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Chapter 1: An Introduction 

i. Behaviour, Anatomy and Chemistry: Coding and Relationships 

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 1ry1 neurones (Hubel, 1979) we can readily 

understand why brain modelling and the unravelling of central nervous 

system (eNS) functibn 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 physiology/ 

behaviour relationships are believed to hold good, the author of this 

thesis is reluctant to make automatic claims that because some physio-
I 

logical manipulation always results in a particular form of behavioural 

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 r el a tion

ships should hold good, be replicable and dose-dependent is not challenged. 

It simply has to be qualified by specifying that such t hings as previous 

experience and test conditions need to be maintained to assure r epli

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 ~ 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 e~amining 

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

(lesion) 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 th~ may safely be used to answer specific questions 

of functional coding provided we bear in mind that: 

3. 



(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. 

(c) 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 eNS 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 neuroanatomical 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, 1950). 

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). 

4. 



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: no single behaviour was consis tently 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 

5. 

observed no effect at all. The overriding problem of electrical stimulation 

i s 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 stimulatiog 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 + B + 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. 

iii. 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 

are: 

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 
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passage into brain of compounds even of low molecular weight. Indeed , 

even if compounds do pass the B.B.B. t hey 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 . a l .. " 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 t echnique 

against the questions one i s asking. If it is important to di scover 

a central site of ac t ion, this technique alone i s not enough. However 

if all that i s required is, for instance, a model of human therapeutic 

drug administration, this technique may be perfect ly 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 ventri cle 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 a) 

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 

...... 
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facilitates this action" then one has to apply a technique which 

involves highly localised actions 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 tlcrough the guide to deliver precise quantities of 

chemical to the required area. While injection volumes and drug doses 

remain small tIle 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: 

8 . 

local pH, trauma to tissue pC02 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 vitr o analysis are also valuable: assay studies of metabolites, 

endogenous content studies , immunochemistry and histochemistry all 

provide valuable chemical and anatomical dat a , 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 r ecording techniques, and chemical stimulation 

techniques, witlun which category there is fur ther division, depending 

upon the level of analysis required. However, in selecting a technique 

one has t o choose that which will most satisfactorily answer the question 

vlhich has been raised. The principle question asked in this thesis is 

"Do cholinergic systems wi thin the substantia nigra have a functional 

interaction with dopaminergi,? systems in that same structure?". In 

order to answer this question we need to use a technique or techniques 

vlhich 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 

i. General Structure 

The substantia nigra was fi rs t described in the late eighteenth 

century by Vicq d'Azyr (1786) 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 generally 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. ale (1967) identified 
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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)j 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 reticulataj SNL, substantia nigra pars lateralis; CC, 

Crus cerebrij CCS, Commissura colliculorum superiorumj d, nucleus 

Darkschewitschj F, Columna fornicisj FMP, Fasciculus medialis prosen

cephalij FR, Fasciculus retroflexusj HI, Hippocampusj hp, nucleus 

posterior (hypothalami)j H1, Forel's field H1 j H2, Forel's field 

H2j i, nucleus interstitialis (Cajal); ip, nucleus interped

uncularisj 1M, Lemniscus medialisj mmm, nucleus mammilaris medialis, 

pars medialisj SAM, Striatum album mediale colliculi superiorisj 

SPeC, Splenium corpus callosij sut, nucleus subthalamicusj ZI, 

Zona Incerta.) 



Figure 2 



Figure 

E 



Figure 

J 

K 



two synaptic types within the nigra - 'encircled' and ' sandwich' 

synapses . The encircled synapse observed involved l arge dendrites 

~ in diameter on which t hree synaptic boutons appeared to terminate 

by partially or completely encircling t he process. Either small 

(~50oi) clear vesicles or a combination of large, dense-core and small 

clear vesicles were present, all of which might be contained wit hin an 

envelope of astrocytic processes (Gulley and Smithberg, 1971). The 

sandwich synapse involved only small dendrites « 1p 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 Smithber g (1971) 

using electron microscopy and Golgi stained material, discovered more 
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synaptic configurations. These authors observed three basic types ofaxo

dendritic synaptic endings and axo-axonic synapses. Their f irst cate-

gory ofaxo-dendritic synapses is further divided into two sub-groups . 

Group A1 have a moderate number of 37ai 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 37ai clear vesicles with equal t hickening of 

both pre- and post-synaptic membranes and is found only on small dendrites 

of less than O.~ diameter. Group B are characterised by having large, 

dense core vesicles (~90oi) and 37ai clear vesicles. Post-synaptic and 

pre-synaptic membranes show a differing degree of thickening, t he 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 581i 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 (~6ooi) 

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-synaptic. 

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 repor t 

that type B was the only bouton type to selectively take up 3ENE, 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 

('" 500i diameter) mainly contacting neuronal perikarya and 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 

('" 400i wide, 7oo/oooi long) contacting primarily large dendrites. 10% 

of all boutons are of this type. 

Type III. Small. round vesicle boutons. These vesicles are approximately 
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400j in diameter, usually contacting small dendrites, and accounting 

for 10% of all boutons • . 

13. 

Type IV. Large. round vesicle boutons which mainly contact distal portions 

of dendrites and whose vesicles have a diameter of approximately 60oR; 

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 furtller characterised by the presence of micro tubules and 

endoplasmic sacs. 

Type VI. (Unnamed). Type VI boutons are typically identified by l arge 

dense-core vesicles (800-120oR diameter) and clear round vesicles 

(600j 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 tllat 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. ale (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. a1. make 

no thorough attempt to identify the neurotransmitt ers at each bouton, 

though Bak et. ale observe only Type VI bouton atrophy following dorsal 

and median raphe nucleii destruction, suggesting tha t these boutons, 

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

Dendro-axonic transmission within the substantia nigra has also 

been proposed recently by McGeer et. ale (1979). They observed that the 



DA syntllesising 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 r eceptors 

located on neurones afferent to the nigra. McGeeI' 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" 
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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 tha t 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 3~A which had been previously taken up by the DA neurones, and 

that this release is calcium dependent. Nieoullon et. ale (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 3~A 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. ale (1975a) and Llinas (1975). 



The possibilit y of fi eld effects being able to account fo r some 

neuronal communication wi t hin substant ia nigra has also been suggested. 

Gulley and Wood (1971) observed that when par.s compacta neurones were 

closely r elated , astrocytic process es int ervened beh~een the neurones . 

Such ensheathing has been suggest ed by Pet er s and Pal ay (1 966 ) to ensure 

the electrical isolation of adjacent neurones and process es. How8ver , 

in the lateral regions of subs tantia 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 150-20oi for a dis t anc e 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 t hi s , and the 

possibility of field effects occurring. 

iii. Neurones Wit hin the Substantia Nigra 

Gulley and Wood (1971) in a thorough study of t he fine str ucture of 

neurones within the substantia nigra identified three types of neurone: 

large (25-4Op diameter); medium (15-2~); and small (8-1~). 

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 (HER) consisted of many groups 
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of short interconnected cisternae randomly distributed throughout the 

cytoplasm, except in the perinuclear regions. The Golgi appara tus had 

numerous cisternae and vesicles arranged concentrically around the nucleus 

and near the various groups of RER. The vesicles obs erved were dense 
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cered. 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 new~onal type was oval and 

eccentric with only slight nuclear infoldings, which were filled ivi th 

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 inner 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 

HER 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 feu organelles in the primary segment and loosely 

arranged neurotubules . Significant ly, the axons of the small neurones 

observed wer e seen, in Golgi preparations, to be associated with t he 

d·sndri tes of other nigral neurones. This neurone is therefore presumed 

to be an interneurone: the lack of Nissl material and the relative 

paucity of cytopl asmic 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 

?ategorised 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 nigTa 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 character istics of nigral neurones demonstrates the existence 

of a heterogeneous population of neurones. Their observation i s clearly 

supported by many other studies. Several Bruthors 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) 

17. 

and as containing neurones Iii th var ying distributions of Nissl material 

(Malone, 1910, 1913; Morgan, 1927). Bak (1965) found the Golgi appara tus 

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 •. ale (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 tha t both location and number suggest tha t 

their medium sized neurone, most populous in pars compacta, cO,rres-

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 (7.3p 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 to be the neurones which 

form the nigro-thalamic projection (Nauta and Mehler, 1969). The nigro

thalamic neurones are believed to 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 25)1 in diameter, the majority being between 
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8 and 12p. 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~ in diameter. Their description of six nigra 1 

bouton types we have already catalogued. Basically these authors are in 

good agreement with both Gulley and Wood (1971) and Gulley and Smi th

berg (1971). 

However, Hajdu, Hassler and Bak could not discriminate three types 

of neurone - the 49u 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 2~ in diameter, with most 

neurones in the reticulata being between 12 and 15)1. 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 (8-1~) 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 - t he 

striatum, thalamus and tectum. The rigro- ·striatal cells they claim to 

have a diameter of 13.~ (± 2.4p); the nigro-thalamic 19. 3 ± 3.4p; 

and the nigro-tectal 15.8 ± 3.~. This clearly suggests that Gulley and 

Wood are correct in discriminating between the various effer ent sy tems 

of substantia nigra by cell diameter, (the nigro-thal amic 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 l arge 40p neurones . 

iv. Afferent and Efferent PrOjections of the Substanti a Nigra 
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In studying the projections to and from the substantia nigra , we shall 

focus our attention first on the efferent projections and secon on t he 

afferent projections. Figure 3 presents a sunnnary diagram of the proposed 

connections. 

iv.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 l arge injections 

of the retrogradely transported cell marker horseradish peroxidase (BRP) 

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 



A schematic representation of the major afferent and 

efferent projections of the substantia ni gra (pars compacta, snpc , 

and zona reticul ata , 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 compacta 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) p. 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 to 

a greater degree, and that a population of neurones eyists which 

possess branched axons projecting to both the VM thalamus and the 

superior colliculus (Bentivoglio, Van Der Kooy and Kuypers, 1979). 
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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 ± 2.7)1 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 ± 2.~ 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 interneurones. 
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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 re±iculata immediately ventral to the pars compacta. 

At rostral levels 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.~, the largest of the nigral neurones observed by t hem. 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 eta al., 1978; Di Chiara eta al., 1979a). Di 

Chiara eta 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 GAB! synthesising enzyme) levels fell by 1~. No effect on 

the cholinergic synthetic enzyme, choline acetyltransferase (CAT), 

was detected in the substantia nigra or in either the ventro

medial eVM) or ventro-basal (VB) thalamus, while, Significantly, 

GAD levels fell to 3% 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 byaxoplasmic transport (Vincent et. al., 1978) and 

are seen forming symmetrical synapses with major dendrites. They have 

moderately packed pleomorphic vesicles and 1-~ 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 
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conduction velocity of between 0.33 and 1.0 m/ sec. Sbme 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. ale 

(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 
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common r etrograde tracer, HRP, they systematically examined t he fluore

scent patterns resulting from simultaneous injections into any two of 

the major nigral output areas - striatum, thalamus or superior colliculus. 

Thei r results demonstrated that the only population of branched neurones 

was in the zona reticulata - as Deniau et. ale (1978b) found - but that 

they projected to the VM thalamus and superior colliculus. This is 

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

janian (1978) who suggest, on the basis of electrophysiological data 

(antidromic stimulation), that nigro-striatal neurones send collaterals 

in the thalamus. Guyenet and Aghajanian provide an explanation for the 

discrepancy which Bentivoglio et. ale 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 e fferents, Benti voglio et . , ale, while broadly agreeing with Faull 

and Mehler's (1978) comprehensive description (see Fig. 4) do show some 

disagreement. Bentivoglio et. ale 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 



peduncle, thereby giving rise to a greater overlap with the tectal 

projection neurones and forming a morphological basis f or 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 stri atal, 

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 thorou~ily studied systems which may prove to be of importance; 

a diffuse projection to the dosral raphe nucleus and a small proj ection 

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. 

ale 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. ale 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 l arge and 

small cells, both in the zona reticula ta. 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. ~Urther evidence for a dopaminergic system 
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within the S.T.N. is found in studies which have demonstrated the existence 

of aDA-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,;" a1. (197S) 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 alsG been suggested that there 

is a DA projection from the ventral midbrain to the median eminenc e. 

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 AS,,. A9 and AtO J.eas." 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 (BupJley and Aghajanian , 1976; Kanazawa et. al., 1976). 

Following HRP injection into the substantia nigra , Bunney and Agha janian 

(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 fTIRP reactive cells, which were pre

dOminantly of a medium size (12-20p diameter). Moreover , t hey found 

that ;in HRP-positive areas , 30-50%of all cells were stained, an unusually 

large percentage. This would appear to confirm that the substantia 
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nigra has a privileged position as a major midbrain output station of the 

striatum. Bunney and Aghajanian also observed labelled neurones in the 

globus pallidus, as did Kanazawa et. ale (1976) and Hattori et. ale (1975). 

PredOminantly, large triangular neurones were labelled in the globus 

pallidus. Kanazawa et. ale and Hattori et. ale 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 differenc e 

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 0.05p1 of 2~ HRP in distilled water was released. 



SUch caution inspires confidence in a study, but it ~ust also be noted 

that Kanazawa et. ale (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, sugges t ing 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 t he 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 GAB! in substantia nigra (Fonnum 

et. al • . , 1974). Bunney and Aghajanian speculate therefore, that 

the pallido-nigra1 projection is mediated by GABA while the cauda to

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 

tel~al axons descending from the neostriatum. (Hong et. al., 1977; 

Kanazawa et. a1., 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-ni,9raL projection. " •••• Substance P abounds in the axon 

terminals of specific pal1ido-nigral and caudato-nigral neurones in the 

rat ••••• e" (Starr, 1978), and indeed, authentic substance P has been 

29. 



identified in neurones which project from the caudate-putamen to t he 

sUbstantia niera by Ben-Ari et. ale (1979). However, while tte 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. ale (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, GAB! inhibi tory -

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 i s 

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-c0mpacta or a pallido-reticulata scheme. MoreQver, 

while it is clear that both substance P and GAB! are striato-nigral 

transmitters, it is not clear whether the caudato-nigral projection 

ut:i..1ises either or both SP and <aBA" , although separate GABA and SP 

pallido-nigral projections are strongly suggested Starr (1978) 

sounds a "Taming that "... the peptidergic 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 NibTa Afferent Sys t en~ 

As we noted in our discussion of t he nigral afferents , the 

subthalamic nucleus and dorsal raphe both enjoy reciprocal connect i ons 

with substantia nigra . While the substantia nigra zona reticulata gives 

rise to an efferent pr ojection to the S.T.N. (Meibach and Katzman, 1979), 

this nucleus appears to innervate the pars compacta (Kanazawa et. ale 

1976), thereby creating a short loop, the function of which is unclear. 

The nigral afferent originating in the dor sal raphe nucleus has been 

demonstrated using both retrograde-tracing wit h HRP (Bunney and Agha

janian, 1976; Fibiger and Miller, 1977), and ant erograde t racing (Taber 

Pierce et. al., 1976). This, as with the nigro-raphe ef ferent, i s believed 

t o utilise serotonin to mediate neurotransmission., (Conrad et. al., 1974; 

Dahlstr8m 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 reticulat a neurones 

but blocks glutamate-induced excitation of pars compacta cells (Agha

janian and Bunney, 1974). Fibiger and Miller (1977) suggest t hat the 

pathway exerts a phasic inhibitory control over pars compacta neU2'ones. 

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 unders tood, thei r 

existence is beyond doubt, and important neurochemical discoveries 

relating to them are beginning to make their influences over t he larger 

nigral systems more understandable. 

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

reported to project to the subs tantia nigra. Nauta et. ale (1978) note 
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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 

l arger than t hat from which it receives •••• fibers, and hence ••••• 

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

in a mode of simple point-for-point reciprocity" (Nauta et. a1., 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 

(ITayand 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. 



