..al., while broadly agreeing with Faull
and Mehler's (1978) comprehensive description (see Fig. 4) do show some
disagreement, Bentivoglio et. al., especially emphasise that the nigro-
thalamic projection neurones arise not only from dorsal aspects of the

nigra but also from medial and ventral parts adjoining the cerebral
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peduncle, thereby giving rise to a greater overlap with the tectal
projection neurones and forming a morphological basis for the branching.
They also claim that the dorsal nigro-thalamic neurones overlap with the
reticulata striatal projection neurones. Thus they suggest that Faull
and Mehler's clear subdivision of the zona reticulata into striatal,
thalamic and tectal projection areas is a little too clear, and that

in fact a greater degree of overlap occurs.

aiv. Other Substantia Nigra Efferent Systems

Aside from the three major nigral outputs, there are two smaller
and less thoroughly studied systems which may prove to be of importance;
a diffuse projection to the dosral raphe nucleus and a small projection

to the subthalamic nucleus.

The nigro-raphe pathway arises from the dorsomedial portion of the
nigra (Pasquier et. al., 1977) but fails to form a large projection, the
neurones showing only a minimal degree of clustering. Pasquier et.
al, were able to confirm the observations of Ramon y Cajal (1955) who
also described the pathway as being diffuse and having an irregular
distribution, as well as noting that some of the neurones had bifurcated

axons.

The sub-thalamic projection has been extensively studied by Meibach

and Katzman (1979) using the classic Falck-Hillarp histofluorescence
technique., The spur for this investigation has been recent observations,
using the radiolabelled 2-deoxy-D-glucose "metabolic mapping" technique,
that systemic injections of the DA agonists apomorphine (Brown and
Wolfson, 1978) and amphetamine (Wechsler et. al. 1979) increase glucose
utilization within the subthalamic nucleus (S.T.N.), by 26% and 67%

respectively. Meibach and Katzman found that, at a level through the
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red nucleus, two rostrally directed groups of DA neurones appeared -

a medial group of small oval cells and a lateral group of large and

small cells, both in the zona reticulata. The DA cells of the pars
compacta were seen to run dorsal to the S.T.N. and form the nigro-
striatal pathway while the reticulata cells were observed to form synapses
within the S.T.N. although whether the whole projection was confined to
this nucleus or whether these were collaterals from a nigro-striatal
projection was not clear. lurther evidence for a dopaminergic system
within the S.T.N. is found in studies which have demonstrated the existence
of a DA-sensitive adenylate cyclase within the nucleus (Wolfson et. al.,
1979). A projection from the S.T.N. to pars compacta has also been

described, which will be examined in the next section.

Nauta et, al. (1978) in examining nucleus accumbens afferents from
cell group A10 note that a few (and only a few) fibres project to the
accumbens from the pars compacta, It has also been suggested that there
is a DA projection from the ventral midbrain to the median eminence.

A fall in DA levels within this area was found following lesions in
the ventral midbrain (Kizer et. al., 1976), thoughNA levels remained
unchanged, However, as the lesion made involved bilateral destruction
of the A8, A9 and A10 areas, the precise location of the origin of this

putative pathway could not be described.

ivb. Afferent Projections

bi. Striato-Nigral Projections
While there are three major nigral output systems, there appears

to be only two major inputs, and both of these arise in the striatum.

Studies using HRP injections into the substantia nigra have shown that it



receives projections from both the caudate putamen and the globus
pallidus (Bunney and Aghajanian, 1976; Kanazawa et. al., 1976).
Following HRP injection into the substantia nigra, Bunney and Aghajanian
(1976) discovered that the caudato-nigral projection was topographically
organised, and that all of the caudate-putamen complex, except for a
central medial core, contained HRP reactive cells, which were pre-
dominantly of a medium size (12—2Qp diameter). Moreover, they found
that in HRP-positive areas, 30-50%cf all cells were stained, an unusually
large percentage. This would appear to confirm that the substantia

nigra has a privileged position as a major midbrain output station of the

striatum. Bunney and Aghajanian also observed labelled neurones in the
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globus pallidus, as did Kanazawa et. al. (1976) and Hattori et. al. (1975).

Predominantly, large triangular neurones were labelled in the globus
pallidus. Kanazawa et. al. and Hattori et. al, both found fewer reactive

cells here than in the caudate-putamen.

There are as yet no definitive answers to two questions: do either
of these projections specifically innervate the pars compacta or zona
reticulata; and, which neurotransmitters are utilised by these systems?
To the question of anatomic localisation, there is substantial difference
of opinion. Hattori et. al.(1975) suggest that the globus pallidus
preferentially innervates the pars compacta. However, Bunney and
Aghajanian (1976) find that microinjections of HRP preferentially into
the zona reticulata tend to label more globus pallidus neurones than
caudate putamen, Microinjections into the pars compacta do not display
this tendency. It must also be noted that these microinjections were
made with extreme care by Bunney and Aghajanian: both vertical and
oblique approaches with a narrow gauge (31 ga.) cannula were made to

the nigra, where only 0.05ul of 25% HRP in distilled water was released.



ich caution inspires confidence in a study, but it rust also be noted
that Kanazawa et. al. (1976) confirmed the results of Hattori's group,

albeit in a very small-sample study.

The question of neurotransmitters is further complicated. Bunney
and Aghajanian (1976) suggest that GABA is the neurotransmitter of
the pallido-nigral pathway. Transection between the basal ganglia and
substantia nigra causes a fall of both GABA and GAD (but not ACh) within
nigra, suggesting that GABA is indeed a striato-nigral transmitter
(Fonnum et. al., 1974; McGeer et. al., 1974). That it is the trans-
mitter of the pallido-nigral, but not the caudato-nigral projection
is apparently demonstrated by the discovery that labelled GABA micro-
injected into the globus pallidus subsequently appears in the substantia
nigra, while equivalent injections into the caudate putamen fail to
subsequently reveal radiolabelled GABA in substantia nigra (Fonnum
ete al, , 1974). Bunney and Aghajanian speculate therefore, that
the pallido-nigral projection is mediated by GABA while the caudato-
nigral projection is not. The most likely other transmitter to be
involved is the peptide, substance P. Several laboratories have produced
evidence which indicates that the substance P content of the nigra -
which is higher than any other brain structure - is mainly stored in
terminal axons descending from the neostriatum. (ang et. al., 1977;
Kanazawa et. al., 1977; Mroz et. al., 1977). Indeed, depolarizing
stimuli induce substantia nigra slices to release substance P (Reubi
et, al., 1977). However, substance P is apparently not confined solely
to the pallido-nigral projection, "..,.Substance P abounds in the axon
terminals of specific pallido-nigral and caudato-nigral neurones in the

rat ~oretee (Starr, 1978), and indeed, authentic substance P has been
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identified in neurones which project from the caudate-putamen to the
substantia nigra by Ben-Ari et. al. (1979). However, while tke two
neurotransmitters appear to be located in close proximity of each other
they are claimed to exist within separate neurones (Gale et., al., 1978).
Gale et. al. (1978) also observe that substance P and GABA played
different roles in the mediation of striatal tyrosine hydroxylase
activity elicited by haloperidol, and therefore suggested that both

SP and GABA participated in the regulation of nigrostriatal DA system
activity. (SP presumably being typically excitatory, GABA inhibitory -
if we can presume even thus far, Starr (1979) having observed both
excitation and inhibition mediated by intranigral GABA.) SP and GABA
themselves interact within the nigra: the efflux of endogenous SP

from nigral slices can be attenuated by GABA (Jessell, 1977) but is
unaffected by DA, whereas this amine is able to liberate GABA from intra-

nigral stores (Reubi et. al., 1978).

We can therefore state only the most basic facts concerning the
striato-nigral projections with any degree of certainty. The substantia
nigra receives afferents from both the caudate-putamen and the globus
pallidus, but whether either or both of these selectively terminate in
pars compacta or zona reticulata is unclear, evidence being available to
favour a pallido-compacta or a pallido-reticulata scheme. Moreover,
while it is clear that both substance P and GABA are striato-nigral
transmitters, it is not clear whether the caudato-nigral projection
utilises either or both SP and GABA,.although separate GABA and SP
pallido-nigral projections are strongly suggested Starr (1978)
sounds a warning that "... thelpeptidergic nature of these projections
remains unresolved" and, indeed, much is still to be learnt about

peptidergic transmission in general .
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bii. Other Substantia Nigra Afferent Systems

As we noted in our discussion of the nigral afferents, the
subthalamic nucleus and dorsal raphe both enjoy reciprocal connections
with substantia nigra. While the substantia nigra zona reticulata gives
rise to an efferent projection to the S.T.N. (Meibach and Katzman, 1979),
this nucleus appears to innervate the pars compacta (Kanazawa et. al.
1976), thereby creating a short loop, the function of which is unclear.
The nigral afferent originating in the dorsal raphe nucleus has been
demonstrated using both retrograde-tracing with HRP (Bunney and Agha-
jenian, 1976; Fibiger and Miller, 1977), and anterograde tracing (Taber
Pierce et, al., 1976). This, as with the nigro-raphe efferent, is believed
to utilise serotonin to mediate neurotransmission (Conrad et. al., 1974;
Dahlstr¥m and Fuxe, 1964; Kuhar et. al., 1972; Parizek et., al., 1971)
and appears to regulate the activity of pars compacta DA neurones. Micro-
intophoretically applied 5HT has little effect on reticulata neurones
but blocks glutamate-induced excitation of pars compacta cells (Agha-
janian and Bunney, 1974). Fibiger and Miller (1977) suggest that the
pathway exerts a phasic inhibitory control over pars compacta neurones.
Serotonin and DA appear to enjoy a similar antagonistic relationship
within the corpus striatum (Waldmeier and Delini-Stula, 1979). While
neither of these two reciprocal systems are thoroughly understood, their
existence is beyond doubt, and important neurochemical discoveries
relating to them are beginning to make their influences over the larger

nigral systems more understandable.

In passing, it must also be noted.that other structures have been

reported to project to the substantia nigra. Nauta et. al, (1978) note



that the nucleus accumbens, projects not only to cell group A10 but also
to the medial pars compacta, "It thus appears
that the accumbens projects to a region of the nigral complex considerably
larger than that from which it receives .... fibers, and hence .....

(that accumbens - ventral tegmental connections are).... not organised

ina mode of simple point-for-point reciprocity" (Nauta et. al., 1978).

In addition,Bunney and Aghajanian (1976) observed a few labelled
cells in the hypothalamus and the lateral habenula, as well as in areas
of the pre-frontal cortex. Indeed, a relationship between the cortex
and the substantia nigra has been demonstrated by Lindvall and Bjorklund
(1978) who observed that many areas of the cortex receive projections
from the nigra and the adjacent ventral tegmental area. The extent and

importance of these connections remains to be discovered.

It also remains to be seen whether or not there exists a specific
glycinergic projection. The nigra has one of the highest concentrations
of glycine of any human brain structure (Perry et. al., 1971) and appears
to be active in both pars compacta and zona reticulata of the rat
(Dray and Straughn, 1976). However, whether or not it has neurotrans-
mitter properties in the substantia nigra, and whether or not it has

a specific location, remain to be seen.
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Chapter 3: The Nigro-Striatal Projection: Dopamine within the