Chapter 3: The Nigro-Striatal Pro,j ection: Dopamine within the 

Substantia Nigra 

i. Dopamine within the Ventral Midbrain 

The histochemical t echnique of Falck and Hillarp of f ered t he 

first proof of cellular localisation of monoamines within the cent r a l 

nervous system (Carlsson et. al., 1962a and 1962b; Falck and Hillar p, 

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 

wit h terminals in the nucleus accumbens and the olfactory tubercle , has 

been described following histochemical study. (In the classif ication of 

Dahlstr~m and Fuxe (1965), these systems arise in A9 (substantia nigra ) 

and A1~ (the Ventral Tegmental Area, V.T.A.); see Figure 5). These 

two DA systems converge at a level dorsal to the nucleus interpeduncularis 

and ascend together into the forebrain (Ungerstedt, 1971 a ) the 

mesolimbic system ascending just medial to the nigro-striatal. The 

nigro-striatal projection predOminantly innervates t he caUdate-putamen 

complex, while the mesolimbic system innervates, in one branch, t he 

nucleus accumbens, as well as dorsal aspects of the nucleus interstitialis 

striae terminalis, and, in a separate latero-ventral branch , t he olfactory 

tubercle. 

ii. Morphology of Nigro-Striatal Cells 

Faull and Mehler (1978) identify the nigro-striatal projection cells 
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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 AS group, just caudal to the 

substantia nigra, dorsal to the medial lemniscus ~he 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 ± 2.7p average dimneter). These 

are probably equivalent to the medium sized neurones whose morphology 

has been described by Gu+ley 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. ale (1978), 

following treatment for the glyoxylic acid histofluorescence technique, 

described them as being pyramidal. The par s compacta 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. ale (1979) observed a nigro-striatal projection originating in th.e 

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 ivai). It must also be noted that 

the pars compacta does not contain exclusively DA cells. Both Fallon 

et. ale (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 



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~ ale (1978) to form a dorsal 

sheet above the "classic" neurones of this area were also found to be 

labelled by HRP retrogradely transported from the lateral olfactory 

tubercle or the amygdala- accepted meso limbic DA projection areas -

while the more numerous "classic" pyramidal cells were labelled by 

striatal HRP, as expected. Fallon et. ale conclude that the IV.T.A./ 

A10/mesolimbic I 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 eohoed 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 

othor 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 Nigr..o:-Striatal Pro.jection 

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); RRP retrograde tracing (Kuypers et. al., 

1974; Nauta et. al., 1974)). The projection i s believed to display a 

medio-lateral topographical organisation (But cher and Talbot, 1978). 

Consequently, medial aspects of the pars compacta display the greatest 

cell loss following l esion of medial portions of striatal terminal 

areas while lateral striatal lesions cause cell loss within l ateral 

aspects of the nigra. Such medio-lateral organisation, as Butcher 

and Talbot (1978) point out, explains why t he posterior portion of the 

caudate-putamen is innervated by the lateral pars compacta. This is 

because posterior aspects of t he striatum are, in mammals, extensions 

of the lateral striatum. Several observations bear this out; lesions 

of substantia nigra which spare l ater al portions r esult 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 (Ungerstedt, 1971a). 

The nigro-striatal fibres initia'~ course rostro-medially and 

dorsally from the pars compacta (Petrovicky, 1972). Fibres der ived 

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, t he most 

medially placed axons remaining at least O.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 Talbo~, 1978). 
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Having formed a compact bundl e in the anterior mesencephal on, the 

nigro-striatal projection turns ros trally and cours es t hrough fiel d H2 

of Forel (Dahls trBm and Fuxe, 1965; Lindvall and Bjorklund , 1974). 

At t his point mos t of t he tract lies dorso-lateral to t he medi al 

forebrain bundle (M.F.B.) and not within it. Only a minor ventro

medial segment appears wit hin the M.F.B. (Thus small dorso-lat eral 

hypothalamic lesions result in a sever e reduction in t he number of 

pars compacta cell bodies while extensive M.F.B. l esions spar e these 

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

While in field H2 of Forel t he nigro-striatal pathway l ies 

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, recei VEE fibres from, and projects t o , t he 
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substantia nigra. Whether or not t he nigro-striatal pathway sends collaterals 

which synapse within the S.T.N. is not clear. The nigro-str i at al pa th 

continues rostrally through the ventral thalamus, initi ally 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 wit hin the ventro-medial portion of the internal capsule 

(Hedreen, 1971; Lindvall and Bj orklund, 1974; Ungerstedt, 1971 a ). 

As the projection travels rostrally through the ventral thalamus it 

gradually diminishes in size as constituent fibres arch l ater ally, 

dorsally and rostrally through the int ernal capsule towar d the ipsi

lateral corpus striatum (Lindvall and Bjork~und, 1974; Ungerstedt , 

1971a). This di ssociation begins caudally i~ the S.T.N. (Lindvall and 

Bjorklund, 1974) and the entopeduncular re~on (Hedreen , 1971) and 

ends rostrally at central ~vels of the globus pallidus (Jacobowitz 

and Palkovits, 1974; Lindvall and Bjorklund, 1974). The most dorsal 



nigro-striatal fibres leave caudally while the ventral fibres only 

depart at rostral levels (Lindvall and Bj orklund, 1974). While 

within the ventral thalamus the fibres are arranged not just dorso

ventrally, as in the ventral mesencephalic tegment um (V.M.T.), but also, 

to a lesser extent, media-laterally. This dorso-lateral/ventro-medial 

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 ruld 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 
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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 l east in 

rodents) are mainly arranged medio-laterally rather than rostro

caudally. Indeed, it would appear t hat 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 (Jo11es 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 (Hass ler, 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 rrigra (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 
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under stand from where the nigro-str i a t a l proj ection r eceives affer ent 

input, these projections will be examined in terms of their r el ation-

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 t he globus pallidus 

to the nigra has been demonstrated by Kanazawa et. ale (1976). It 

appears possible that the pallido-nigral projection utilises GABA as 

a neurotransmitter while the cauda~o-nigral projection is mediated by 

substance P. (However, this distinction is not absolutely clear; s ee 

Chapter 2, section ivb). 

The striatal input to the substantia nigra has recently been 

investigated by Arbuthnott (1978). Having t r aced the course of the 

pathways following radioleucine labelling he describes the results. 
I 

"The close similarity between the topographical arrangement of the DA 

system to the striatum ruld 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 
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striatum and the firing of pars compacta neurones. d-Amphetamine had 

exactly the reverse effects. These authors conjec tured 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 bas 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 .!!2l 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. ale (1978) confirm this, showing that crus cerebri lesions, which 

should effectively cut the supposed feedback pathway fail to affect 

the halop.eridol induced increases in striatal DA metabolite concen

tration, again suggesting very strongly that the role of the stria to

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 f i ndings , 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 interruptlllg 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.) 
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The GABA pathway is hypothesised as being a major striatal output. 

It appears that DA activity in the striatum stimulates t his 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. ale (1979) who show connections between descending striato-

nigral neurones and zona reticulata neurones proj ecting 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-KrUger, 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 wi thin the substantia nigra is 

harder to define; presumably it acts as an excitatory neurotransmitter 

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

*For definition of "neuromodulator", see Appendix i). 
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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. ale (1979) observed SP to s timulate 

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 llltra-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 furlCtions to striatal 

output - it must not be forgotten that these neurones do interact with 

nigral DA neurones. Using slices of substantia nigra, Reubi et. ale 

(1978) found that DA released within the nigra binds only to GABA 

containing neurones, and not to those contailling substance P. These 

authors discuss their results and spe'culate that "the selective enhance

ment of the spontaneous release of GABA •• ' •• may provide a •••• subtle 

mechanism for controlling the firing rate of dOpaminergic neurones; 
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thus during intense striato-nigral inhibiting activity the excitatory 

effects of DA ••• (released in nigra on to the afferent GABA neurones) ... 
may be abolished." 

ivb. DA Release within the Substantia Nigra 

The demonstration by Reubi et. ale (1978) alerts us now to the f act 



that DA is active within the substantia nigra, where DA has been shown 

to be liberated from dendr ites (Geffen et. al., 1976). These dendrites 

••• project and ramify abundantly into the pars reticulata ••• (from " 
the pars compact a) ••• 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-\lendritic 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 j unctions which could form the morphological basis of 

dendritic DA release. Hefti and Lichtensteiger (1978a) have shoWl1, 

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 t hey 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. 

Evidence for the existence of DA receptors in the substantia nigra 

is also strong. ADA-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. 
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al., 1979), suggesting that the DA receptors are located on these afferents. 



In support of this, Gale et. al. (1977) found that intranigral injections 

of 60RDA failed to abolish the response of adenylate cyclase to DA, 

although lesions of the striato-nigral pathways did. As previously noted, 

Reubi eta ale (1978) have isolated which of the two striato-nigral 

pathways is contacted by dendr~tic DA: only GAB!, 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 fir i ng 

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 may involve a •••• dialog rather than a monolog". 

Glowinski and his collaborators have noticed t}~t the terminal 

release of DA in tl~ nigra is inversely correlated with the terminal 

release of DA .in the ipsilateral caudate nucleus, but that it is 

positively correlated witll the release of DA in the contralateral 

caudate. Thus dopaminergic agonists released \'lithin the substantia 

nigra (of the cat) by push-pull perfUSion enhance dendritic release of 

nA, decrease nA 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 eta 

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 i n substanti a nigra does not alter 

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

However, alt hough the French group have built an impressive array 

of evidence concerning dendTitic DA release and concomitant s triatal 

activity, results from arlother l aboratory (Wuerthl e et. al., 1979) 

indicate different results. Using rats, these authors fail ed to alter 

the concentration of DOPAC in the stria t um following unila t eral intra

nigral microinjections of the DA agonist apo~orphine, but reduced both 
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DA and OOPAC wi thin 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 OOPAC, technical differences, or species differences , remains 

to be seen. 

ivc. Other Systems Interacting with DA in the Substant ia Nigra 

Serotonin-Dopamine interactions within tbe nigro-striatal system 

bave 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 antagoni.stic effects 

of haloperidol on apomorphine induced stereotypy. However , it is not 

possible to ascertain whereabouts within t he nigro-striatal DA system 

these effects were mediated. Lesion studies have shown that the 

striatum is innervated by a serotonergic proj ect ion from the dorsal 

raphe nucleii (Geyer et.al., 1976; Ternaux et. al., 1977) and the 



substantia nigra also receives a projection from this area. (See 

Chapter ?, 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 striat um but blocked haloperidol induced increases 

in striatal tyrosine hydroxylase. Gale and her colleagues conjectured 

that the opiate affecteaOAactivity by adopting a neuro-modulatory 

role ~ith 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 informati on 

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 

neurochemicals and sele~tively to enhance or depress their effects 

by a mechanism of dendritic release. Even reciprocal control between 

the two DAergic nigro-striatal systems Pas been postulated by Glowinski 

and his colleagues. 
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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 t he Ni gr o

Striatal Pathway 

The dopaminergic nigro-striatal pa t hway interacts with cholinergic 

systems in both the striatum and the subs tantia nigra . Each of these 

will be examined, but most emphasis will be pl aced on t he interaction 

within the substantia nigra, the r eal point of interest of t his t hesis. 

i. Acetylcholine-Dopamine Interactions in the Striatum 

The dopaminergic nigro-striatal projection appears to synapse 

in the striatum upon a dense population of cholinergic inter-neurones 

(Butcher and Butche~, 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. a1., 1976 and 1978; Norcross and Spehlmann, 

1977 and 1978). Ki tai et. a1. (1978) further claim that" the initial 
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Table 1 

Drug 

DA agonists 

Apomorphine 

Amphetamine 

Piribedil 

L-DOPA 

Trivastal 

* Bromocriptine 

* Lergotrile 

Desipramine 

Amantadine 

DA antagonists 

Effect on Striatal 
ACh concentration 

Increase 
Increase 
Increase 

Increase 

Increase 

Increase 

Increase 

Increase 

Increase 

Increase 

Increase 

ChlorpromazL~e Decrease 
Decrease 

No effect on steady
state concentration 

Haloperidol Decrease 

Clozapine 

Spiroperidol 

Decrease 
No effect on steady
state concentration 

Decrease 
Decrease 

No effect on steady
state concentration 

Dose dependent 
decrease 

Failed to reverse 
apomorphine induced 
increase 

Decrease 

Ef fect on striatal 
ACh turnover 

Decrease 
Decrease 

Decrease 

Decrease 

Increase 

Increase 

Increase, and reverses 
apomorphine induced 
decrease 

No effect, but 
reverses apomorphine 
induced decrease 

Reference 

Consolo et. ale 1974 
Guyenet et. ale 1975 
Sethy & Van Woert 1974 
Racagni et. ale 1976 
Trabucchi et. ale 1975 

Consolo et. ale 1974 
Trabucchi et. ale 1975 

Consolo et •. ale 1974 

Sethy & Van Woert 1974 
Trabucchi et. ale 1975 

Sethy & Van Woert 1974 

Sethy 1979 

Sethy 1979 

Consolo et. ale 1974 

Consolo et. ale 1974 

Guyenet et. ale 1971) 
Sethy & Van Woert 1974 

Trabucchi et. ale 1974 

Sethy & Van Woert 1974 
Consolo et. ale 1975 

Trabucchi et. ale 1974 

Guyenet et. ale 1975 
Sherman et. ale 1978 

Racagni et. ale 1976 

Racagni et. ale 1976 

Consolo et. ale 1975 

Sherman et. al, 1978 



Drug 

Metoclopramide 
-J(

Molindone 

Reserpine 

Pimozide 

Fluphenazine 

L-Fenfluramine 

Trihexphenidyl 
(anti-muscari
nic) 

Table 1 continued 

Effect on Striatal 
ACh concentration 

Decrease 

Decrease 

Decrease 

Decrease 
Decrease 

Decrease 

Failed to reverse 
apomorphine i nduced 
i ncrease 

Decrease 

Effect on striatal 
ACh turnover 

Ref erence 

Sethy 1979 

Sethy .1979 

Consolo et. ale 1975 

Sethy & Van Woert 1974 
Consolo et. ale 1975 

Sherman et. ale 1978 

Consolo et. al. 1975 

Consolo et. ale 1974 

Table 1: Summary of -the :Effects of Various Dopaminercic Agonists fu'1d Antagonists 

on Acetylcholine Concentration and Turnover i n t he Striatum 

*These drugs are specific D agonists or antagonists (Kebabian and Calne, 1979) 
Sethy (1979) concludes tha~ the receptors on the ACh neurones are D2 (non
adenylate cyclase linked); D1 agents were not tested. 



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 nigr o-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 

CaIne, 1979) some being mediated by DA-sensitive adenylate cyclase , 

while others ar e not, the two types having different affinities 

for various dopaminergic drugs and differ ing 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 no t ed (Chapter 1, section iii), but it 

i s of more interest to note that all of the author s cited above as 

observing excitatory DA effects examined t he modification of t he 

effects of substantia nigra or nigro-striatal pathway stimulation 

using microiontophoretic 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. 

ale (1965) predominantly observed a depression of firing. A complex 

relationship exists between the· nigro-s triatal terminals and the 

cholinergic interneurones (see below). It might thus be hypothesised 

that the application of DA to terminals where strong act ivity has 

already been induced will show different effects compared to the 

effects of DA applied to non-activated neurones, inducing an apparent 

excitati on 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 CX-bungarotoxin or na ja naja siamensis 0( toxin llinding (Pol z

Tejera eta al., 1975 ; Morley et a al.,1 977 ; Speth et a al., 1977). 

Muscarinic binding has been demonstrated using radio-labelled 

quinuclidinyl benzilate (QNB) (Kobayashi et a al., 1978 ; Kuhar and 

Yamamura, 1975 and 1976). Little controversy surrounds the existence 

in the striatum of muscarinic cholinergic r eceptors. However , it 

is worth noting that some authors are cautious when identifying 

CNS r eceptors for ACh. McLennan and Hi cks (1978) observe that 

" ••• the nature of the (cholinergic) ••• recept ors i n the rat 

is not easily described as being either nicotinic, muscarinic or 

mixed; they rather appear to lack selectivity t oward the pharma

cological agents with 1<[hich they interact. II 

Evidence has also been presented to Sh01v that pre-synaptic 

receptors exist on the dopaminergic nerve terminals in the striatum. 

De Belleroche and Bradford (1978) demons trated t hat ACh s timulated the 

release of DA from synaptosomes prepared f r om r at or sheep striata. 

In the presence of the muscarinic antagonis t a tropine, ACh stimulated 

DA release, whereas in the presence of nicotinic receptor antagonists 

ACh inhibited DA release, presumably indicating t he existence of 

excitatory nicotinic and inhibitory muscarinic pre-synaptic receptors 

on the ter minals of the nigro-striatal pathway., acGeer eta 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 Giorguieff eta a1. (1977) in a clever series of pharmacological 

studies. Moreover, Giorguieff-Ches selet eta ala (1979) have shown 

that ACh stimulates the release of DA from inactive nigro-striatal 

terminals, but has no effect on them once thes e neurones have been 
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activated by SP infusion into the substant ia nigra. A complex r ate

dependent effect thu s appears to exist between the presynaptic 

receptors and DA neurones. 

ii. Cholinergic Subs tances in the Subs t ant i a Nigra 

i ia . Acetylcholine in Subs tant ia Nigra 

Jacobowitz and Goldberg (1977) localised ACh to both the pars 

compacta and zona reticulata, slightly higher concentra t ions being 

observed in the reticulata (0.28.± 0.06 pmoles,0g protein in zona 

reticulata; 0.20.± 0.01 pmoles/pg in pars compacta.) These amounts 

are not large, being approximately 50% of tho very hie;h level s found 

in the striatum (Caudate-putamen, 0.41 .± 0.04 pmoles1ug protein). 

The question must thus arise, is there a physiologically significant 

amount of ACh within the substantia nigra? Butcher and Talbpt (1978) 

conclude t hat there is, basing their argument on the relative amo~ts 

and relationships between ACh and choline ac etyltransferase (CAT) 

(the synthetic enzyme ' of ACh) in the striatum and substantia nigra. 

They reason as follovlS: 

"From data reported by Kuczenski et. a1. (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/ne6striatal CAT percentages in the rat are 

derived from other studies (2.~ and 8.9% f or whole subst antia nigra: 

Cheney et. ale 1975 and McGeer et. al., 1973 respectively; 8.8 and 

3.1% for the pars compacta and pars reticuiata of the substantia 

nigra respectively: Kobayashi et. al., 1975), the level of ACh in 
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the rat nigra i s itself 18. ~ t hat of the relatively very hieh 

caudate-putamen level of ••• (ACh) in the same speci es (derived 

from Cheney et. a1., 1975), corresponding closely to the nigral/ 

neostria t al CAT percentage calculated from Kuczenski et . ale (1975). 

Considering that the quantity of ACh found in the r at neostriatum i s 

between 81 and 98 nM/g tissue ••• (a very high level) ••• (But cher 

ru1d Butcher, 1974b; But cher et . al., 1976), there i s , 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 to prove ver y little. Although 

the nigral/str iatal ACh and CAT ratios can, by select i ng the appro

priate figures, show a similarity, this does not necessarily imply 

that the same funct i onal and physiological relationships ar e 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 i s not d.oubted) i s of 

interest. As will shortly be seen, other cholinergic substances 

within the substantia nigra (Acetyl cholinesterase; ' this Chapter, 

Section iic) do show marked responses t o 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 pr esence of cholinergic 

receptors is further evidence: De Montis et. ale (1979) demonstrated 

muscar inic receptors to be present in the whole substantia nigra, 

and t he receptor density to fall by 17'/0 fol101iing kainic acid lesions. 

(Separate analyses of the pars compacta and zona reticulata were not 
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made; nor was any examination of nicotinic receptors made. ) Koba-

yashi et. ale (1978) also observed muscarinic recept or binding in 

sUbstantia nigra following (3H) QNB labelling. Although the level 

3 they found was low (116 ± 7 pmol/g protein ( H) QNB) when compareu to 

the caudate-putamen (625 ± 43 pmol/g protein (3H) QNB), where a hiGh 

density of muscarinic receptors exist , i t i s interesting to note that 

Butcher and Talbot' s (1978) argument for a physiologically significant 

amount of ACh in substantia nigra can be extended to receptors, where 

the nigra contains 18.56% the amount of (3H) QNB binding of the striatum, 

a comparative figure for CAT being 17.1'/0 and for ACh, 18. 3%. 

iib Choline Acetyltransferase in Substantia Nigra 

As became apparent in the preceding section, choline acetyl-

transferase (CAT) has been found within substantia nigra (Kuczenski 

et. al., 1975; Cheney et. al., 1975; McGeer et. al., 1973; Kobya

yashi et. al., 1975). While CAT is known to be present its exact 

location is something of a mystery. Transection between the striatum 

and the substantia nigra causes nigral GABA and GAD levels to fall, 

while levels of ACh and CAT remain unchanged (Fonnum et. al., 1974; 

McGeer et. al., 1974). McGeer et. ale (1973) have shown that hemi-

transections posterior, as well as anterior, to the nigra, also have 

no effect on cholinergic parameters there. These observations might 

be conveniently expl ained by hypothesising that the CAT is contained 

within the interneurones observed by Gulley and Wood (1971). (See 

Chapter 2, section iii.) This would be consistent with Kuczenski et. 

al.'s (1975) observation that nigral CAT is most commonly associated 

~'1i th cell bodies. Unfortunately, one piece of evidence stands in 

direct opposition to this hypothesis. Nagy et. ale (1977) found the 
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CAT content of substantia nigra to be unchanged following kainic 

acid lesions (which destroy cell bodies by binding to glutamate 

receptors). They concluded that CAT could not be contained within 

either interneurones or efferent projec t ions . I t is possible that 

for some reason, tIle kainic acid lesions spared a hypothetical 

cholinergic interneurone. As Nagy et . ale (1977) used a dose (5 nmoles 

kainic acid) and injection rate (1)11/5 min) that other authors have 

concluded are effective (McGeeI' and McGeer, 1978) fo r inducing lesi ons 

the most likely reason for f ailure might be an absence of glutamate 

receptors on the interneurones. This , however, is speculative: t he 

exact location of CAT within substantia nigra remains in doubt. 

iic Acetzlcholinesterase in Substantia Nigra 

Acetylcholinesteras e (AChE) is the mos t prevalent cholinergic 

substance wi thin substantia nigra, and indeed, wI thin nigro-striatal 

neurones. It appears to be transported somato-fugally along the nigro

striatal pathway, colchicine injections (which block axonal transport ) 

giving ris e to a proximal accumulation of AChE in fibres of this 

,system (Lehmann et. al., 1979). Moreover, AChE has been localised 

to striato-nigral fibres (Olivier et. al., 1970; Kaiya et. al.,1979) 

al though other authors hs ve been unable to show an accumulation of 

AChE in these following colchicine injections (Lehmann et. al., 1979). 

The existence af AChE within nigro-striatal neurones has been known 

for many years (Shute and Lewis, 1963, 1967; Jacobowitz and 

Palkovits, 1974; Butcher, Talbot and Bilezikjian, 1975; Butcher and 

Bile zikj ian , 1975; Lehmann and Fibiger, 1978; Butcher and Talbot, 

1978; Meibach and Weaver, 1979). While these demonstrations have 
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clearly shown AChE to be contained within nigro-striatal neurones, none 

has provided the critical demonstration that AChE is contained within 

dopaminergic nigro-striatal neurones. Recently, however, this has been 

done. By using fluorescence histochemistry and a pharmaco-histo

chemical treatment for AChE, on the same brain section, Butcher and 

Marchand (1978) were able to show that DA and AChE co-exi s t within 

the same nigro-striatal neurones. 

Despite this demonstration of co-existence, we cannot be sure of 

the point of cholinoception. It is generally agreed that AChE does 

not reliably indicate this - there i s for example, no cor respondence 

between the distribution of AChE and eH) QNB (muscarinic r eceptor) 

binding in the feline neostriatum (Brand, 1980). It i s also recognised 

that AChE is synthesised within somata and transported somato-fugally 

along axons (Jeffrey and Austin, 1973) and as we lmow that cholinergic 

receptors exist on the terminals of the nigro-striatal pathway we 

can assume that some of the AChE i s used there. Indeed, Lehmann and 

Fibiger (1978) have argued that this is its sole function. 

However, the precise localisation of nigro-striatal AChE must 

also be considered. Following histochemical treatment to display AChE

containing neurones, Butcher, Talbot and Bilezikjian (1975) observed 

that "some processes, probably dendrites, of the more ventrally situated 

neurones of the rostral zona compacta projected toward and into zona 

reticulata; this feature was observed more frequently in the medial 

and central portions of the rostral zona compacta than in the lateral 

aspect". The stained neurones possessed dendrites which also 

contained AChE, and these neurones , as Butcher and Marchand (1978) 

were later to show, ar e t he DA neurones which fbrm t he nigro-striatal 

projection. Presumably this AChE is either synthesised within somata 
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and transported along t he dendrites or synthesised in situ in the 

dendrites. In either case, it can hardly be destined for use Rt the 

striatal terminals. As such, ~'1e must presume U.L8 t it has a function 

within the substantia nigra. Confirmation not simply of the exi s tence 

of AChE in pars compacta dendrites but also of i ts releas e under 

s timulation has recently been provided by Greenfield et. a1. (1980), 

greatly strengthening the argument in favour of a cholinergic function. 

Using cats implanted bilaterally wi th nigral and caudate nucleus 

push-pull cannulae, they observed a spontaneous release of AChE 

within both structures. Application of 30 roM potassium to one 

substantia nigra increased the local releasecr AChE and was accompanied 

by remote changes in enzyme release within t he other three structures, , 

which were associa ted with, but were different to, changes in DA 

release. AChE release was potentiated in the contralateral caudate 

and inhibited in the i pSilateral caudate and contralateral substantia 

nigra, while DA release was enhanced wi t hin all four structures. 

We might therefore conclude that AChE is contained within the 

dendrites of pars compacta DA neurones and that it is released both 

spontaneously and under physiological stimulation. It must also 

be concluded that its most likely function is to hydrolyse ACh ; 

that is,to inactivate a cholinergic input to the DA neurones . 

iii. Acetylcholine-Dopamine ,Interactions in t he Substantia Nigra 

iiia. Summary of Evidence Already Presented 

This evidence rests entirely with acetylcholines terase which, 

as has just been observed (this Chapter, section iic) is contained 

within the DA neurones of the pars compacta (Butcher and Marchand, 1978). 
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While some of this ACIlE is probably synthesised in these somata but 

destined for transport to striatal terminals, some undoub tedly 

has a function within the substantia nigra. Demonstrations of 

dendritic s t orage (Butcher and Marchand, 1978) and rel ease both 

spontaneously and under physiological stimula tion (Greenfiel d et. 

al., 1980) suggest very strongly that there exists a cholinergic 

input t o these neurones . The existence within substantia nigra of 

acetylcholine itself (Jacobowitz and Goldberg, 1977) choline acetyl

transferase (Kuc zenski et. al., 1975) and muscarinic cholinergic 

receptors (Kobayashi et. al., 1978 ) make such an interactinn possible . 

iiib. Functi onal Studies of ACh-DA Interactions in Substantia Nigra : 

Elect roPhysiology 

Several electrophysiological studies demonstrate that nig:r'al 

ACh can affect nigro-striatal DA cells. Javoy et. al. (1974 ) found 

that carbachol increased the striatal content of DA; Aghajanian 

and Bunney (1974) observed ACh, microiontophoreticallyapplied, to 

have no effect on pars compacta cells but to excite zona reticulata 

cells; Lichtensteiger et. ale (1976) found that peripherally applied 

physos tigmine decreased striatal EVA concentration and inhibited t he 

firing of nigro-striatal DA neurones, while nicotine induced a 

transient decrease in unit activity for 1 minute followed by a 

sustained increase accompanied by a marked rise in cellular fluore

scence intensity; Dray and Straughn (1976) found that microionto

phoretically applied ACh excited cells in both the pars compacta and 

the zona reticulata. 

Together, these results indicate that ACh might inhibit, excite 

or have no effect upon pars compacta DA neurones. However, all of 
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these studies adopted a similar approach in that they used anaesthe

tised or paralys ed animals. (Javoyet . ale (1974) us ed a halothane/ 

nitr ous oXide/oxygen mixture; Agha j anian and Bunney (1974) immobilised 

with gallamine; Lichtens teigeI' et . a1. (1976) urethane.) It can be 

argued that this approach might lead to misleading data by examining ) 

as an analogy, t he effects of d-amphetamine on sl:ri.a.tCl.L activity 

in anaesthetised and unanaesthetised animals. In anaesthetised 

animals, d-amphetamine produces a long-lasting depression of neuronal 

activity, occasionally p(eced~d by a transient excitation (Groves 

et. al., 1974, 1975b; Rebec and Groves, 1975; Bunney et. al., 1973). 

However, in both awlke cats (Trulson and Jacobs, 1979) and rats (Hansen 

and McKenzie, 1979) systemically adminis tered ~-amphetamine (1-10 mg/kg) 

induces a high rate of discharge which lasts for the duration of the 

drug's effects. Moreover , Huff et. a1. (1979) have shown this to be 

accompanied by a dos e-dependent increase in caudat e oDA release. 

Hansen and McKenzie (1979) almos t point out the obvious in saying 

that "the discrepancy between data derived from freely moving 

and immobilised animals suggests that striatal activation ••• may 

depend on sensory feedback from behaviour". As such i t might be argued 

that t he studies on anaesthetised animals might produce data 

which does not necessarily have any relevance to either the normal 

functioning of the nigro-striatal pathway, or the cbolinergicl'dopa

minergic interaction wi thin the substantia nigra. 

iiic. Functional Studies of ACh-DA Interactions in Subst~~i~_Ni~ 

Behaviour 

Very few studies have examined the behavioural effects of choliner gic 

substances applied to the substantia nigra. Two studies have examined 
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the effects of carbachol (an analogue of ACh \,Ti th nnti-cholinescer as ic 

properties) and cholinergic antagonis ts injected into the zona 

r eticulata, on turning behaviour. De Mont is et. al . (1 979 ) observed 

ipsilateral tu:ming foll ov/ing unilateral int ra-nigra 1 car-bachol 

injections and contralateral turning fo l l owing scopolamine , a 

muscarinic receptor antagonist. Bilateral injections of scopolamine 

induced stereotyped behaviour while bilateral carbachol i nduced 

catalepsy, wlrich was not antagonised by apomorphine, i ndicating its 

independence from DA systems. All of t hese injections were made into 

posterior aspects of substantia nigra, presumably therefore, missing 

the pars co~pacta. These authors concluded that cholinergic systems 

controlled posture by activating zona reticulata output neurones which 

GABA-ergic systems normally inhibit. 

James and Massey (1978) present very similar results. Henri

cholinium 3 (HC3), which causes a reduction in neuronal ACh content 

by blocking choline uptake, elicited contralateral rotation, while 

carbachol elicited ipsilateral when injected into the zona reticulat a. 

However, James and Massey (1978) attempt to interpret their data as 

demonstrating an inhibitory cholin~rgic i nfluence on t he DA neurones 

of pars compacta. They claim that haloperidol attenuated the effects 

of intra-nigral HC3 while striatal DA and HVA levels in the striatum 

changed f ollowing nigral cholinergic modif iation. However, on closer 

inspection their data might be explained by cholinergic modification 

of zona reticulata output, as De Montis et. ale (1979) argue, 

because: (i) the dose of haloperidol used to attenuate t he contra

lateral turning elicited by HC3 (2.5 mg/kg) is quite possibly 

sedative, and thus could not be said to have specifically attenuated 

the cholinergic induced rotation; (ii) HC3 depleted striatal DA and 

60. 



increased IIVA levels, while carbachol produced a non-significant rise 

(~~) in striatal DA and lowered HVA concentration. James and Massey 

interpret this as showing a net cholinergic inhibition of nigTo

striatal transmission, by an action within substantia nigra on pars 

compacta cells. However, striatal DA and HVA chrulges over the time 

allowed (15 minutes) could have been mediated by lligro-thalamic/ 

thalamo-striatal (Van Der Kooy, 1979) systems or have been induced by 

behavioural action alone; (iii) James and Massey observe that intra

nigral injection of Dl-flupenthixol (a DA receptor antagonist ) blocks 

carbachol induced rotation. This they interpret as demonstrating a 

dopaminergic link in the action of ACh on pars compacta DA neurones. 

However, as nigral DA receptors have been loc~sed to GABA-ergic 

afferent fibres (Reubi et. al. (1978) -Chapter 3, section ivb) it 

might be hypothesised that blockade of such receptors would prevent 

dopaminergic control of these neurones and consequently permit a 

GABA-ergic inhibition of pars compacta DA cells, or possibly zona 

reticulata cells. As it is recognised that these neurones do have 

a role in rotational behaviour (Chapter 5, section iia) a possible 

respoIllie competition masking the cholinergic response might have 

been established. 

While the possibility of cholinergic inhibition as formulated 

by James and Massey is undoubtedly real, it might be more parsimonious 

to accept that their behavioural data reflect exactly the phenomena 

observed by DeMo ntis et. al. (1979), especially as all ih e injections 

were made into zona reticulata. The modification of the cholinergic 

response by haloperidol is quite conceivably due to a sedative action 

of the drug: doses of haloperidol as low as 0.4 mg/kg have been 

used to achieve non-sedative DA antagonism (Redgrave and Taha, 1980, 

in press) much lower than the 2.5 mg/kg used by James and Massey. The 
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neurochemical estimations might also be explained by various means. 

Until a direct action can be shown the more parsimonious explanation 

must be that carbachol elicits ipsila teral rotation from t he zona 

reticulata by an action on non-dopaminergic output neurones. 

Cholinergic substances injected into substantia nigra have al so 

been shown to induce other characteristic dopaminergic bel~viours. 

Smelik and Ernst (1966) observed that intranigral injections of 

crystalline physostigmine (an AChE inhibitor) in a high dose elicited 

compulsive gnawing, a behaviour commonly associated with DA stimulation 

(yun9ber~ and Ungerstedt, 1978). Smelik and Ernst concluded that AChE 

inhibition had caused a local accumulation of ACh and in consequence, 

stlinulation of the nigro-striatal pathway. Thi~ conclusion was 

reinforced by their demonstration that L-DOPA or apomorphine injections 

into the striatum also elicited compulsive gnawing (Ernst and Smelik, 

1966) • Similar results have be en shown by Decsi et. al. (1 978) who 

found that high doses of carbachol (10-40 p g) injected bilaterally 

into the substantia nigra elicit a dose-dependent stereotyped behaviour 

indistinguishable from t}~t produced by systemic apomorphine. DGcs i 

et. ale (1978) also observed that intra-caudate injections of apo

morphine induced stereotyped behaviour. 