Substantia Nigra

i, Dopamine within the Ventral Midbrain

The histochemical technique of Falck and Hillarp offered the
first proof of cellular localisation of monoamines within the central
nervous system (Carlsson et. al., 1962a and 1962b; Falck and Hillarp,
1959). The existence of a nigro-striatal DA system has been demon-
strated in a number of studies emanating mainly from Sweden, which offer
a combination of biochemical and histochemical evidence (Anden et. al.,
1964; Anden et. al., 1965; Anden et, al., 1966; HBkfelt and Unger-
stedt, 1969; Ungerstedt, 1968). Similarly, a "mesolimbic" DA system
with terminals in the nucleus accumbens and the olfactory tubercle, has
been described following histochemical study. (In the classification of
Dahlstr8m and Fuxe (1965), these systems arise in A9 (substantia nigra)
and A10 (thc Ventral Tegmental Area, V.T.A.); see Figure 5). These
two DA systems converge at a level dorsal tc the nucleus interpeduncularis
and ascend together into the forebrain (Ungerstedt, 1971a) the
mesolimbic system ascending just medial to the nigro-striatal. The
nigro-striatal projection predominantly innervates the caudate-putamen
complex, while the mesolimbic system innervates, in one branch, the
nucleus accumbens, as well as dorsal aspects of the nucleus interstitialis

strise terminalis, and, in a separate latero-ventral branch, the olfactory

tubercle,

ii., Morphology of Nigro-Siriatal Cells

Faull and Mehler (1978) identify the nigro-striatal projection cells



Figure 5. "Sagittal projection of the Dopamine pathways. The
stripes indicate nerve terminal areas." (From Ungerstedt, 1971a,
p. 27.) Four groups of DA cell bodies are identified: the A9 DA
cell group in the pars compacta; the A8 group, just caudal to the
substantia nigra, dorsal tc the medial lemniscus ,the axons of which
probably join those of the A9 group as they show retrograde degeneration
after lesions of the corpus striatum (Ungerstedt, 1971a); the A10
group, whose axons ascend with those of the A9 group but innervate
the n. accumbens and olfactory tubercle. The cell bodies of this
group lie just dorsal to the n. interpeduncularis. DA Cell bodies
are also found in the n. arcuatus of the hypothalamus; these form

the A12 cell group.
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as being generally of medium size (15.1 + 2.7[m average diameter). These
are probably equivalent to the medium sized neurones whose morphology
has been described by Gulley and Wood (1971) and which we have already
noted. The pars compacta nigro-striatal neurones are described by Faull
and Mehler as being oval and multipolar, though Fallon et. al. (1978),
following treatment for the glyoxylic acid histofluorescence technique,
described them as being pyramidal., The pars ccmpacta DA neurones are
also known to possess dendrites - Gulley and Wood (1971) estimate
between four and six per neurone - which possess fluorescent varicosities
(Fallon et, al., 1978) and project ventrally and laterally into the

zona reticulata.

Fallon et. al., (1978) also noted the presence of histofluorescent
neurones within the pars compacta which were fusiform, not pyramidal,
and which possessed non-varicose dendrites extending medially and
laterally but contained solely within the pars compacta. These
neurones formed a dorsal sheet above the others. Two other important
aspects of the striatal projections originating in substantia nigra
need to be emphasised., Both Faull and Mehler (1978) and Bentivoglio
et. al. (1979) observed a nigro-striatal projection originating in the
zona reticulata, the neurones of which were slightly smaller than those
of the pars compacta though cytoarchitecturally similar. These reticulata-
striatal neurones are thought by some to be dopaminergic (Dahlstr¥m and
Fuxe, 1965) but by others to be non-dopaminergic (Guyenet and Aghajanian,
1978). (See also Chapter 2, section iv ai). It must also be noted that
the pars compacta does not contain exclusively DA cells. Both Fallon
et. al. (1978) and Sotelo (1971) observed the presence of small, non-
dopaminergic neurones within pars compacta, which appear as a non-

specific fluorescent population. Moreover, Sotelo (1971) identified
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these neurones as noradrenergic.

The firm anatomic distinction between mesolimbic and nigro-
striatal projections is being questioned by some authors. The
compacta neurones observed by Fallon et. al. (1978) to form a dorsal
sheet above the "classic" neurones of this area were also found tc be
labelled by HRP retrogradely transported from the lateral olfactory
tubercle or the amygdala— accepted mesolimbic DA projection areas -
while the more numerous "classic" pyramidal cells were labelled by
striatal HRP, as expected. Fallon et. al. conclude that the 'V.T.A./
A10/mesolimbic ' and 'substantia nigra/A9/nigro-striatal' distinction
is inadequate. "Both ventral tegmental and nigral DA neurones form a
continuous group which can be subdivided on the basis of neuronal
morphology and differential projections into distinct functional groups"
(Fallon et. al., 1978). This attitude is echoed by some anatomists
in considering terminal regions, where, for example, the nucleus
accumbens has been suggested to be a ventral extension of the striatum

(Nauta et, al., 1978).

While such anatomical debates do not prevent us from studying the
substantia nigra or, more specifically, the pars compacta, it must be
recognised that there is more to it than one projection, and that
other areas, even within the substantia nigra and adjacent areas, are

still at liberty to project to the striatum.,

iii. Origin,Organisation and Course of the Nigro-Striatal Projection

That the nigro-striatal pathway is primarily derived from the

pars compacta has been demonstrated by several techniques. (Anterograde
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degeneration (Carpenter and Peter, 1972); retrograde degeneration
(Butcher and Talbot, 1978); HRP retrograde tracing (Kuypers et. al.,
1974; Nauta et. al., 1974)). The projection is believed to display a
medio-lateral topographical organisation (Butcher and Talbot, 1978).
Consequently, medial aspects of the pars compacta display the greatest
cell loss following lesion of medial portions of striatal terminal
areas while lateral striatal lesions cause cell loss within lateral
aspects of the nigra. Such medio-lateral organisation, as Butcher

and Talbot (1978) point out, explains why the posterior portion of the
caudate-putamen is innervated by the lateral pars compacta. This is
because posterior aspects of the striatum are, in mammals, extensions
of the lateral striatum. Several observations bear this out; lesions
of substantia nigra which spare lateral portions result in much greater
terminal degeneration within anterior rather than posterior portions
of the neostriatum (Moore et. al,, 1971) while 60HDA lesions of the
caudo-lateral substantia nigra reduce caudate-putamen DA levels

preferentially in posterior regions (Uhgerstedt, 1971a).