These results appear to demonstrate that cholinergic stimulation 

in the substantia nigra can produce behaviour identical to that 

elicited by dopaminergic stimulation of the striatum. 

iiid. Acetylcholine-Dopamine Interactions in the Substantia Nigra: 

Conclusions 

i. AChE is present wi thin pars compacta neurones and is released 
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from dendrites both spontaneously and under physiological stimulation. 

It is presumably present to inactivate a cholinergic i nput . 

ii. Electrophysiological studies of nigral ACh-DA interactions 

show conflicting data: excitation, inhibition or no effect of 

ACh on pars compacta neurones has been shown. However, as these 

studies were performed on anaes t hetised animals, and as radical 

differences in neuronal respondlllg to pharmacological stimulation in 

conscious or unanaesthetised animals have been demonstrated,their 

relevance to the consciOUS, functional, state is questioned. 

iii. Results of behavioural studies suggest the presence of two 

cholinergic systems in substantia nigra; a zona reticulata syste=n 

activating output independently of DA systems ( De M:l ntis et. al., 

1979), and a pars compacta system, stimulation of which elicits 

behaviour characteristic of high-level DA stimulation of the striatum 

(Smelik and Ernst, 1966; Decs i et. al., 1978). It is hypothesised, 

therefore, that acetylchOline has two IDles wi thin the substar ... tia 

nigra: excitation of zona reticulata output neurones and excitation 

of the dopaminergic nigro-striatal pathway. 
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Chapter 5: Behavioural Functions of the Nigro-Striatal Pathway 

In order to understand the effects of cholinergic agents in 

relation to the nigro-striatal DA system, it would be prudent to 

survey the behavioural functions which this system has previousl y been 

reported to subserve. 

i. Catalepsy 

Catalepsy is a term given to a state of immobility perhaps best 

characterised in animals by the ability to maintain an imposed posture. 

It is not to be equated with schizophrenic catatonia, which has the 

symptoms of catalepsy as well as other features (Baruk, 1950; Bleuler, 

1924). However, in recent studies, the presence or absence of rigidity 

has been used in an atte@pt to discriminate between catalepsy and 

catatonia. Rigidity may be estimated by the ability of a rat to remain 

suspended between two book holders (Bloom, et al., 1976), remain seated 

with an erect trunk or from a clinical estimation of muscle tone 

(Segal et. al., 1977). The presence of rigidity is thought to indicate 

catatonia, while its absence is believed to indicate catalepsy, and 

on this basis opioid treated rats have been classified as catatonic 

(Segal et. al., 1977) while neuroleptic treated rats have been 

classified as cataleptic. If this distinction could be made, a second 

problem would have to be solved - how is catalepsy different from 

ataxia? However, other authors have shown that rigidity i s a component 

of neuroleptic-induced catalepsy as well as opio,d-induced "catatonia" 

(Steg and Ungersted~, 1978; Jurna, 1976). This suggests that rigidity 

is not an adequate factor for differentiating between catalepsy and 

catatonia. As opioid and neuroleptic movement disorders are, however, 
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visibly different, it might be best to simply categorise them as "opioid 

catalepsy" and "neuroleptic catalepsy", rather than attempt to force 

them into the mi.slead:ingly"different" terms catalepsy and catatonm 

(Di Chiara et. al., 1979b). 

Neuroleptic catalepsy is primarily associated with DA receptor 

blockade in meso limbic and striatal areas, and would appear to be the 

converse of the increase in activity seen following administration of 

drugs which release DA and act as psychomotor stimulants (see below, 

this chapter, section iiia). Whether the response is dependent upon 

a specific anatomical locus or type of DA receptor is not clear . 

Carter and Pycock (1979) are prepared to speculate that " ••• a 

distinct site of action for the production of this response has not 

been, and probably cannot be, forwarded". However, lesions of the 

corpus striatum have been observed to attenuate neuroleptic catalepsy, 

while, interestingly, potentiating opioid catalepsy (Koffer et. al., 

1978) • 

It has proved possible to elicit catalepsy not only by neuro

leptic administration, but also by manipulation of striatal output 

and input systems - a feature of DA induced behaviour which we shall 

see over and again. Di Chiara et. ale (1979b) established catalepsy 

by bilateral injection of nanogram quantities of muscimol, a GABA 

agonist, in the ventromedial and ventro-anterior regions of the thalamus. 

Serotonin has also been implicated in the elicitation of catalepsy. 

5HT uptake inhibition was found to potentiate the catalepsy induced 

by the neuroleptic butyrophenone haloperidol (and, moreover, to 

augment the action of haloperidol in blocking apomorphine induced 

stereotypy) (Waldmeier and Delini-8tula, 1979). Similarly, the 
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action of high doses of amphetamine or apomorphine in po t ent i ating 

haloperidol i nduced catalepsy has been f ound to be due t o t he action 

of these drugs in releasing serotonin (Car ter and Pycock, 1979). 

We may thus conclude that (a ) catalepsy may be produc ed by several 

drugs, including neuroleptics which block DA r eceptors ; (b) tha t 

at present, a particular DA projection or receptor population has 

not been identified which alone mediates catalepsy, and (c) t hat , 

as with other DA induced behaviours, i t is possible t o modify or 

induce the cataleptic response by manipulation of ot her striatal affer ent 

and efferent systems. 

ii. Turning Behaviour 

iia Dopamine. the NigrO-Striatal Sys tem and Turning Behaviour 

Turning behaviour - its neuroanatomy, neurochemistry and pharma

cology - is a surprisingly large and complex field of study, which 

is largely beyond the scope of this t hesis. (For a t horough review, 

see Pycock, 1980.) Unilateral stimulation of the brain has been known 

to provoke postural as symmetries and rotati onal behaviour since the 

last century (Ferrier, 1873) but ~l recent years it has been widely 

used as an index of unilateral dopaminergic activity. This is pri

marily the consequence of several demonstrations in Sweden that 

unilateral lesion of the nigro-striatal pa thway by 60RDA results in 

animals turning towards the side of the lesion (Ungerstedt, 1968; 

Ungerstedt and Arbuthnott, 1970; Ungerstedt 1971b), the animals 

a~parently turning away from the side of greatest striatal dopa

minergic activity. Indeed, there is a positive correlation between the 
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rate of circling following DA stimulation and the degree of DA 

deficiency in the striatum (Thornburg and f1oore, 1975). Mesolimbic 

DA projections do not appear to mediate a rotational response. Neither 

direct electrical stimulation of the A10 cell bodies (Arbuthnott and 

Crow, 1971) nor 60RDA lesions of either nucleus (n) accumbens or 

olfactory tubercle (Fleisher and Glick, 1975; Kelly, 1975; COstall 

et. al., 1976) elicits rotation. However, while mesolimbic projection 

manipulation alone will not induce circling behaviour, it has been 

suggested that it does :fOrm an important component of the response. 

Bilateral injections of DA into the nucleus accumbens are known to 

induce locomotion (Pijnenburg and Van Rossum,1973; see below, this 

chapter, section iiia), and intact DA terminals within this nucleus 

are known to be required for the elicitation of rotation (Kelly et. 

al., 1975). Kelly and Moore (1976) have proposed that rotation might 
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be elicited in the rat as a result of (i) a striatal DA imbalance which 

causes a postural assymetry and (ii) stimulation of mesolimbic DA systems _ 

especially within the nucleus accumbens - which provides the loco-

motor component necessary to convert postural assymetry into circling 

behaviour. 

The literature dealing with rotation following peripheral or 

central administration of dopaminergic drugs is extensive, and a 

complete review is beyond the scope of this thesis. Suffice to say 

that in the unilaterally l esioned rat, DA drugs can and do elicit 

rotation whether applied centrally or peripherally. However, two 

interesting discoveries concerning turning behaviour deserve special 

mention. The first is that, in the unilaterally nigro-striatal 

lesioned animal, amphetamine, which acts at pre-synaptic loci to 

potentiate DA release, induces ipsiversive rotation, while apomorphine, 



which acts directly at DA r eceptors , elici t s contraversive rotation 

(for instance, Ungers tedt , 1971b and 1971c r espec·hvely). This 

phenomenon has been ascribed to the development of a denervation 

supersensitivity among the receptor population of the l esioned s ide , 

enabling apomorphine to have maximal effect on that side , while 

amphetamine, reliant on intact presynaptic terminals, acts maximally 

on t he unlesioned side. The second interes ting phenomenon is t he . 

observati on by Cools and colleagues t hat in cats , different striatal 

sites support either contraversive or ipsiversive turning. Low doses 

of DA injected into the medial two-thirds of the striatum elicit 

contralateral turning, which i s antagonised by haloperidol (Cools 

and Van Rossum, 1970) while at other intracaudate sites these doses 

elicit ipsilateral turning which is insensitive to haloperidol blockade 

(Cools et. al., 1975). Large doses of DA at either of these sites 

cause ipsilateral turning (Cools and Van Rossum, 1970; Cools, 1971). 

These data are thought to demonstrate the existence of two (or more) 

types of DA receptor, one excitatory, the other inhibitory (see 

Chapter 4, section i.). 

It has proved possible to influence rotational behaviour by mani

pulation of many different neurotransmitter systems : ACh , noradrenaline, 

serotonin, GABA, SP and enkephalin have all been reported to affect 

rotation (see Pycock, 1980). As we observed with the modification of 

catalepsy by non-DA drugs, it may be possible to link some of these 

effects to other striatal afferent or efferent systems . Unilateral 

destruction of nigral cells by kainic acid elicits a r otational response 

which is unaffected either by DA r eceptor blockade or EDHDA lesion of 

nigral DA cells (Di Chiara et. al., 1977; Olianas et . al., 19780); 

unilateral thalamic stimulation by muscimol induces ipsilateral rotation 
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which is converted to contralateral rotation by i. p. administration of 

apomorphine (Di Chiara et. al.,1979c); amphetamine induced cir cling 

is susceptible to nigral GABA level manipulation (Thiebot and Soubrie , 

1979); superior colliculus lesions support circling (Crossman and 

Sambrook, 1978) which is independent of DA systems (Reavill et. al., 

1979). All of these results are presumed to indicate that nigra 1 

efferents (principally those to t he thal~us and tectum) may mediate 

striatal effects relayed via the GABA-ergic stria to-nigral system. 

Whether or not these systems support rotation with complete inde

pendence of the nigro-striatal DA system, or i f this pathway has 

a primary r ole, is not yet absolutely clear. 

iib Cholinergic Stimulation and Turning Behaviour 

Cholinergic drugs have been reported to influence turrLing 

behaviour, showing effects in rats with unilateral nigro-striatal 

lesions as well as modifying the effects of dopaminergic drugs. Such 

modification of dopaminergic activity is not surprising when one 

considers that the nigro-striatal projection is known to make extensive 

terminal connections in the striatum with the l ar ge popul ation of 

cholinergic interneurones present there(See Chapter 4, section i). 

However, "studies reporting turning behaviour and postural asymmetries 

elicited following unilateral injection of cholinergic/anti-cholinergic 

drugs into various regions of the basal ganglia are confusing and 

contradictory" (Pycock, 1980). In the rat, unilateral injections of 

cholinomimetics into the caudate n. are reported to cause i psiversive 

head turning (Costall et. al., 1972a; McKenzie et. al., 1972) or 

contraversive head turning and asymmetry (Dill et. al., 1968; Matthews 

and Chiou, 1979). In contrast, anticholinergics are reported to induce 
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contralateral posturing (Costall et. al., 1972a; Costall and lfaylor, 

1974) or to have no effect (McKenzie et. al., 1972). Similar striat al 

injections in other species have been reported to elicit differ ent 

results. 

These data may be explained by the presence within the striatum 

of a non-homogeneous population of cholinergic receptors . It i s 
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known that different portions of this structure support different 

behaviours (see below, this Chapter, section iiia)that the DA pro j ection 

is not uniform (Chapter 4, section i), and that efferent pa thways are 

not homogeneously organised. (The striato-nigral GABA-ergic pathway 

for instance shows a topographical arrangement similar to that of the 

nigro-striatal DA pathway.) Under these circumstances, it would be 

surprising if striatal cholinergic systems were to display a functional 

homogeneity. 

Within the substantia nigra, microinjections of cholinergic 

drugs elicit turning behaviour in the rat, and as with cholinergic 

injections into the striatum, considerable confusion exists among the 

reports; species differences may account for part of this confusion. 

However, within the studies on the rat, variation in results might be 

explained by the location of the microinjection within substantia 

nigra. Following unilateral stimulation by carbachol of posterior 

portions of substantia nigra (presumably into caudal zona reticulata), 

De MOntis et. al.,(1979)observed dose-dependent ipsilateral turning 

which could be antagonised by scopolamine given either systemically 

or intranigrally. These authors also found that scopolamine injected 

alone at these sites elicited contraversive turning. Furthermore, 

bilateral injections of carbachol elicited catalepsy which was resistant 

to apomorphine treatment, but reversed by scopolamine. Similar injections 



of picrotoxin also elicited catalepsy, but in this case , both apo

morphine and scopolamine reversed the effect . De l-iont i s et. al. 

concluded that a cholinergic system in the r eticulata , mediated by 

muscarinic receptors played "a role i n the control of pos ture opposite 

to that of ni&;Tal GABA receptors". James and Massey (1 978) al so 

observed contraversive turning following injection of hemicholinium 

and ipsilateral turning following carbachol injection in zona 

reticulata (Chapter 4, section iiic). Costall et • . al. (1972a) f ollow 

this trend in finding that cholinergic stimulation of the nigra 

elicits ipsilateral turning (though t hey found atropine injections 

to be ineffective) but provide no intra-nigral localisation of the 

injections. As yet, no studv has examined the effects of cholinergic 

stimulation of the pars compacta on turning behaviour. 

iic Turning Behaviour Elicited from Unlesioned Animals 

Rotational behaviour can be elicited by dopaminergic drugs in 

unlesioned animals, although the rate of rotation is usually much 

slower than that seen following similar pharmacological treatment of 

unilaterally lesioned animals. Amphetamine (Jerussi and Glick, 1974; 

Thiebot and Soubrie, 1979) and apomorphine (Jerussi and Glick, 1975; 

Keren and KoXCzyn, 1978) both induce rotation, usually in opposite 

directions in the same animal (Jerussi and Gli ck, 1976). Amphetamine 

induced rotation is blocked by DA synthesis inhibition, while both 

this and apomorphine induced rotation are blocked by haloperidol. More

over, at certain doses, both L-IXHA and haloperidol itself have been 

lmown to induce circling (Jerussi and Gli ck, 1976). Jerussi and Glick 

(1974) initially hypothesised that this circling reflected a natural 

imbalance between the nigro-striatal pathways and have attributed 

amphetamine induced rotation to an asymmetry in striatal DA concentration 
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(Glick et. al., 1974; Jerussi and Glick, 1976); apomorphine induced 

rotation apparently reflects an asymmetrr amongs t the pos t-synaptic 

receptor populations in the striata of nonnal r at s (Jeruss j_ et. a1., 

1977) • 

Other drugs have also been discovered to elicit rotation in 

unlesioned animals: tetrahydrocannabinol, morphine, LSD and s ero

tonergic drugs all share this f acility (see Pycock, 1980). Scopolamine 

and atropine are both reported to potentia te the effects of amphetamine , 

and to induce similar rotation when administered alone (Jerussi and 

Glick, 1976; Korczyn and Eshel, 1979). Pilocarpine - a cholinergic 

stimulant- has also been observed to antagonise amphetamine induced 

rotation (Jerussi and Glick, 1976). 

In addition to pharmacologically stimulated rotation in non-lesioned 

animals, Korczyn and Eshel (1979) have reported a spontaneous circling 

in rats. While the circling was slow and not "nose-to-tail" -

in contrast to the unilateral lesion studies - the animals exhibited 

a statistically significant preference to rotate (as measured over a 

17 . hour period). These authors have therefore claimed tha t the rotation 

induced pharmacologically is simply a reflection of a hyperactive 

component of the drugs - and moreover that as non-DA drugs appear to 

induce rotation, then the "striatal asymmetry" model might not be 

valid. We might thus usefully conclude this review of turning behaviour 

with the following observations. 

(i) Animals may show a strong preference to circle in a particular 

direction when neither lesioned nor pharmacologically treated. 

(ii) DOpaminergic drugs may however release a circling behaviour in 
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unlesioned animals which is phenomenologically different from that 

spontaneously demonstrated. 

(iii) That in unlesioned animals, asymmetries appear to exist in 

both striatal DA concentration and amongst post-synaptic striatal 

DA receptors. Whether or not asymmetries are responsible for the 

spontaneously occurring rotation is not clear; similarly, whether or 

not the psychomotor stimulants amphetamine and apomorphine elicit 

73. 

circling rather than locomotion by playing upon (and possibly exaggerating) 

these asymmetries is not clear. Both of these are valid hypotheses. 

(iv) That non-dopaminergic drugs,including cholinergics, might affect 

rotation by an alteration of striatal afferent or efferent systems 

which normally interact with the DA system. 

iii. stereotypy and Locomotion 

While turning behaviour in unlesioned animals has been reported, 

following systemic administration of dopaminergic agonists such as 

apomorphine and d-amphetamine, stereotyped behaviour and locomotion 

are the more commonly reported effects of these drugs. 

iiia Dopamine. the Striatum. Stereotypy and Locomotion 

At lower levels of dopaminergic stimulation a potentiation of 

general locomotor activity is observed, followed, at rather higher 

levels, by stereotyped behaviour. First classified by Randrup and 

Munkvad (1968), stereotypy usually takes the form of repetitive move

ments of the head and/or forelimbs, repetitious walking on a fixed 

path, sniffing, licking, oral behaviour or gnawing, dependent on the 

drugs used, dosage and the animals. At very high levels of stimulation, 



retropulsion has been observed, thOU~l this may be attributable to the 

activation of serotonergic systems (Lees et. al., 1979) r at her than 

catecholaminergic ones. 

It has proved possible to show an anatomical dissociation 

between locomotor activity and stereotyped head and oral movements. 

Locomotion has been elicited by microinjection of dopaminergic agonists 

into the nucleus accumbens, the principal terminal region of the 

mesolimbic DA system (Pijnenburg and Van Rossum, 1973; Pijnenburg 

et. al., 1973; Pijnenburg et. al., 1976) while d-amphetamine induced 

locomotion has been blocked by injections of haloperidol into this 

area (Pijnenburg et. al., 1975). On the other hand stereotypy 

has been elicited by microinjections of d-amphetamine into the caudate 

n. (Costall et. al., 1972b). Moreover, lesions of the caudate n. 

have been found to abolish or attenuate oral stereotypy elicited by 

dOpaminergic stimulants (Fog et. al., 1970). That locomotor activity 

and oral stereotypy are dissociable effects has been demonstrated by 

Kelly et~ al., (1975) who observed that 60HDA lesions which depleted 

the caudate n. of DA by 50.%, but which spared n. accumbens and olfactory 

tubercle, substantially reduced the stereotyped behaviour elicited by 

5.0 mg/kg of d-amphetamine applied systemically. On ~he other hand, 

locomotor activity elicited by 1.5 mg/kg of this drug was unaffected 

by caudate n. lesions, but was attenuated by 60HDA lesions of the 

n. accumbens (79% DA reduction) which apparently spared the caudate 

n •• These lesions in turn spared the stereotypic activity of the higher 

dose. Creese and Iversen (1975) showed a rather more complex pattern 

following selective lesions. As expected, 1.5 mg/kg d-amphetamine 

elicited locomotion but not stereotypy in control animals. However, 

behaviour elicited by the drug following 60IIDA lesions within the 
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caudate n. appeared to be dependent 011 the severity of the l esion . 

In caudate-DA depleted animals, the drug elicited bizarre locomotor 

activities and stereotypy but in less severely DA depleted animals it 

elicited twice the locomotor activity of controls and no stereotypy. 

Creese and Iversen (1975) concluded that " ••• both locomotor and 

stereotyped responses induced by amphetamine are dependent on the 

functional integrity of t he nigro-s t r iatal DA pathways". 

The simple involvement of mesolimbic DA with locomotion and 

nigro-striatal DA with stereotypy may prove inadequate for several 

reasons. As we have previously observed, the anatomical distinctions 

are not as clear as once thought. The substantia nigra (Chapter 3 , 

section ii and Chapter 2, section iv.mv)has been observed to project 

not only to the striatum but also to the n. accumbens, while the 

distinction between A9 (substantia nigra) and A10 (the ventral teg

mental area) has been questioned by others; moreover, some anatomists 

now consider the n. accumbens might best be considered as a ventral 

extension of the striatum, while this might best be considered not as 

a homogeneous whole but as a heterogeneous structure, which, within 

specific portions, contains various afferent and efferent neurones. 

In respect of this last point, Creese and Iversen (1975) observed 

an abolition of stereotyped behaviour with lesions restri cted to 

ventral aspects of the caudate n., whereas electrolytic lesions of 

the dorsal striatum have no effect on amphetamine-induced stereotypy 

(Neill et. al., 1974a). Different areas of the striatum also appear 

capable of mediating the effects of DRL responding (Neill and 

Herndon, 1978), avoidance behaviour (Winocur, 1974), spontaneous 

wheel running (Neill et. al., 1974b) and feeding behaviour (Neill and 

Linn, 1975; Neill 1976; Neill and Grossman, 1973). For some functions, 
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the n. accumbens or certain aspects of striatum appear to exert 

equal influence. Neill et. al., (1978) observed t ha t cryst &l or 

solution injections of DA or d-amphetamine into the ventral anterior 

striatum, but not dorsal or posterior aspects lllcreased r ates of lateral 

hypothalamic self-stimulation: these authors noted that iIljections of 

these drugs into the n. accumbens were as effective as those in the 

ventral anterior striatum. 

Moreover, the effects of drugs whose primary action may be to 

stimulate DA activity within the striatum need not be confined within 

that structure. Peripherally administered amphetamine (Wechsler 

et. al., 1979) or apomorphine (Brown and Wolfson, 1978) increase 

neuronal 2 deoxy-D-glucose utilization (accepted as an index of 

metabolic activity (Sokoloff et. al., 1977)) in structures at a 

distance from the striatum -the subthalamic nucleus, the zona reticulata 

and the superior colliculus (see Brown and Wolfson (1978), Figure 1, 
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p. 189). These structures all receive, directly or indirectly, 

information from the striatum: presumably amphetamine acts to release 

DA here, this stimulation activating striato-nigral GABA (mld possibly 

SP) neurones which in turn synapse within the sUbstantia nigra to 

stimulate thalamic and tectal efferent neurones as well as 

establishing a possible feedback relationship with the pars compacta 

DA neurones themselves. 

As with both catalepsy ruld rotation, stereotyped behaviours may 

be elicited or mrulipulated through these striatal output systems. Koob et. 

al., (1978) observed potentiation of stereotyped behaviour - including 

that elicited by d-amphetamine - following potentiation of GABA 

trrulSmission in substantia nigra; unilateral or bilateral destruction 



of zona reticulata cell bodi es by kainic acid results i n , respectively, 

turning and stereotyped behaviour, insensitive to both DA receptor 

blockade and DA cell body destruction (Di Chiara et. al., 1977; 

Olianas et. al. , 1978a); stimulation of thalamic neurones (by 

morphine) in the terminal regions of the nigro-thalamic pathway, has 

been reported to elicit compulsive gnawing (Bergmann et. al., 1974), 

as have microinjections of picrotoxin (a GABA antagonist) into inter

mediate and deep layers of the superior colliculus (Dean et. al., 1980). 

Clearly, stereotyped behaviours may be manipulated by excitation or 

inhibition of striatal output systems, and so to tie stereotypy 

unqualified, to the striatum, or even aspects of the striatum, leaves 

a great deal unsaid. What appears to be the case is that certain types 

of behaviour - sniffing and rearing for instance ,- are mediated by or 

through the striatum, and not the n. accumbens. Alternatively, 

locomotor activity (or, it might be suggested, stereotyped walking 

(Schiorring, 1979))appears to be mediated by the n. accumbens or the 

n. accumbens and the striatum. 

iiib The Process of stereotypy 

Two questions remain unanswered. First, to take the n. accumbens 

and striatum together, how far can we localise particular behaviours, 

and indeed components of those behaviours, to specific areas and 

neurones? And second, how is the process of stereotyping (for it 

must always be borne in mind that this is a description of behaviour, 

not a "behaviour" in itself) actually brought about? How do behaviours 

such as sniffing, walking and rearing come to be stereotyped? How 

does the process of stereotypy - repetition of an invariant sequence 

of behaviour - come to dominate the animal's behavioural repe~toire? 
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To the first of these questi ons, this thes is has no answer, 

other than to restate that (i) different areas of the striaturr, have 

been observed to mediate different behaviours, and (ii) we have 

repeatedly observed how dopaminergically induced behaviours may be 

elicited by the appropr iate s timulation of others parts of the brain 

known to receive information from the originally manipulated DA 

systems. (For instance, picrotoxin injected into deep layers of the 

superior colliculuH elicits a gnawing response (Dean et. a1., 1980) as 

does apomorphine stimulation of the striatum (Ernst and Smelik, 1966): 

presumably the striato-nigral and nigro-tectal pathways link the two.) 

We might tentatively hypothesise therefore, that certain areas and 

nucle:ii are specifically tied to certain behavioural functions, but 

that the connections of these areas may modify or even induce that 

behaviour. 

The process of stereotypy has, on the other hand been examined 

and must be considered. Lyon and . Robbins (1975) have examined in 

depth the behavioural effects of amphetamine, and advance a hypothesis 

concerning the actions of the drug - and similarly acting psychomotor 

stimulants - which appears to explain its behavioural actions within 

a single framework. In searching for a general principle of amphe

tamine action, Lyon and Robbins observe that one of the very few 

consistent generalisations to emerge from the literature is that 

of Dews (1958) who observed that " ••• when t he control performance 

includes long inter-response times then low effective dos es of amphet

amine will tend to reduce their number and length. Conversely, at 

higher doses ~ the number of very short inter-response times would be 

reduced" (Lyon and Robbins 11.81). They extend this concept ion of rate 

changes to demonstrate that "the increasing stereotypy yields higher 

and higher rates of activity but in more and more limited categories 
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of response" (p. 82), t he behavioural repertoire being limited by 

perseveration within certain response categories - t hose most 

amenable to performance at a high rate - to the exclusion of others. 

This process continues until the animal enters a state of virtual 

catalepsy, being unable to initiate and maintain even the s implest 

movement. Thus, paradoxically, as Lyon and Robbins put i1; "perhaps 

the oddest feature is that the animal finally ceases to respond not 

because of inhibition, but because of maximal excitation" (P. 89). 

Lyon and Robbins are thus able to set out a formal "General Hypo

thesis of the Actions of Amphetamine" (which is believed to apply 

equally well to other psychomotor stimulant drugs) and which might be 

put forward as an explanation of the process of stereotypy. This 

General Hypothesis states that: 

"The action of amphetamine is such that as the dose response 

within the central nervous system increases, the repetition of all 

motor activities will increase with t he result that the organism will 

tend to exhibit increasing response rates within a decreasing number 

of response categories" (p. 85). 

These authors go further and describe four discriminable stages 

of action of the drug, all following the principle that the general 

increase in eNS activity will be made apparent in the relative pro

portion of time spent in the possible unconditioned behaviours 

available to the animal in a given situation. In the first instance, 

complex behaviours and behavioural chains are eliminated - especially 

thos e requiring long pauses. As the level of stimulation increases, 

those behaviours capable of repetition without long pauses and amenable 
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to a high rate of performance will dominate the animal's behaviour 

(for instance, locomotion and rearing) and gradually shorter and 

shorter response sequences (for instance, biting, forepaw movements) 

become more dominant, until only tremor is possible. It In the final 

stages, all overt activity will cease because the nervous system is 

in such a rapidly changing repetition pattern that no activity of 

consequence can be completed" (p. 89). Conditioned behaviours, as well 

as unconditioned, are susceptible to this process, though the degree 

of training, recency, and the ~ype of test and response required 

affect the quality of the stereotyped behaviour. 

To summarise, Lyon and Robbins perceive stereotyped behaviour to 

be the product of an overstimulation of nervous activity which 

increasingly allows only behaviours capable of performance at ever 

increasing rates to be displayed. As the dose response increases the 

observed behaviour will be selected from a diminishing range: fewer 

categories of overt behaviour are observed, but these are executed at 

a higher rate of performance than is normal. 

iiic Cholinergic Elicitation and Modification of stereotypy 

We have already noted that stereotypy may be modified by striatal 

afferent and efferent systems other than the dOpaminergic one (this 

Chapter, section iiia). However, as we have also noted that the nigro

striatal DA system interacts with cholinergic systems in both the 

striatum (Chapter 4, section i) and the substantia nigra (Chapter 4 

section iii), a cholinergic modification of stereotypy might be 

expected. 

On this point the literature is quite clear: a cholinergic 
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mechanism in the brain inhibit s amphetamine stereotypy (Arnfred and 

Randrup, 1968). Systemic atropine, a muscarinic receptor antagonist, 

potentiates intra-str iat ally (Costall et. al., 1972b) or systemically 

(Phillips, 1974) elicited amphetamine stereotypy. Fnysostigmine 

(an AChE inhibitor) on the other hand, attenuated amphetamine stereo

typy (Phillips, 1974). The effect of atropine alone, systemically 

applied, is dose-dependent. Phillips (1974) found 10 mg/kg atropine 

ineffective, whereas Decsi et. al., (1979) observed stereotypy at 

doses between 12.5 and 50 mg/kg. Moreover, this effect was abolished 

by intra-caudate injections of triperidol, a DA antagonist. 

An interaction between DA and ACh in the s t riatum has been observed 

by Sahakian et. ale (1978), who found that the stereotypy elicited 

by systemic apomorphine could be blocked by direct stimulation of 

striatal muscarinic receptors without necessarily affecting striatal 

ACh levels. Indirectly acting cholinergic agonists (physostigmine 

and choline chloride) increased striatal ACh levels but lacked an 

immediate effect on apomorphine stereotypy. This observation is con

sistent with the belief that nigro-striatal DA neur.ones synapse on a 

population of cholinergic neurones within the striatum (Chapter 4, 

section i). 

Characteristic dopa.miJl er9ic. stereotypies . have been observed following 

direct microinjection of high doses of either cholinergic or dopa

minergic drugs into the striatum or the substantia nigra. Atropine 

microinjected into the striatum elicited stereotypy which was abolished 

by systemic triperidol (Zambo et. al., 1979). Costall et. al., (1972b) 

found that high doses of amphetamine (25-400pg) microinjected into the 

striatum also elicited stereotypy: sniffing was observed although 
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the characteristic features of high level peripheral amphetamine 

administration - gnawing, biting and licking - were all absent 

despite the large doses used. Systemic haloperidol or arecoline 

potentiated the effects while atropine abolished them. Ernst and 

Smelik (1966) however observed stereotypic gnawing following implantat ion 

of crystalline apomorphine (approximately 10qug) into t he striatum. 

Cholinergic injecti ons into the substantia nigra elicit charac

teristic dOpaminergic stereotypy. Winn and Redgrave (1979) observed 

stereotyped biting and gnawing following microinjection of 5pg carbachol 

into substantia nigra. Decs i et. ale (1978) also observed carbachol 

induced stereotypy at doses between 10 and 40pg. The stereotypy 

observed by Winn and Redgrave (1979) could be blocked by administration 

of low, non-sedative doses of systemic haloperidol (Redgrave and Taha 

1980). Physostigmine (approximately 30pg) has also been observed to 

elicit biting when implanted into the substantia nigra (Smelik and 

Ernst, 1966). 

These observations might be used to conclude that: 

i. As potentiation of dopaminergic neurotransmission within the 

striatum by large doses of microinjected apomorphine or amphetamine 

elicits stereotyped behaviour, and as a similarly microinjected 

cholinergic antagonist also elicits stereotyped behaviour, it might 

be concluded that DA acts within the striatum to inhibit cholinergic 

neurones. The observation that muscarinic receptor blocking agents, 

in doses which do not affect striatal ACh levels, can antagonise 

apomorphine-induced stereotypy tends to support this. 
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ii. As potentiation of cholinergic neurotransmission in the substantia 

nigra by large doses of microinjected carbachol or physostigmine also 

elicit stereotyped behaviour, which may be antagonised by low, 

non-sedative doses of haloperidol, it might be concluded that a 

cholinergic system within the substantia nigra stimulates activity in 

the nigro-striatal pathway. 

iv. The Nigro-Striatal DA System and Feeding Behaviour 

There are three lines of evidence which suggest that the nigro

striatal DA system might have an important role in the regulation of 

feeding behaviour. 

iva DA Systems in Relation to the Lateral Hypothalamic Syndrome 

Lesions of the lateral hypothalamus (LH) have long been known to 

induce a syndrome of severe aphagia and adipsia (Anand and Brobeck, 

1951; Teitelbaum and Stellar, 1954). Feeding and drinking are 

eventually recovered by LH lesioned animals if they are maintained 

through the immediate post-operative period by intragastriG f eeding 

(Teitelbaum and Stellar, 1954). Recovery appears to involve several 

discrete stages, which have been catalogued and analysed in detail 

(Teitelbaum and Epstein, 1962). However, even following recovery, 

these animals appear to have several persistent deficits, which 

include: 

a. failure to drink in the heat (Epstein and Teitelbaum, 1964). 

b. impaired responding to cellular dehydration (Epstein and Teitel

baum, 1964) - though it has also been reported that drinking does occur 

in response to intracellular (or intravascular) fluid compartment 
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dehydration if testing is allowed m continue over several hours 

(Stricker, 1976). 

c. not drinking in the absence of food (Epstein and Teitelbaum, 

1964) and (alternatively), drinking only in association with eating 

(Kissileff, 1969). 

d. failure to eat in response to insulin (Epstein and Teitelbaum, 

1967). 

e. overeating in a cold envir onment (Epstein and Teitelbaum, 1967). 

f. body weight changes (Powley and Keesey, 1970) and body weight 

set point changes (Keesey et. al., 1978). 

g. Extreme finickiness in food choices (Teitelbaum and Epstein, 

1962). 