The nigro-striatal fibres initially course rostro-medially and
dorsally from the pars compacta (Petrovicky, 1972). Fibres derived
from more caudal regions maintain this course until they merge with
the fibres arising from rostral regions, after which the whole path-
way turns sharply towards the midline (Lindvall and Bjorklund, 1974).
However, the fibres do not extend as far as the midline, the most
medially placed axons remaining at least 0.4mm away from it (Butcher
and Talbot, 1978). While coursing through the midbrain, the medio-
lateral organisation is maintained: fibres from the medial pars
compacta lie medio-ventrally while those from lateral pars compacta

appear latero-dorsally (Butcher and Talbot, 1978).
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Having formed a compact bundle in the anterior mesencephalon, the
nigro-striatal projection turms rostrally and courses through field H2
of Forel (Dahlstrbm and Fuxe, 1965; Lindvall and Bjorklund, 1974).

At this point most of the tract lies dorso-lateral to the medial
forebrain bundle (M.F,B.) and not within it. Only & minor ventro-
medial segment appears within the M.F.B. (Thus small dorso-lateral
hypothalamic lesions result in a severe reduction in the number of
pars compacta cell bodies while extensive M.F.B. lesions spare these

somata almost entirely (Butcher and Talbot, 1978).)

While in field H2 of Forel the nigro-striatal pathway lies
immediately dorso-medial to the subthalamic nucleus (S.T.N,) (Lind-
vall and Bjorklund, 1974; Butcher and Talbot, 1978), a nucleus which,
as previously seen, receives fibres from, and projects to, the
substantia nigra. Whether or not the nigro-striatal pathway sends collaterals
which synapse within the S.T.N. is not clear. The nigro-striatal path
continues rostrally through the ventral thalamus, initially ventral
to the rostral portion of the zona incerta and subsequently inferior
to the caudal two-thirds of the thalamic reticular nucleus. (Jacob-
owitz and Palkovits, 1974), eventually taking a position adjacent to
and partially within the ventro-medial portion of the internal capsule
(Hedreen, 1971; Lindvall and Bjorklund, 1974; Ungerstedt, 1971a).
As the projection travels rostrally through the ventral thalamus it
gradually diminishes in size as constituent fibres arch laterally,
dorsally and rostrally through the internal capsule toward the ipsi-
lateral corpus striatum (Lindvall and Bjorklund, 1974; Ungerstedt,
1971a). This dissociation begins caudally in the S.T.N. (Lindvall and
Bjorklund, 1974) and the entopeduncular region (Hedreen, 1971) and
ends rostrally at central Evels of the globus pallidus (Jacobowitz

and Palkovits, 1974; Lindvall and Bjorklund, 1974). The most dorsal
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nigro-striatal fibres leave caudally while the ventral fibres only
depart at rostral levels (Lindvall and Bjorklund, 1974). While

within the ventral thalamus the fibres are arranged not just dorso-
ventrally, as in the ventral mesencephalic tegmentum (V,M.T.), but also,
to a lesser extent, medio-laterally. This dorso—lateral/ventro—media1
topography has been described by Lindvall and Bjorklund (1974); dorso-
laterally situated axons are derived from the lateral portions of the
pars compacta while the ventral axons may be divided into two groups,
superior and inferior. The superior group arises in the medial pars
compacta and projects to the centro-medial and rostro-medial portions

of the corpus striatum. The inferior group, on the other hand, emerges
from the lateral pars compacta and projects to centro-lateral and rostro-

lateral aspects of the striatum,

Whilst within the internal capsule, the nigro-striatal neurones
arrange themselves in the pattern which will determine where within the
striatum the fibres will arrive and terminate., Butcher and Talbot
(1978) describe this particularly lucidly. "Especially when viewed
in horizontal sections .... the pattern of nigro-neostriatal axons
crossing the internal capsule resembles an open fan, the hub of which
is the ventromedial edge of the internal capsule . Not surprisingly,
the 'spokes' of the fan are arranged such that those radiating across
the internal capsule caudally, centrally and rostrally are directed
towards the caudal, central and rostral neostriatum respectively" (p.69).
The nigro-striatal projection may be divided into three components,
best classified by reference to their striatal terminal areas as a
caudal group, centro-medial and rostro-medial group, and centro-lateral
and rostro-lateral group. The projection arborizes extensively on

entering the striatum. This accounts for several observations;  the



larger a striatal lesion is, the greater the degree of nigral cell

loss (Anden et. al., 1965a); lesions of the substantia nigra -

even those which are only partial -~ cause dense homogeneous terminal
degeneration within the striatum (Shimizu and Onishi, 1973); despite
the prodigious size of the striatum, nigral efferents (at least in
rodents) are mainly arranged medio-laterally rather than rostro-
caudally. Indeed, it would appear that the nigral input to the striatum
is more extensive than the cortical one, which in primates at least

is often restricted to irregular clusters or bands of terminals (Gold-
man and Nauta, 1977; Jones et, al., 1977). This anatomical imbalance
suggests that the substantia nigra has a more powerful control over

the basal ganglia than does the cortex. Cortico-striatal fibres are
presumed to relay analyses of sensory-motor information to the striatum
topographically (Jones et. al., 1977) while the nigral afferents have

a more long-term role in modifying the activity of striatal neurones.
Indeed, the profound movement disorders of Parkinson's disease are
associated with a marked cell loss in the pars compacta (Hhssler, 1938)
which clearly points to the tremendous importance of these fibres in

normal motor functioning.

iv. Inputs to the Dopamine Neurones of Pars Compacta

When we studied the anatomy of the substantia nigra (Chapter 2,
section ivb) we noted that it received two major inputs, and three
smaller ones; the GABA and substance P afferents which descend from
the globus pallidus and the caudate-putamen complex, the diffuse
serotonergic projection from the dorsal raphe nucleus, the small,
apparently dopaminergic projection from the subthalamic nucleus, and a

projection from the nucleus accumbens. Now, in an attempt to



40.

understand from where the nigro-striatal projection receives afferent
input, these projections will be examined in terms of their relation-
ships with the dopaminergic neurones of pars compacta, as well as

discussing the role of dendritically released DA itself.

iva, The GABA and SP Mediated Striato=Nigral Projections

Bunney and Aghajanian (1976), as we have already seen, have
demonstrated the existence of a striato-nigral pathway which arises
in the caudate-putamen complex, while a pathway from the globus pallidus
to the nigra has been demonstrated by Kanazawa et. al. (1976). It
appears possible that the pallido-nigral projection utilises GABA as
a neurotransmitter while the caudato-nigral projection is mediated by
substance P. (However, this distinction is not absolutely clear; see

Chapter 2, section ivb).