Additionally, there appear to be sensory-motor deficits which 

have an important role in creating the initial aphagia and adipsia 

(Marshall et. al., 1974; Marshall and Teitelbaum, 1974). Unilateral 

LH lesion produces sensory-motor deficits on the side contralateral 

to the lesion, while bilateral lesions, naturally, induce bilateral 

deficits. These deficits include a defective response to sensory 

stimuli - unilateral lesions cause a neglect of contralateral visual, 

tactile, and olfactory stimuli - orientation failures, failure to 

use limbs properly in situations requiring precise control, a marked 

changed in limb muscle tone and a tendency to move in ipsilateral 

rather than contralateral directions following unilateral lesion, 

all in addition to the well known consummatory deficits (Marshall 

et. al., 1974; Marshall and Teitelbaum, 1974). 

A great deal of controversy has surrounded what has become known 

as the lateral hypothalamic syndrome, particularly in respect of two 
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points. First, are neurones intrinsic to the LH responsible for the 

syndrome of aphagia and adipsia and/or t he sensory-motor neglect, and 

second, hOly far does the one syndrome contribute to t he other? 

(Specifically, can the aphagia be accounted for by the sensory-motor 

neglect?) In terms of the work we shall examine, these discussions are 

of little relevance. For the moment, suffice to say that until 

recently, neurones not synapsing within the LH (fibres of passage) 

were thought by some authors to be of paramount importance, t hough 

some recent evidence appears to demonstrate that the LH itself plays 

a crucial role. Injections of kainic acid - a neurotoxin with a 

specific target in cell bodies - into the LH have been reported to 

elicit a classic aphagic and adipsic syndrome, strongly suggesting 

that intrinsic hypothalamic neurones may mediate this effect (Gross

man et. al., 1978; Stricker, et. al., 1978). Moreover, bilateral LH 

destruction in infant rats has been reported to induce, even in adult 

life, consummatory deficits without sensory neglect or attentuated 

arousal (Almli et. al., 1979) indicating that the LH neurones have 

specific feeding behaviour/body weight regulation functions. 

Despite this recent work specifying the role of the lateral 

hypothalamus in inducing the LH syndrome, earlier work indicated 

that other structures could mediate similar effects. In particular, 

destruction of hypothalamiC fibres of passage at locations outside 

this structure appeared to induce identical LH syndromes. In particular, 

bilateral 60HDA injections into the nigro-striatal pathway at the level 

of the substantia nigra or globus pallidus "produce a syndrome of 

feeding impairments strikingly similar to that seen after LH electro

coagulation" (Marshall et. al., 1974). Indeed, by 1974 it was 
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the degree and co-ordination of the surviving feeding abilities being 

correlated with the extent of striatal survival (Sorensen and 

Ellison, 1970) and that intraventricular 60HDA induced a "LH 

syndrome" which could be similarly overcome by intragastric feeding 

and intensive care (Zigmond and Stricker, 1973). Kainic acid lesions 

of the striatum also induce aphagia and body weight loss (Sanberg and 

Fibiger, 1979). 

Work continued to demonstrate that fibres of passage, coursing 

through the LH, could induce LH effects. Parasagittal knife cuts 

along the lateral border of the diencephalon or coronal cuts across 

either lateral or medial components of the medial forebrain hundle 

(M.F.B.) reproduced most of the glucoprivic and hydrational 

challenge deficts of rats which had sustained electrolytic lesions of 

the LH or 60HDA lesions (McDermott et. al., 1977). Transection of 

fibres crossing the LH borders were reported to induce fragmented 

spontaneous ingestive patterns resembling those of LH lesioned animals 

(Rowland, 1979). 

Clearly of most importance to the present discussion are the 

repeated demonstrations that lesions of the striatum (mechanically or 

by neurotoxin), or the nigro-striatal pathway (by intra-nigral 60HDA, 

transsection in the diencephalon or M.F.B., or by globus pallidus 

lesions) can induce a syndrome of which aphagia is clearly a component. 

Indeed, total or SUb-total 60HDA lesions of substantia nigra (and the 

V.T.A.) induce striatal DA depletions of varying 

degrees of severity, greater caudate n. DA depletion 

leading to more severe aphagia (Oltmans and Harvey, 1976). Whether 

this aphagic state is in addition to, or a consequence of, sensory 
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neglect is an open question. A recent report suggests that l esions 

of the nigra - or its forebrain connections - produce sensory neglect, 

while LH lesions which predOminantly spare the fibres of passage 

(within the internal capsule) do not (Feeney and Wier, 1979). 

Marshall (1979) presents data in support of this, in that following 

V.T.A. 60HDA leSions, the severity of somatosensory inattention is 

highly correlated with neostriatal DA depletion. (Though, he notes, 

mesolimbic DA terminals may also contribute to the defects , .) An 

hypothesis suggesting that nigro-s~rL~al lesions induce sensory neglect 

while LH lesions induce consummatory/body weight regulation deficits 

is consistent with recent reports. However, the rela tionship between 

nigro-striatal sensory-motor deficits and aphagia is not clear. 

Three hypotheses might be presented: 

(i) nigro-striatal lesions induce two5efar~syndromes - sensory

motor neglect and aphagia/adipsia. 

(ii) nigro-str iatal lesions induce a sensory-motor neglect which in 

consequence disrupts feeding behaviour 

(iii) nigro-striatal lesions induce a general sensory-motor neglect, 

all or part of which involves a sensory-motor system specific 

for feeding behaviour. 

This thesis cannot discriminate between these hypotheses, and, 

indeed, does not seek to: the important consideration for our present 

purposes is that nigro-stciatal lesions do induce a syndrome of aphagia. 

ivb Dopaminergic Drugs and Feeding Behaviour 

A variety of evidence suggests that DA drugs - both agonists and 

antagonists - can influence feeding behaviour. With reference to the 
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aphagia induced by substantia nigra 60HDA l esions , it has been found 

that peripheral administration of the DA agonis t apomorphine, in 

low doses, can reinstate co-ordinated eating 24-48 hours after t he 

lesion(lju~berg and Ungerstedt, 1976). Predictably, higher doses of 

apomorphine failed to reinstate eating, but instead , elicited ·stereo-

typed behaviours, including non-food directed gnawing. More interesting 

is the observation by these authors that LH electrocoagulation-induced 

aphagia could not be reversed by apomorphine, a possible interpretation 

of this being that neurones intrinsic to t he LH support feeding 

independently of the fibres of passage. Similarly, Schwartz (1978) 

found that, as predicted, caudate-putamen glucose consumption decreased 

following electrolytic LH lesion or nigral 60HDA lesion. However, 

Schwartz also noted that this decreased glucose consumption was 

reversed by systemic apomorphine. (Presumably restoration of caudate 

n. activity following LH lesion is not sufficient to reinstate eating 

as an intra-hypothalamic system has also been destroyed.) 

One might assume from this work that drugs eliciting a release 

of DA in the str iatum would elicit eating, and conversely, t hat 

neuroleptic or other DA blocking drugs would abolish feeding, being 

the pharMGcological equivalent of the nigro-striatal 60HDA lesion. 

Work to support both of these hypotheses is available within the 

literature. Costa et. ale (1972) describe how 0.3 mg/kg i.v.(+) 

amphetamine caused an increase in striatal DA turnover but not tel-

diencephalic NA turnover. Indeed, such low doses have been reported 

toGiicit feeding behaviour, (although not by Costa et. al., - quite the 
r"Q.Ve.r.5e in -Face!) 

A. Blundell and Latham (1978) report that 0.125 mg/kg d-amphetamine in 

rats increased food intake measured over a 24 hr. period. Holtzman 

(1974) reported that 0.3 mg/kg d-amphetamine increased food intake in 
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the rat over a 2 hour test period . Dobrzanski and Doggett (1976) 

demonstrated 0.5 - 2.00 mg/kg + amphetamine to have "markedly increas ed 

the negligible food intake of free-feeding mice bet ween 12.00 and 14 . 00h , 

an effect which rapidly disappeared at higher doses". Eichler and 

Antelman (1979) report that low doses of apomorphine - a direct 

DA receptor stimulant - can also induce feeding when adminis tered in 

very low doses. 

Work in support of the converse-DA antagonist blockade of feeding -

is readily available. Zis and Fibiger (1975) r~ort t hat neuroleptics 

induced food and water intake deficits similar to the LH syndrome. 

Rolls et. ale (1974)found doses of spiroperidol greater than 0.316 

mg/kg attenuated or abolished feeding; Heffner et. al e (1977) 

found that 0.5 mg/kg spiroperidol was effective in reducing food 

intake. In a study using three different butyrophenones , Rowland and 

Engle (1977) found the following doses to abolish or attenuate 

feeding to a statistically significant degree : 0.2 mg/kg droperidol 

and 0.2 mg/kg haloperidol while 0.1 mg/kg spiroper idol reduced intake, 

but not to a statistically significant degree (in agreement with 

Heffner et. al., 1977). All of these drugs also caused a dose-

dependent decrease in water intake. 

From these studies a clear picture emerges: nigro-striatal DA 

lesions abolish feeding. Neuroleptic administration abolishes feeding. 

Low doses of d-amphetamine, increasing striatal DA turnover, are 

reported to increase food intake. Unfortunately, this picture is 

clouded by a great many other results which indicate quite a different 

scheme; d-amphetamine is acknowledged by many as being a classic 

gnorexic agent, while reports also exist showing that doses of spiro-



peridol even lower than those noted for their anorexic properti es , 

actually stimulate feeding (0.016 mg/kg (Rolls et. al ., 1974); 

0.02 mg/kg (Rowland and Engle, 1977)). 

The explanation of these biphasic dose-response effects is far 

from clear. For the actions of amphetamine however, t here are hypo

theses which might account for its effects. That d-amphetamine is 

indeed a potent and specific anorexic agent is beyond doubt. Blundell 

et. a1. (1976) giVG a clear demonstration of this, and fur thermore, 

show that its main effect is to increase the inter-meal interval. 

These authors interpret this as being an effect on hunger (whereas 

fenfluramine another potent anorexic agent reduces meal size and 

is consequently believed to affect satiety mechanisms). However, 

these authors, not unusually in amphetamine anorexia studies, used a 

dose of amphetamine (1.75 mg/kg) sufficient to induce both an increase 

in locomotor activity (for instance, see Mumford, et. al., 1979) and 

stereotyped behavIour (for instance, see Pechnick et. al., 1979). 

How far do these behaviours interact and c'onflict? Moreover , at 

this dose, does amphetamine have widespread or localised effects on 

brain DA (and NA) systems? 

To solve this puzzle it is best to initially examine the l ocalised 

effects of amphetamine. Applied to the striatum this drug is known 

to induce stereotyped behaviour (Costall et. al., 1972b), and although 

not commented on by these authors this would presumably preclude feeding 

and represent an anorexic effect. Additionally, injections of amphet

amine into the lateral hypothalamus induce an anorexic state in rats. 

Booth (1968) found that injections of amphetamine into the LH suppressed 

feeding, while injections of noradrenaline at the same site potentiated 
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it, therefore concluding that amphetamine elicited anorexia by 

an action on an adrenergic system - not dopaminergic - within the 

LH. Leibowitz (1974) also found that l ateral hypothalamic inj ections 

of amphetamine induced anorexia, and found this to be blocked by the 

noradrenergic beta-blocker propranolol but not the al pha-receptor 

blocker phentolawine. Haloperidol (in a dose probably sufficient 

to block both NA and DA systems)also abolished the amphetamine 

anorexia. 

These data lead back to t he work previously discussed on the 

relationship between "lateral hypothalamic anorexia" and "fibres of 

passage anorexia". It seems entirely plausible that amphetamine, 

while acting on a noradrenergic and/or dopaminergic system within the 

hypothalamus induces anorexia by an action on a feeding system but 

may also, independently, act on striatal DA systems to induce a similar 

anorexic s tate by behavioural competition. Thus inhibition of only 

NA synthesis does not abolish the anorexic effects of amphetamine, 

(Franklin and Herberg, 1976) presumably because it is still able to 

act at DA synapses in the striatum. (Unfortunately, the converse of 

this does not appear to hold good : nigro-striata l destruction apparently 

attenuates the anorexic effects of amphetamine (Carey and Goodall, 

1975) .) 

While some (not all) of the evidence points to anatomically 

dissociable effec t s of amphetamine, the behavioural question remains 

unresolved. It i s possible that a "genuine" feeding system exists within 

the LH upon which amphetamine may act t o induce aphagia; but is the 

striatal system concerned purely with feeding, or is it a sens ory-motor 

system - or indeed, both? As yet, no conclusive evidence has been 
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presented to resolve this conundrum. However, it i s well worth noting 

tha t the effect s of amphetamine upon avoidance behaviour (Lyon and 

Randrup, 1972) and in quieting hyperactive children (Robbins and 

Sahakian, 1979) have both been ascribed to s tereotypic effects of this 

drug. It i s not too wild a suggestion that the actions of amphe

tamine - certainly \'li thin the striat um if not the hypothalamus -

in inducing anorexia , might be ascribed t o sensory-motor, stereotypic 

dysfunctions. 

The low dose effects of neuroleptics in inducing eating is a far 

less well resear ched area: indeed it has been almost totally 

neglected. However, besides the postulates that differ ent neuro

chemical and/or neuroanatomical mechanisms might account for the 

observed biphasic effects, there is an explanation for the data, 

which has a long hist ory. In 1963, Carlsson and Lindqvis t reported 

that chlorpromazine and haloperidol could stimuiate the metabolism and. 

synthesis of brain catecholamines, and these authors speculated that 

blockade of DA receptors might influence a negative feedback system. 

In a more recent version of this scheme Carlsson (1975) has proposed 

that the feedback function might be achieved by a more localised 

mechanism: presynaptic autoreceptors. The speculation runs that a t 

low doses, these ne~oleptics act at autoreceptors and produce the 

reverse of their higher dose post-synaptic effects. Carlsson als o 

accounts for the blphasic actions of apomorphine in this manner. 

Thus, overall, the initial picture - DA agonists inducing feeding, 

antagonists and lesions aphagia - might remain sound, although not 

without complications. Anatomical, chemical and behavioural alter

natives make possible a completely reversed scheme, but do not 
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necessarily invalidate the one presented. 

ivc Stress-Induced Feeding and the Ni~~~Striatal DA Sys tem 

Stress in the form of a mild tail-pinch has remarkable effects 

in inducing feeding behaviour. Eating is the predominant r esponse 

in this syndrome, although gnawing and licking are also observed 

(Antelman eta al., 1975). DA appears to be critically involved in 

the s~drome: the relatively specific DA antagonists spiroperidol and 

pimozide both abolish the response while similar administration of 

NA blocking drugs (phentolamine and sotalol) have no effect. (Although 

it has been reported that tail-pinch increases brain NA turnover 

(Antelman eta al., 1975).) 60HDA lesions of the nigro-striatal DA 

system are able to attenuate the response, although this treatment 

blocks the initiation of tail-pinch eating in only 44% of trials 

despite extensive striatal DA depletion (Antelman eta al., 1975). 