The striatal input to the substantia nigra has recently been
investigated by Arbuthnott (1978). Having traced the course of the
pathways following radioleucine labelling he describes the results.,
"The close similarity between the topographical arrangement of the DA
system to the striatum and the striatal input to the same area was
striking, and suggested that parts of the striatum are linked to
particular areas of nigra by connections in both directions. This
arrangement would perhaps be an advantage if the striato-nigral fibres
carried information about the effectiveness of a DA input back to its
source in substantia nigra" (p.240). That an inhibitory striato-
nigral GABA projection fulfilled such a feedback role had previously
been hypothesised by Bunney et. al.(1973) who observed that blockade of

DA receptors by neuroleptic drugs increased both DA turnover in the



striatum and the firing of pars compacta neurones. d-Amphetamine had
exactly the reverse effects. These authors conjectured that these
effects were caused by neuroleptics effectively cutting off a feedback
pathway, releasing the pars compacta neurones from an inhibitory
influence. This concept of an inhibitory neuronal feedback, GABA-
mediated, gained rapid, widespread acceptance., However, it has recently
been observed that lesions which decrease both the GABA and GAD
content of the substantia nigra without directly affecting DA terminals
in the ipsilateral striatum, do not alter DA turnover in that structure,
and have no impact on the effects of haloperidol or apomorphine in
either contra- or ipsilateral striata (Arbuthnott, 1978). Groppetti
et. al, (1978) confirm this, showing that crus cerebri lesions, which
should effectively cut the supposed feedback pathway fail to affect

the haloperidol induced increases in striatal DA metabolite concen-
tration, again suggesting very strongly that the role of the striato-
nigral GABA pathway is not a simple one of feedback on to the DA

cells, The likelihood that a &SP pathway instead fulfills this role

is not strong. Arbuthnott (1978), in discussing his findings, raises
the possibility that the lesions which he reported were too small to

be effective, However, he was forced to dismiss this, and the alter-
native idea of SP action, by taking into account results which demon-
strated that far more extensive lesions interrupting striato-nigral
transmission have the same effect. Indeed, extensive lesions of pallido-
nigral and striato-nigral paths similarly fail to affect the supposed
feedback pathway. Thus we may conclude that the striato-nigral pathways
do not fulfill a simple feedback role, though there is evidence that
they do indeed interact with the DA neurones of pars compacta. (See

this Chapter, section ivb.)

41.
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The GABA pathway is hypothesised as being a major striatal output.
It appears that DA activity in the striatum stimulates this descending
pathway which then activates nigral neurones in the zona reticulata,
which project to the thalamus, tectum and the dorsal raphe nucleus.
Anatomical evidence for such a system has recently been presented by
Somogyi et. al. (1979) who show connections between descending striato-
nigral neurones and zona reticulata neurones projecting to the thalamus,
There is also a growing list of behaviours previously ascribed to nigro-
striatal DA neuronal control, which may be linked to other nigral
projection areas. (For instance, catalepsy elicited from the thalamus
(Di Chiara, et. al., 1979b);rotation from the superior colliculus
(Crossman and Sambrook, 1978; Winterkorn and Meikle, 1980); stereo-
typed gnawing from the superior colliculus (Dean et, al., 1980) and
substantia nigra zona reticulata (Arnt and Scheel-Krtiger, 1980); aphagia

following thalamic lesions (Shumway and Lindholm, 1978).)

It is becoming apparent that the DA neurones of pars compacta
interact to a large extent with the striato-nigral GABA system. Within
the striatum, as we noted, the topographical arrangement of each
path bears close similarity (Arbuthnott, 1978). As such it is now
thought that the GABA system relays much dopaminergically mediated
information back through the substantia nigra to the thalamus and

tectum., As such, the nigra is seen as an output station for striatal

efferents.

The precise role of substance P within the substantia nigra is
harder to define; presumably it acts as an excitatory neurotransmitter

* . 3
(or possibly neuromodulator ). In support of this are observations of an

* . .
For definition of "neuromodulator", see Appendix 1%
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increased striatal DA metabolism following SP infusion (Waldmeier et.
al., 1978) or perfusion (Cheramy et. al., 1977) into the substantia
nigra. Moreover, Michelot et. al. (1979) observed SP to stimulate

DA release in the striatum and simultaneously reduce the dendritic
release of DA within the ipsilateral substantia nigra. Neither contra-
lateral striatum, nor substantia nigra were similarly affected by the
treatment, However, the behavioural responses to intra-nigral SP have
been unusual, If the peptide had a straight-forward stimulating action
on pars compacta DA neurones, then characteristic dopaminergic behaviours
might be expected. Kelley and Iversen (1978) were able to elicit whole
body locomotion with either the first or second intra-nigral micro-
injections, but the third or fourth elicited only grooming behaviour.

Neither of these would be anticipated if SP simply excited DA systems.

While much effort is currently being expended in reassessing the
role of the striato-nigral pathways - from feedback functions to striatal
output - it must not be forgotten that these neurones do interact with
nigral DA neurones. Using slices of substantia nigra, Reubi et. al,
(1978) found that DA released within the nigra binds only to GABA
containing neurones, and not to those containing substance P. These
authors discuss their results and speculate that "the selective enhance-
ment of the spontaneous release of. GABA .... may provide a .... subtle
mechanism for controlling the firing rate of dopaminergic neurones;
thus during intense striato-nigral inhibiting activity the excitatory

effects of DA ... (released in nigra on to the afferent GABA neurones) «e«.

may be abolished."

ivb, DA Release within the Substantia Nigra

The demonstration by Reubi et. al. (1978) alerts us now to the fact
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that DAis active within the substantia nigra, where DA has been shown
to be liberated from dendrites (Geffen et, al., 1976). These dendrites
" ... project and ramify abundantly into the pars reticulata ... (from
the pars compacta) ... to form a DA-containing varicose dendritic net-
work"  (Bjorklund and Lindvall, 1975). Reubi and Sandri (1979) have
investigated potential morphological correlates of this dendritic
release, They have shown that dendro-dendritic synapses are not
formed: the pars compacta cell dendrites are always separated from
post-synaptic structures by glial elements which in turn are connected
by multiple gap junctions, They also observed, rather curiously, no
dendro-axonic synapses but noted the presence of large, specialised
symmetrical junctions which could form the morphological basis of
dendritic DA release. Hefti and Lichtensteiger (1978a) have shown,

by examination of particle formation in response to amphetamine and
potassium, that dendritic and terminal release of DA from nigro-striatal
neurones are different. They also observed (Hefti and Lichtensteiger,
1978b) that dendrites were able to form particles which behaved like
synaptosomes on density gradient centrifugation, and which they termed
dendrosomes, They estimate from the proportion of DA found in

the particulate fractions that between 40 and 60% of the nigral DA

is found in dendrites.,

BEvidence for the existence of DA receptors in the substantia nigra
is also strong. A DA-sensitive adenylate cyclase has been discovered
there (Phillipson and Horn, 1976; Spano et. al., 1977) which appears
to lie outside the DA neurones themselves (Kebabian and Saavedra, 1976;
Gale et., al., 1977). Moreover, spiroperidol has been found to bind
selectively to neurones which descend from the striatum (McGeer et.

al., 1979), suggesting that the DA receptors are located on these afferents.
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In support of this, Gale et. al. (1977) found that intranigral injections
of 60HDA failed to abolish the response of adenylate cyclase to DA,
although lesions of the striato-nigral pathways did. As previously noted,
Reubi et. al. (1978) have isolated which of the two striato-nigral
pathways is contacted by dendritic DA: only GABA, and not substance P,
is liberated by intra-nigral DA. This interaction between the DA neurones
and the descending GABA neurones is intriguing, control over the firing
of the DA neurones probably being exerted both by descending GABA

fibres and the DA neurones themselves, This appears to represent a

good example of McGeer's (1979) postulate that "communication at many

C.N.S. synapses nay involve a .... dialog rather than a monolog".

Glowinski and his collaborators have noticed that the terminal
release of DA in the nigra is inversely correlated with the terminal
release of DA in the ipsilateral caudate nucleus, but that it is
positively correlated with the release of DA in the contralateral
caudate. Thus dopaminergic agonists released within the substantia
nigra (of the cat) by push-pull perfusion enhance dendritic release of
DA, decrease DA activity in the ipsilateral caudate but increase it in
the contralateral caudate; the reverse was found to be the case if
dopaminergic antagonists were perfused into the nigra (Leviel et.
al., 1979a). This pattern of activity has been observed by Glowinski's
group following unilateral stimulation of the cerebellar dentate
nucleii, unilateral sensory stimulation, or unilateral stimulation
of the motor cortex, and appears to confirm the important role these
DA systems, and indeed the substantia nigra as a whole, have in
modulating sensory-motor activity. Bilateral changes in DA activity
have also been observed following unilateral nigral application of GABA-

ergic drugs or glycine (Leviel et.al., 1979b), though, as previously
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noted, unilateral perfusion of SP in substantia nigra does not alter

contralateral DA activity, only unilateral (Michelot et. al., 1979).

However, although the French group have built an impressive array
of evidence concerning dendritic DA release and concomitant striatal
activity, results from another laboratory (Wuerthle et. al., 1979)
indicate different results. Using rats, these authors failed to alter
the concentration of DOPAC in the striatum following unilateral intra-
nigral microinjections of the DA agonist apomorphine, but reduced both
DA and DOPAC within the nigra, They concluded that "if DOPAC concen-
trations reflect nigro-striatal dopaminergic neuronal activity, the present
results suggest that dopaminergic agonists and antagonists acting in
substantia nigra do not exert a major influence on the activity of
these neurones", Whether the discrepancy between these authors'
findings and those of the French group are due to incorrect assumptions
concerning DOPAC, technical differences, or species differences, remains

to be seen.

ive. Other Systems Interacting with DA in the Substantia Nigra

Serotonin-Dopamine interactions within the nigro-striatal system
have been studied by Waldmeier and Delini-Stula (1979). They found
that uptake inhibitors of serotonin were able to potentiate halo-
peridol induced catalepsy and to potentiate the antagonistic effects
of haloperidol on apomorphine induced stereotypy. However, it is not
possible to ascertain whereabouts within the nigro-striatal DA system
these effects were mediated. Lesion studies have shown that the
striatum is innervated by a serotonergic projection from the dorsal

raphe nucleii (Geyer et,al., 1976; Ternaux et. al., 1977) and the
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substantia nigra also receives a projection from this area. (See

Chapter 2, section ivb.)

We have already seen that glycine has effects upon both ipsilateral
and contralateral DA systems following unilateral nigral infusion.
It is hypothesised to act as a tonic inhibitory neurotransmitter
(Cheramy et. al., 1978). Glycine reduced the amount of DA released
in both ipsi- and contra-lateral striata: this effect was abolished
by strychnine and was mimicked by diazepam. Potassium or GABA induced

the opposite effect (Leviel et. al., 1979b).