Tail-pinch also appears able, like systemic administration of apo

morphine (ljungberg and Ungerstedt, 1976) to induce sufficient 

ingestion of food in the newly LH lesioned rat to enable it to survive 

until spontaneous eating occurs (Antelman eta al., 1976). Failure 

to treat animals during this period otherldse almost certainly 

results in death. Stressing animals which display LH lesion or 

nigro-striatal lesion-induced sensory-motor dysfunction by placing 

them in a sink of water will also reverse the defects, though unfor

tunately they are corrected for no more than 4 hours 'Marshall eta 

al., 1976). Interestingly, Marshall and Berrios (1979) note that 

aged rats showing,spontaneously, signs of DA neurone loss-induced 

sensory-motor dysfunction, undergo a marked improvement in swimming 

performance when treated with either apomorpldne or L-DOPA! 
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The picture that emerges from these results, i s that the 

sensory-motor inattention induced by DA depleting lesions can be 

overcome by stress. Moreoever, stressing healthy animals elicits 

a clear syndrome, of vlhich eating is the major component. Thus low 

levels of stress appear to possess dopaminergic properties: its effects 

are blocked by specific DA antagonists and indeed its effects mimic 

those of low level apomorphine stimulation (in reversing the effects 

of nigro-striatal lesions) and low level amphetamine stimulation (in 

eliciting, spontaneously, f eeding behaviour). 

ivd Summary of Section iv 

The nigro-striatal DA system appears capable of mediating eating 

behaviour. This is suggested by the observations that: 

i. 60HDA lesions of the nigro-striatal DA system provoke a syndrome 

of aphagia, adipsia and sensory-motor neglect, strikingly similar to 

that elicited by LH lesions. 

iie Low doses of the DA stimulant amphetamine (or apomorphine) induce 

feeding; higher doses are thought to induce anorexia by either 

acting on a lateral hypothalamic system which appears to be unrelated 

to fibres of passage or striatal DA dysfunction, or by acting within 

the striatum and/or mesolimbic areas to induce locomotion and/or 

stereotyped behaviours incompatible with feeding. 

iii. Neuroleptic drugs induce consummatory deficits similar to LH 

lesion. Low dose stimulant effects of these DA antagonists might be 

explained by effects on different neuroanatomic structures or on pre

synaptic receptors. 

iVa Stress induces a syndrome of which eating is a major component. 

DA antagonists block this. Moreover stress can reverse the aphagic 
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and sensory-motor deficits induced by nigro-striatal lesions or LH 

lesions. 

v. In total this evidence points to the nigro-striatal DA system 

being able to mediate eating, if stimulated appropriately, though 

it is not clear to what extent the aphagia observed following lesion 

is due to a specific effect on a putative striatal feeding system or 

a result of sensory-motor defects. 
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Chapter 6 : Summary and Experimental Hypotheses 

In Chapter 2 the anatomy of the substantia nigra was examined, and 

we observed this structure to be composed of a lleterogenous population of 

neurones, varying in respect of size, morphology and projection areas. 

The possibility of t he nigra containing inter-neurones was also 

discussed. Projectiolill to and from the striatum (caudate-putamen and 

globus pallidus) were noted as were efferent connections with the 

superior colliculus and the ventro-medial thalamus. Reciprocal 

connections with the sub-thalamic nucleus and the raphe nucleii were 

also examined. The striatal cOIUlections of the substantia nigra 

emerged as its most t horoughly studied ruld, to date, important 

projections. The nigro-striatal projection, mediated by DA, is 

clearly the most thoroughly investigated efferent projection of the 

substantia nigra, paSSlllg information to the striatum where it 

synapses upon a dense population of cholinergic interneurones, which 

are primarily inhibited by DA. The GABA mediated striato-nigral 

pathway is topographically organised in a maIUler strikingly similar 

to that of the DA projection from pars compacta, although presumably 

it serves not only to relay DA-mediated information back to substantia 

nigra but also to receive independent intra-striatal input of its 

own. This pathway appears to synapse within the zona reticulata 

upon large neurones which project to the t halamus and tectum. 

It has been hypothesised that these GABA-ergic striato~nigral 

neurones relay inf ormation back to the DA cells of pars compacta. 

The observation that DA receptors within the nigra are found on GABA

ergic striato-nigral neurones supports this; the observation that 

decreases in both GABA and GAD content of substantia nigra fail to 



alter striatal DA tUIT110ver does not. The evidence from receptor 

localisation studies suggests that a DA/GABA interaction exists, 

while the failure of GABA depleting lesions to alter striatal DA 

parameters suggests trillt the action of GABA is not to directly 

inhibit DA cells. Perhaps the activity of GABA neurones is modified 

by DA activity within the nigra? Such an hypothesis might reconcile 

these otherwise contradictory findings. 

Little is known about input to the DA cells of pars compacta. 

SP released from a striato-nigral pathway appears to excite them, and 

stimulate DA release within the caudate n •• However, the neuro-

transmi tter properties of SP (and o'ther newly discovered neuro-peptides) 

remain to be fully confirmed, while behavioural responses to intra

nigral infusion of SP do not elicit strikingly "dopaminergic" responses. 

Serotonin, released from raphe-nigral neurones is thought to inhibit 

DA cells in the pars compacta. While the DA neurones themselves have 

been extensively studied and DA effects within the striatum examined, 

little work has been done to investigate potential afferents to these 

cells. 

Perhaps the most probable neurotransmitter candidate for stimulating 

DA neurones is ACh. We may advance a variety of evidence to support 

this: 

i. ACh and CAT are contained within substantia nigra, possibily within 

interneurones. 

ii. Muscainic cholinergic receptors exist within substantia nigra. 

iii. AChE is stored within and released from the denclrI tes of pars 

compacta DA neurones, presumably to inactivate a cholinergic input. 
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iv. Electr ophysiological evidence generally shows ACh to affect DA 

cells; some studies shovi excitation, others inhibition. 

v. Following high doses of carbachoi or physostigmine infused into 

substantia nigra character istic dopaminel'gic stereotypies have 

been observed. 

Chapter 5 examines the behavoural functions of the nigro-striatal 

pathway. The clearest generalisation concerning these neurones might 

be that they are involved in motor control; the concept of rate

dependency appears to be useful in further understanding their 

actions. At the very highest levels of stimulation catalepsy has been 

observed, but this is also knO\ill to follow neuroleptic treatment. This 

paradox is explained by hypothesising that under extreme stimulation, 

thes e neurones are in a constantly repeating state of activation at 

such a high level that no behavioural act can be either initiated or 

completed. Lowering the level of stimulation reveals short behavioural 

patterns repetitiously performed (stereotypy); continued lessening 

of the stimulation shows response chains of longer duration and greater 

co-ordination. 

A few reports exist documenting the presence of feeding behaviour 

at very low levels of dOpaminergic stimulation. An involvement of 

the dopaminergic nigro-striatal projection with feeding behaviour 

might be predicted because: 

i. Dopaminergic stereotypes frequently show an oral and/or olfactory 

characteristic - gnawing, sniffing - which could represent components 

of eating behaviour fragmented by over-stimulation. 

ii. Lesion of the nigro-striatal DA pathway by lateral hypothalamic 

or SUbstantia nigra . l es i ons can elicit .a syndrome of aphagia and 
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Three hypotheses could account for the aphagic syrldrome seen 

following nigro-striatal pathway destruction: 

(a) nigro-striatal lesions induce two separate syndromes - sensory

motor neglect and aphagia/adipsia 

(b) nigro-striatal lesions induce a sensory-motor llegl ect which in 

consequence disrupts feeding behaviour 

(c) nigro-striatal lesions induce a general sensory-motor negl ect 

all or part of which involves a sens ory-motor system specific 

for feeding behaviour. 

The following experimental hypotheses mi@lt thus be presented : 

1. DIREX:'l' OR INDlREX:T LOW LEVEL STIMULATION OF DOPAMINE llliLEASE 

FR0l1 TER1'flNALS OF THE NIGRO-STRIATAL PROJEX;TION SHOULD ELICIT 

FEEDING BEHAVIOUR, WHILE HIGHER LEVELS OF STIMULATION ELICIT 

STEREOTYPED BEHAVIOUR. 

20 LOW-LEVEL STIMULATION OF THE NIGRO-STRIATAL PATHWAY AT THE LEVEL 

OF THE SUBSTANTIA NIGRA SHOULD ALSO ELICIT BEHAVIOURAL PHENOMENA 

SIMILAR TO THOSE OBSERVED BY DIRECT STIMULATION OF DOPAMINE 

RELEASE. CHOLINERGIC SUBSTANCES SHOULD PROVIDE SUCH STIMULATION. 

NOREOVER, ACEn'YLCHOLINESTERASE INHIBITION SHOULD INDUCE FEEDING 

BEHAVIOUR. RIDEPl'OR BLOCKING AGENTS SHOULD ANTAGONISE ANY SUCH 

CHOLINERGIC RESPONSE. 
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Chapter 7: Met hods and Techniques 

Specific details relating to i ndividual experiments are provided 

separately: the following (i-iv) are general details r elating to 

experiments 1, 3,4 and 5. 

i. Animal Housing 

All the animals used were male black hooded rats (PVG/C strain) 

weighing between 210 and 330 grammes immediately before surgery, 

(Experiment 3), 310 and 385 gms (Experiment 4) and 325 to 535 gros 

(Experiment 5). All were housed individually under constant temperature 

(~24°C)and lighting conditions. (8 hours darkness: 2200 hours to 

0600 hours or 2300 hours to 0700 hours, dependent on British Summer 

Time.) Food (Oxoid No. 41B) and water were freely available at all 

times; in addition, animals were allowed four sticks of dry spaghetti 

(approximately 25cm. each) every day. Sawdust bedding material was 

always available; cages were routinely cleaned once every week. 

During the experimental sessions animals were housed in individual 

boxes (30 cm long, 25cm wide and 17.5cm deep). No bedding material 

was present in these boxes, which were thoroughly cleaned after each 

experimental session. Animals were either tested betwUil 0930 hours 

and 1200 hours or between 1330 hours and 1600 hours. The relevant 

indwelling stylets were removed from the implanted animals at the start 

of the test session and replaced at the end, prior to replacing the 

animals in their home cages. The experimental material available to 

the animals is detailed in the individual experimental methods. 
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ii. Surgical Procedure (Experiments 3-5) 

Prior to being pos i tiored i n a stereotaxic f rame (David Kopf 

Instruments), in the orientation of De Groot fo r implantation using 

the atlas of Pellegrino and CUShmrul (1967), animals were anaesthetised 

by adminis tration (ip) of 'Sagatal ' (May and Baker Limited ; pento

barbitone sodium), following l ight anaesthetisation by ether . The 

top of the head was shaved immediately following anaesthetisati on. 

When in the stereotaxic frame , animals'temperature was maintained by 

means of a homeothermic blmlket, t emperature being monitored by a 

rectal probe. (Homeothermic Blmlket Control 8142, C.F. Palmer 

Limited.) 
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Having exposed the skull following a midline incision (and controlled 

any bone bleeding by the application of 'Gelfoam' (the Upjohn Corporati on 

Kalamazoo, rlichigan» holes to accommodate skull screws (l2BA x 3/16") 

and guide cannulae (23ga, 11mm, 5.5mm remaining above dura) were 

drilled using Ash Round number 1 burrs held in a dental drill mounted 

on the stereotaxic frame. The cannulae and skull screws were then 

surrounded by cranioplast. (Cranioplastic liquid and powder, Plastic 

Products Co. Limited.) Care was taken to avoid excess application 

of cranioplast, and to prevent rough edges from forming on or around 

the implant. If necessary, the wound was then se~led with a suture 

anterior and/or posterior to the implant as necessary. (r.iersilk non

capillary sterile braided silk suture. ) Guide cannulae carriers 

Imving been removed, indwelling stylets were positioned in the guides 

and wound dreSSing powder applied. Immediately following removal 

from the stereotaxic and homeothel~c blanket .control, animals were 

returned to their home cages, where the sawdust bedding material had 



been replaced by shredded paper, to prevent infection of the wound, 

and to maintain temperature. Until the ruLimals had fully r ecovered 

consciousness, a strong light was placed directly above the cage : 

this had the effect of both maintai ning temperature and providing a 

stimulus for movement . Aureomycin (an antibiotic) was administered 

to the animals via the water supply for a week f ollowing surgery • 

AltUnals were allowed a minimum of t wo weeks to recover from surgery 

before experiments began. 

iii. Cannula Construction 

All guide cannulae were constructed from 23ga s tainless steel 

hypodermic tubing. (Internal diameter .01 3", external diameter .025".) 

Cannulae were constructed with bevelled ends, t o allow easy passage 

through tissue; t he protruding end had a drop of ' solder appl ied to 

provide an adequate surface for craniopl st to adhere to once the 

implant was secured (See Fig. 6) . 

Injection cannulae were constructed from 29 or 30ga stainless 

steel hypodermic tubing. (29ga : ID .007", OD .01 3"; 30ga : ID . 005", 

OD .012".) All were bevelled. A 23ga collar was fitted to the needle: 

adjustment of the cannula to the correct l ength for injection was 

made by the addition of a measured piece of PP20 pol ythyl ene tubing 

below the collar . (See Figure 7) . Indwelling stylets were constructed 

from 29ga tubing, with a 23ga top soldered in position. Styl ets were 

constructed to fit snugly into guide cannulae and to be flush with 

the guide at the tip , to prevent clogging of the guide cannula by 

necrotic tissue (See Figure 6). 

102 . 



Figure 6. A diaeram shovJing the implantation of guide cannul ae 

into the eNS. The guide cannulae (E) are cons tructed of 23ga . 

stainless steel hypodermic tubing, the tip of which i s bevelled . 

These are held in place by cranioplastic cement (A) which i s 

held to the skull surface by four stainless steel skull screws. 

Solder applied at the top of the guide cannulae (B) aids the 

cranioplast in holding the guide cannulae. Stylets , constructed 

from 30ga. tubing (D) with a 23ga. cap soldered in place (C) 

prevent occlusion of the cannulae. Vertical co-ordinates are taken 

not from the skull surface (G) but from dura (F). 
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Figure 7. Microinjection Cannula. This is constructed from 30ga 

stainless steel tubing (C) and is beyelled at the tip (D). A 23ga. 

collar is soldered in position (A) and an adjustable collar, cut 

from PP20 polyethylene tubing, is fitted (B) allowing for 

adjustment of cannula length. 
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iv. In.jection Procedure (See. Fl,9ure 8.) 

All microinjections were made unilaterally. The injection 

cannula, held by the collar in artery clamps, was connected by PP10 

polyethylene tubing to a 1ml syringe fitted with a 30ga needl e , 

containing a solution of the drug to be injected. This solut ion would 

then be flushed through the tubing and cannula. After this procedure 

the syringe and needle were carefully disconnected, avoiding the 

introduction of air into the tubing. However, one small air bubble 

was deliberately introduced into the open end of the tubing before 

connecting it to a ten microlitre Hamilton syringe f illed with absolute 

alcohol. The microlitre syringe was then /mounted i n a Harvard 

Apparatus infusion/withdrawal pump (Model 901) modified to accept 

microlitre syringes. The pump would then be switched on to expel 

any air accidentally introduced into the cannula, and to bring the 
. 

one deliberately introduced air bubble into a section of tubing 

loosely held in a clamp graduated in O.~ divis ions. 

When ready to inject, the cannula was removed from the artery 

clamps and held between first finger and thumb of the r i ght hand while 

the animal to receive the injection was picked up in t he left hand . 

(Stylets were always removed from the guides immediately after taking 

them from their home cages.) The injection cannula was then carefully 

inserted into the guide cannula, causing the animal as little distress 

as possible., before gently returning him to the experimental box. 

The animal having settled, the pump was t hen switched on f or 26 

seconds to pass 0.5p1 of fluid through the cannula. The flow of 

solution was monitored by the movement of the air bubble and by direct 

observation (though a lens) of the microlitre syringe. After 26 
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Figure 8. The Microinjection. A 30ga. microinjection cannula is 

inserted into the rat's brain via permanently implanted guide cannulae 

(A; see also figures 6 and 7). This is connected by PP10 polyethylene 

tubing (B), filled with the fluid to be injected, to a 10Jil Hamilton 

syringe (G) mounted in an infusion pump (E). The flow of fluid can 

be monitored at two points: (1) by examination of the microlitre 

syringe through a lens (F) and (2) by following the progress along 

the polyethylene tubing of a small air bubble (C) allowed to form 

in the open end of the tubing before connecting it to the alcohol 

filled micro litre syringe. During the injection the rate of passage 

of the bubble is observed by lightly clunping the tubing against a 

graduated (O.1ti divisions) scale (D). 
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seconds the pump was switched off; the cannula was l eft in plcce for 

a further 30 seconds to allow for dispersion of the sol ution. 

If, for any reason, inj ections were found to be faulty, experi

ments were terminated, and ar~ data collected discarded. 

v. Experiment 2: Methods and Techniques 

This experiment was performed i n the Experimental Psychology 

Laboratory, Institute of Neurology, The National Hospital, London. 

The author is grateful for the facilities made available by 

Dr. L.J. Herberg. 

va Animal Housing 

The animals used in this experiment were Wistar rats (Bantin 

and Kingman Ltd., Hull) weighing between 325 and 360g immedi a t ely 

before surgery. Animals were singly housed under natural lighting 

and at an ambient temperature of approximately 24°C. Food (Oxoid 

No. 41B and 4 25cm sticks of spaghetti a day) and water were freely 

available. Sawdust bedding was provided; cages were cleaned once 

every week. 

vb Surgical Procedures 

Similar surgical procedures were adopted as for experiments 

3-5, except that: 

a. a Stoelting stereotoxic device was used, not a David Kopf. 

b. a homeothermic blanket was not used. 

c. dental cement was used in place of 'cr anioplast'. 
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d. aureomycin was not administered. 