Opiates also appear to be active within the substantia nigra.
While levels are not high, amounts of met-enkephalin have been found
within the nigra (Yang et., al., 1978) and opiate receptors have been
observed (Pollard et. al., 1978). Gale et. al., (1979) found that the
binding of 3Henkephalinamide within substantia nigra was not affected
by 60HDA lesions of the nigro-striatal path, but were decreased by
approximately 40% after brain hemitransection, suggesting localisation
on neurones descending from the striatum. They also observed that
morphine injected into the substantia nigra failed to affect DA
metabolism in the striatum but blocked haloperidol induced increases
in striatal tyrosine hydroxylase. Gale and her colleagues conjectured
that the opiate affected DAactivity by adopting a neuro-modulatory
role with regard to the striato-nigral neurones. Interestingly,
characteristic DA behaviours have been observed by Iwamato and Way

(1977) following manipulation of nigral opiate systems,

It is clear that the nigro-striatal DA system receives information

from a variety of sources: the striatum, via GABA and SP mediated
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systems, the dorsal-raphe nucleus, through an inhibitory serotonergic
projection and possibly through the intervention of other putative
neurotransmitters and neuromodulators such as enkephalin and glycine,
Indeed, DA also appears able to modify the release of some of these
neurochenicals and selectively to enhance or depress their effects

by a mechanism of dendritic release., Even reciprocal control between
the two DAergic nigro-striatal systems has been postulated by Glowinski

and his colleagues.

However, there remains one interaction which we have not yet discussed
in detail, This interaction, which has been sadly neglected, is
between acetylcholine, one of the first neurotransmitters to be
identified, and dopamine, and it will be the subject of the next

chapter.



Chapter 4: Dopamine—~Acetylcholine Interactions and the Nigro-

Striatal Pathway

The dopaminergic nigro-striatal pathway interacts with cholinergic
systems in both the striatum and the substantia nigra. Each of these
will be examined, but most emphasis will be placed on the interaction

within the substantia nigra, the real point of interest of this thesis,

is Acetylcholine-Dopamine Interactions in the Striatum

The dopaminergic nigro-striatal projection appears to synapse
in the striatum upon a dense population of cholinergic inter-neurcnes

(Butcher and Butcher, 1974a; Hattori et. al., 1976).

A wealth of pharmacological evidence indicates that DA released
from nigro-striatal neurones has an inhibitory influence on cholinergic
interneurones., Dopaminergic agonists increase striatal ACh concen-
tration and decrease turnover, while antagonists have the reverse
effect. Table 1 presents a summary of some of these findings, which
have used pre- and post-synaptically acting agonists, neuroleptics,
atypical neuroleptics and specific D2 (Kebabian and
Calne, 1979) receptor agonists and antagonists., All of this evidence
points to DA having an inhibitory influence on cholinergic inter-

neurones in the striatum.

On the other hand, there are electrophysiological studies
which demonstrate that DA might have an excitatory function in the
striatum (Kitai et. al., 1976 and 1978; Norcross and Spehlmann,

1977 and 1978). Kitai et. al. (1978) further claim that "the initial
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Table 1

Effect on Striatal

Effect on striatal

Doug ACh concentration ACh _turnover Haarange
DA agonists
Apomorphine Increase Consolo et. al. 1974
Increase Guyenet et. al. 1975
Increase Sethy & Van Woert 1974
Decrease Racagni et. al. 1976
Decrease Trabucchi et. al. 1975
Amphetamine Increase Consolo et. al, 1974
Decrease Trabucchi et., al. 1975
Piribedil Increase Consolo et,. al. 1974
L-DOPA Increase Sethy & Van Woert 1974
Decrease Trabucchi et, al. 1975
Trivastal Increase Sethy & Van Woert 1974
*
Bromocriptine Increase Sethy 1979
*
Lergotrile Increase Sethy 1979
Desipranine Increase Consolo et, al. 1974
Amantadine Increase Consolo et. al, 1974
DA antagonists
Chlorpromazine Decrease Guyenet et., al, 1975
Decrease Sethy & Van Woert 1974
No effect on steady- .
b B eerusy Increase Trabucchi et. al. 1974
Haloperidol Decrease Sethy & Van Woert 1974
Decrease Consolo et, al. 1975
No effect on steady- ;
ey ety e Increase Trabucchi et., al. 1974
Decrease Guyenet et. al., 1975
Decrease Sherman et, al., 1978
No effect on steady- Increase, and reverses
state concentration apomorphine induced Racagni et. al, 1976
decrease
Clozapine Dose dependent No effect, but :
decrease reverses apomorphine Racagni et. al. 1976
induced decrease
Failed to reverse
apomorphine induced Consolo et, al. 1975
increase
Sherman et. al. 1978

Spiroperidol

Decrease



Table 1 continued

Effect on Striatal

Effect on striatal

Drug ACh concentration ACh turnover Betorengs
Metoclopramide Decrease Sethy 1979
.x.
Molindone Decrease Sethy 1979
Reserpine Decrease Consolo et., al. 1975
Pimozide Decrease Sethy & Van Woert 1974
Decrease Consolo et., al., 1975
Fluphenazine Decrease Sherman et. al., 1978
L-Fenfluramine Failed to reverse Consolo et, al., 1975
apomorphine induced
increase
Trihexphenidyl

(anti-muscari-
nic)

Decrease

Consolo et, al. 1974

Table 1: Summary of the :Effects of Various Dopaminergic Agonists and Antagonists

on: Acetylcholine Concentration and Turnover in the Striatum

P M hesodrugs are specific D% agonists or antagonists (Kebabian and Calne, 1979)

Sethy (1979) concludes tha

the receptors on the ACh neurones are D, (non-

adenylate cyclase 1inked); D1 agents were not tested,
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response of caudate neurones to either substantia nigra or nigro-
caudate pathway stimulation is almost always excitatory" (Kitai et.
al., 1978, p.170). There are several possible explanations for these
results, the first being simply that nigro-striatal DA does have
genuine excitatory and inhibitory properties. The DA receptors
within the striatum do not appear to be of one type (Kebabian and
Calne, 1979) some being mediated by DA-sensitive adenylate cyclase,
while others are not, the two types having different affinities

for various dopaminergic drugs and differing distributions throughout
the striatum (Cools and Van Rossum,1976). A possible source of the
controversy lies in the technique. Difficulties of microionto-
phoresis have already been noted (Chapter 1, section 1110 ~hbutalt

is of more interest to note that all of the authors cited above as
observing excitatory DA effects examined the modification of the
effects of substantia nigra or nigro-striatal pathway gtimulation
using microiontorhoretic application of dopaminergic agents in the
striatum. In a study examining the effects of microiontophoretically
applied DA on spontaneous neural activity in the striatum, Bloom et.
al, (1965) predominantly observed a depression of firing. A complex
relationship exists between the nigro-striatal terminals and the
cholinergic interneurones (see below). It might thus be hypothesised
that the application of DA to terminals where strong activity has
already been induced will show different effects compared to the
effects of DA applied to non-activated neurones, inducing an apparent

excitation instead of inhibition.

Cholinergic receptors are known to exist in the striatum. The
presence of nicotinic receptors, labelled by snake toxins, has been
demonstrated (Salvaterra et. al., 1975; Tindall et. al., 1978)

although other authors report either low binding or an absence of
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either X-bungarotoxin or naja naja siamensis « toxin binding (Polz-
Tejera et. al., 1975; Morley et. al.,1977; Speth et. al., 1977).
Muscarinic binding has been demonstrated using radio-labelled
quinuclidinyl benzilate (QNB) (Kobayashi et. al., 1978; Kuhar and
Yamamura, 1975 and 1976). Little controversy surrounds the existence
in the striatum of muscarinic cholinergic receptors. However, it
is worth noting that some authors are cautious when identifying

CNS receptors for ACh. McLennan and Hicks (1978) observe that

"... the nature of the ... (cholinergic) ... receptors in the rat
is not easily described as being either nicctinic, muscarinic or
mixed; they rather appear to lack selectivity toward the pharma-

cological agents with which they interact."

Evidence has also been presented to show that pre-synaptic
receptors exist on the dopaminergic nerve terminals in the striatum.
De Belleroche and Bradford (1978) demonstrated that ACh stimulated the
release of DA from synaptosomes prepared from rat or sheep striata.
In the presence of the muscarinic antagonist atropine, ACh stimulated
DA release, whereas in the presence of nicotinic receptor antagonists
ACh inhibited DA release, presumably indicating the existence of
excitatory nicotinic and inhibitory muscarinic pre-synaptic receptors
on the terminals of the nigro-striatal pathway, McGeer et. al.,(1979)
identified nicotinic presynaptic receptors in the striatum, as well
as muscarinic receptors on neuronal perikarya and dendrites. Both
muscarinic and nicotinic presynaptic receptors have been identified
by Ciorguieff et. al. (1977) in a clever series of pharmacological
studies., Moreover, Giorguieff-Chesselet et. al. (1979) have shown
that ACh stimulates the release of DA from inactive nigro-striatal

terminals, but has no effect on them once these neurones have been



activated by SP infusion into the substantia nigra., A complex rate-
dependent effect thus appears to exist between the presynaptic

receptors and DA neurones.

ii., Cholinergic Substances in the Substantia Nigra

iia, Acetylcholine in Substantia Nigra

Jacobowitz and Goldberg (1977) localised ACh to both the pars
compacta and zona reticulata, slightly higher concentrations being
observed in the reticulata (0.28 + 0.06 pmoleséug protein in zona
reticulata; 0.20 + 0,01 pmolesAug in pars compacta.) These amounts
are not large, being approximately 50% of the very high levels found
in the striatum (Caudate-putamen, 0.41 + 0.04 pmoleséug protein).

The question must thus arise, is there a physiologically significant
amount of ACh within the substantia nigra? Butcher and Talbot (1978)
conclude that there is, basing their argument on the relative amounts
and relationships between ACh and choline acetyltransferase (CAT)
(the synthetic enzyme.of ACh) in the striatum and substantia nigra,

They reason as follows:

"From data reported by Kuczenski et. al. (1975), the level of
CAT in the rat nigra is 17.7% that of the relatively very high
enzyme activity in the caudate-putamen nucleus of the same species.
Although lower nigral/neostriatal CAT percentages in the rat are
derived from other studies (2.3% and 8.9% for whole substantia nigra:
Cheney et. al. 1975 and McGeer et. al., 1973 respectively; 8.8 and
3.1% for the pars compacta and pars reticulata of the substantia

nigra respectively: Kobayashi et, al., 1975), the level of ACh in
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the rat nigra is itself 18.7%% that of the relatively very high
caudate-putamen level of ... (ACh) «e. in the same species (derived
from Cheney et, al., 1975), corresponding closely to the nigral/
neostriatal CAT percentage calculated from Kuczenski et. al. (1975).
Considering that the quantity of ACh found in the rat neostriatum is
between 81 and 98 nM/g tissue ... (a very high level) ... (Butcher

and Butcher, 1974b; Butcher et. al., 1976), there is reason to

believe that the substantia nigra as a whole contains a physiologically

significant amount of ACh" (Butcher and Talbot, 1978, pp. 72-73).

Such an argument is actually able tc prove very little. Although
the nigral/striatal ACh and CAT ratios can, by selecting the appro-
priate figures, show a similarity, this does not necessarily imply
that the same functional and physiological relationships are main-
tained. It is thought, for instance, that the regulation of ACh in
the striatum is different from that in any other brain region (Sherman,
et. al., 1979). However, the observation that ACh and CAT show
similar ratios across the substantia nigra and striatum (where a
physiological role for cholinergic systems is not doubted) is of
interest. As will shortly be seen, other cholinergic substances
within the substantia nigra (Acetylcholinesterase;‘ this Chapter,
Section iic) do show marked responses to physiolgical stimulation, and
modification of nigral cholinergic systems results in behavioural
| changes (this Chapter, section iiic). All of these together suggest
that a cholinergic system is active within the substantia nigra,
both physiologically and functionally. The presence of cholinergic
receptors is further evidence: De Montis et. al. (1979) demonstrated
muscarinic receptors to be present in the whole substantia nigra,
and the receptor density to fall by 1% following kainic acid lesions,

(Separate analyses of the pars compacta and zona reticulata were not



made; nor was any examination of nicotinic receptors made.) Koba-
yashi et, al. (1978) also observed muscarinic receptor binding in
substantia nigra following (3H) QNB labelling., Although the level

they found was low (116 Rkl pmol/g protein (3H) QNB) when compared to
the caudate-putamen (62