In all major respects, surgical proc edures were idenhcal i n 

all experiments involving i ntra-cerebral administration of drugs. 

vc Cannula Construction 

Guide cannula of the appr opriate length were made from Plas tic 

Products Guide Cannulae. These are identical to those used pr'eviously, 

except f or having a plastic screw-thread covering t hat portion of 

the cannula above the skull. Indwelling stylets were cons tructed as 

previously described, as were injection cannulae. 

vd In,jection Procedure 

The same procedure was adopted as for experiments 3-5, except that 

for these injections an 'Agla' syringe mounted in a home-made pump 

was used. 0.5pl of fluid was delivered i n exactly 30 seconds, not 

26 seconds as in the previous experiments. 

vi. Feeding Behaviour Tests 

Feeding behaviour was measured in all experiments by deternDUling 

the amount (length, in ems) of dry spaghetti consumed in a given 

period of time. The spaghetti was available from a glass tube (Figures 

9 and 10) which had an opening from which animals could take it. 

As free feeding tests (i.e. tests which did not involve an operant 

response intervening between animals and food) were used t hroughout, 

this was found to be the most efficient method for measuring consumption 
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Figure 9. Experimental apparatus . Animals were tested in a clean 

cage , at one end of which food and water were continuously available. 

Water was available from a calibrated tube fitted with a standard 

drip feed . Dry spaghetti was available from a glass tube . An 

opening was present at the bottom of this tube through which the rat 

was abl e to obtain the spaghetti . The position of food and water 

in the apparatus was kept constant . (See also figure 10. ) 



Figure 10. Showing a rat in the test apparatus obtaining dry 

spaghetti from the glass tube . (See also figure 9.) 



because: 

a) The amount of spaghetti consumed could be easily determined 

by substracting the amount remaining from the amount given. 

b) Spillage could be minimised. Fragments of IDleaten spaghetti 

could be collected and measured, avoidlllg the problems of 

counting half eaten food pellets and estimating wastage as dust, 

which is negligible with spaghetti. 

c) ~e problem ~f delivery in a non-operant test was solved. 

Presentation of a collection of pellets invariably results in 

scattering,spoiling and wastage, while presentation of spaghetti 

kept food continuously available without rIDlning such risks. 

Animals were trained to eat spaghetti from glass tubes by: 

a) Presenting spaghetti alone in the home ca,g e. 

b) Familiarising the animals with the apparatus in the experimental 

cages. 

c) If the animals had failed to take food from the tubes after this 

they were left overnight with a tube ruld a generous supply of 

spaghetti, but no lab diet, in their home cage. Once this 

procedure was successful, operation (b) was again tried. 

Of all the animals tested, fewer than ~ failed to take 

spaghetti from the tubes. 

The latency and duration of feeding behaviour was also recorded. 

The beginning of the first bout of feeding lasting for more than 30 

seconds was taken as a measure of latency. Duration of feeding was 

assessed by taking the sum total of time spent eating during the test 

106. 



per iod. 

vii. Drugs 

All drugs administered centrally, with the exception of d-

amphetanrine, were dissolved in artificial cerebro-spinal fluid, 

made to the formula of Myers (1971) and pH adjusted to 7.0. (7.46g 

NaCI; 0.1 9g KCI; 0.14g CaCl2 (Anhydrous); 0.19g :t-TgCliH20; 1.76g 

NaI~03; 0.18g Na
2

HP0
4

; 0.61g glucose , all dissolved in 1 litre of 

distilled water. P0
4 

and HC0
3 

salts dissolved separately and added 

to 9/10ths of the final solution.) d~mphetamine was dissolved in 

0.9% sterile saline ("S"U3:riflex", Allen and Hanburys). When administered 

peripherally a volume of 0.25ml per 100g body weight was used. It 

was chosen as a DA stimulant for its reported ability to release DA 

from pre-synaptic sites ratller than block re-uptake mechanisns (it 

can do this but OIUY at high doses) , or directly stimulate receptors 

as apomorphine does (Scheel-Kruger, 1972). The d-isomer has 10X 

the potency of the I-isomer in releasing DA (Clliueh and ~1oore, 1974). 

The following drugs were used: Acetylcholine chloride (Sigma), 

Eserine sulphate (Physosti@lline sulphate) (Sigma), Atropine sulphate 

(Sigma), Mecamylamine hydrochloride (Sigma) and Dexamphetamine sulphate 

(DexedriIle) (which was a gift to the author from Smith, Kline and 

French) • 

viii. Histological Procedures 

Histological verification of all microinjection sites was 

carried out. On completion of behavioural testing, all animals 

were killed by an overdose of barbiturate, administered following 

light anaesthetisation by ether . Animals were then perfused i ntra-
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cardially with a o. gffi. saline solution. Brains wer e t hen pr omptly 

removed and stored in 10% formalin until llis tological s ectioning 

was undertaken. 

Prior to sectioning, brains were blocked i n t he plane of 

Konig ~~d Klippel (1963) or (Experiment 3 only), Pellegri no and 

Cushman (1967) and the formalin removed by thorough flushing with 

cold tap water. Brains wer e then mounted in a f reez.ing microtome 

(MSE freezing stage microtome) or in a cryos tat. 25p s ections were 

cut. Cresyl violet, or the more basic aniline s tain t hionin , were 

used to stain nucleii and the glial borders of cannulae tracks . 

The following steps were involved i n t he staining procedure , 

once the sections had been mounted on glass slides smeared with either 

glycerin albumin or albumin 

1. Water rinse (for a f ew minutes). 

2. Progressive alcohol rinses (7a/o, 9a/o, 95%, 100%, 2-5 minutes in 

each). These steps gradually dehydrate the s ections . 

3. Xylene (20 minutes). This step removes cellular lipid subs t ances 

which, if not removed, impair staining. 

4. Alcohol rinses (10~, 95%, 90%. 7a/o, 2-5 minutes in each) followed 

by a water rinse (2-5 minutes): these stages gradually r ehydrate 

the sections. 

5. Stainir.g; cresyl violet or thionin (2-10 minutes). 

6. Water rinse (briefly). 

7. Decolourization. This is achieved by brief ly agitating the slides 

in an acid-alcohol solution (1 part 10% acetic acid to 9 par ts 

absolute alcohol). Alternatively, on some occasions, the slides 
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were taken back through the four alcohol rinses and xyl ene in order 

to provoke decolourisation. 

9. Slides were cover slipped using Depex mounting raedium. 

Sites were then verified by light microscopy , and the positions 

recorded in the representative frontal sect'ims shown i n t he f i gures 

following each experimental report. 

ix. Statistical Treatment of Dat a 

The experiments reported here adopt a paradigm i n which each 

ani mal receives each dose of drug and t he vehicle alone in all 

individually-determined rando!ll order. Each animal t hl1.s serves as its 

own control. The author holds the view t hat while all the reported 

microinjections in a particular experiment may be contained solely 

wi thin one anatomical structure (though with substantia nigra this i s 

unlikely) there is no guarantee that they are aimed at exactly the 

same point wi thin that structure. Indeed, it is virtually certain 

that they are not, and as such" .it migat be ar gued t hat eacrJ. inj ection 

represents a discrete experiment involving a particular dose of drug, 

at a particular neuroanatomical site, in a particular animal . 

As non-parametric statistical tests require fewer assumptions about 

population varirulce than equivalent parametric tests, ruld as they 

rarely are much less powerful thrul parametric tests, non-parametric 

statistical tests were used t r...roughout (see Table 2). 

Wherever appropriate, a non-parametric rulalysis of variance 

(ANOVA) has been used (Friedman two-way ANOVA: X 2) to i lli tially test 
r 
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Non-Parametric Test 

Friedman Two Way ANOVA 

Wilcoxon flfatched-Pairs 
Signed-Ranks Test 

Sign Test 

Mann Whitney U Test 

Table 2 

Not known, but Siegel (1 956 ) shows it 
to have essentially the same power 
as a parametric ANOVA (p.172) 

Small samples = 95%,Large sampl es --
95.5%, the power efficiency of the 
equivalent parametric t test. 

N = 6: 9~ power efficiency of the 
t test. This declllles to 6~ as the 
sample size increases. 

95.5% of equivalent t test 

Table 2. Comparisons of Power -Efficiency of Non-Parametric Tests and 
Equivalent Parametric Tests, when all the Assumptions of 
the Parametric Test Have Been Met. (From Siegel , 1956.) 



t he data. When signif icance (set at p <: .05) has been achieved , 

further mlalysis of the data has employed the Wilcoxon Matched-

Pairs Signed-Rank t est (or, when n is low « 6), t he Sign Test ). 

When appropriate, the Milllll-~Iitney· U Test has been used to examine 

independent sampl es . Possible associations between feeding, drinking 

mId the site of injection have been tested usi ng Spearmans Rank 

Correlation Co-efficient . All of these tests are outlined and 

discussed in Siegel (1956). 
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Chapter 8: Experimental Repor ts 

Experiment One: The Effects of Systemically Applied d-Amphet-

amine on Behaviour 

Purpose 

Two reports exist detailing the effects of low doses of 

d-amphetamine, a drug which acts to enhance the release of cat echo-

lamines (and at high doses, other monoamines), in potentiating feeding 

behaviour in rats (Blundell and Latham, 1978; Holtzman, 1974).At 

very low doses, systemic administration of this drug i s believed to 
_ ,,' .. 1'... J #' I ~.r.. . ~. . , 

AS no study .exists 

showing a complete dose-response from very low doses to doses large 

enough to induce behavioural stereotypy, this experiment was perfor-

med to initially establish the principle that increasing levels of 

dopaminergic stimulation lead to changes in behaviour ranging from co-

ordinated eating up to behavioural stereotypy. 

Method 

Five male black-hooded rats (pvG/C strain), approximately 120 

days old and weighing 350-400g at the start of the experiment, were 

used. The animals were individually housed under controlled temp-

erature and lighting conditions,and were allowed ad lib access to 

food and water. Sticks of dry spaghetti were included in the animals ' 

diet. 

Prior to testing all of the animals were trained to eat sticks 

of dry spaghetti from glass tubes. Animals were allowed three 

habituation sessions in the test apparatus before experiments began, 



being placed into individual boxes (marked off into 4 equal quadrants) 

where hard and soft wood chips, dry spaghetti in glass t ubes and 

water (in a calibrated bottle) were fr(~ely available. On sub-

sequent alternate weekdays the animals were injected i ntra-peritoneally 

with a single dose of d-amphetamine sulphate ("Dexedrine",Smith , 

!'"J.ine and French) dissolved in O.gfo sterile saline, or a control 

injection of the vehicle alone immediately before being tested. The 

time of day at which testing took place was held constant for each 

animal. Each animal received all five doses of d-amphetamine (0.125, 

0.25,0.50, 1.00 and 4.00 mg/kg) and the control injection in an 

individually randomised order. The volume injected was also standard

ised - O.25ml per 100g body weight. 

Seven different measures of activity were observed and recorded, 

the rat's current behaviour and pOSition being recorded at 5 minute 

intervals, giving a total of 36 observations. 

1. Eating was measured in centimetres of spaghetti; latency of onset 

was also recorded. 

2. Drinking was measured in mls. of water consumed. 

3. Stereotyped behaviour was assessed at five minute intervals on 

the following 5-point scale: 

o Absence of stereotyped sniffing, etc. 

2 Slight sniffing and licking, with ambulation. 

4 Strong sniffing and licking, with ambulation. 

6 Strong sniffing and licking; immobility. 

8 Incessant sniffing and licking; immobility; retropulsion. 

All points from 0 - 8 were used (i.e., odd number scores were 
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used); the l atency of stereotyped behaviour was also recorded . (T.his 

was taken as the first score of 1 or more.) 

4. .Locomotor activity was assessed by recording, once every five 

minutes, the quadrant in which the animal was present. Quadrant 

changes (1 = change , 0 = no change) between subsequent 5 minute periods 

were summed for each animal overfue t est period to provide an index 

of activity. 

5. The total time spent ~lawing wood chi ps was r ecorded in seconds. 

6. The number of tmes each animal reared (both forepaws off' the floor 

of the cage) was recorded. 

7. The total time spent grooming was recorded. 

Observation was maintained for three hours following injections, 

after which animals were returned to their home cages. 

Results 

a. Consummatory Beh.aviour 

Reference to Table 3 shows that d-amphetamine had a clear dose-

dependent bitonic effect on feeding behaviou~. Analysis of Varian ce 

showed this effect to be statistically sigrp.ficant (X r
2 

= 20.89, 

df = 5, p < .001). Further analysis using t he Sign Test showed that 

significant differences existed between the 1.0Omg/kg condition and 

all others, and the 4.00mg/kg condition and all others; the dif ference 

between the 0.250 mg/kg condition and control was also statistically 

Significant. (All n = 5, X = 0, p<.031~) It might thus be concluded 

that d-amphetamine stimulates feedlllg at low doses and suppresses 

it at high doses. The latency of feeding also showed overall significant 

differences between the various conditions (~ 2 = 18.29, df = 5, 
r 

P(.01). Sign tests showed these differences to be between the 1.00mg/kg 
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mg/kg d- ampehtamine 

Saline 0!122 0.220 0,200 1.000 ~.OOO 

Feeding (ems) 

-x 164.54 185.74 201.14* 120.60 72.46* 0* 

±SE 47.40 42.23 43.76 29.48 24.34 0 

median 107.80 135.30 149.20 102.60 65 . 30 0 

Drinking (mls) 

-x 1.20 0.80 0.60 0.80 0.20 o 

+BE 0.49 0.37 0.29 0.37 0.12 o 

median 1.00 1.00 0.50 1.00 o o 

.La:t~nQ~ Qf 
feeding ~mins~ 

- 18.20 31.00 x 18.00 42.00 85.00* 180.00* 

±SE 8.65 8.86 7.00 10.07 13.04 0 

median 15.00 20.00 15.00 45.00 75.00 180.00 

5 

Table 3: Mean (± SE) and median amounts of Food and Water consumed in 

3 hours following systemic administration of various doses of d-

amphetamine; l atency of feeding following d-amphetamine. 

(n = no. of animals tested.) 

(Feeding: X 2 = 20.89, df = 5, p < .001. Latency of Feeding: r 
2 X = 18.29, df = 5, p < .01. Sign tests were used to examine r 

differences between the doses. * = sig. diff. to saline control, 

n = 5, x = 0, p < .031. Drinking: not tested; 14 of 30 observations 

= 0.) 
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dose and all other conditionB. (All n = 5, X:. 0, p <.031. ) The 4. 00mg/kg 

dose, which did not induce any feeding at all, quite obviously also 

showed such differenc es . It might thus be suggented that while 

lengthening the l atency for feeding might account for the decrease 

seen in feeding at high levels of s timulation, (though other explanations 

for this might be advanced), a shortening of the latency cannot account 

for the increased feeding seen after low doses of d- amphetamine . 

No significant amount of drinking was ever observed', following 

the hi ghest dose of d-amphetamine drinking was completely absent . 

No increase in drinking was found to parallel the increase in 

feeding following low dose stimula tion. 

b. Gnawing and Groomin,g 

The mean duration of wood-chip gnawing observed following 

stimulation is shown in Table 4. While these mean values display an 

apparent dose response curve, maximum gnawing being seen at low to 

middle range doses (0.250 - 0.500 mg/kg) , the median values perhaps 

provide a more realistic picture of the effects. Grmwing was 

observed on only 10 of the 30 (5 animals x 6 conditions) possible 

occasions. The greatest amount of gnawing seen was for 310 seconds 

(5min. 10sec.) out of a total time of 180 minutes; on only five 

occasions did the total time spent gnawing by any aliUnal exceed 

minute ; two of tIe five ani mals never showed any gnawing, while a 

third did so on only two occasions; each of the remaining animals 

showed gnawing on four of the six trials. This, and the fact that no 

statistically significant differences are present, strongly suggests 

that wood-chip gnawing was not in any way induced or affected by 

d -amphetamine. 



mg/kg d- amphetamine 

Sal ine 0. 125 0.250 0. 500 1. 000 4. 000 

Gnawin~ (sees ) 

-x 13. 80 53. 00 81. 40 69 . 60 52.00 0 

±SE 10. 46 33.1 6 58. 95 60 . 55 52.00 0 

median 0 39.00 0 0 0 0 

Groomin~ (secs ~ 

-x 492.80 461.00 430 . 40 544. 00 528. 60 75 . 60* 

iSE 53. 81 29. 28 90 .07 108.90 66.24 15. 79 

medi an 480 .00 483.00 344.00 488.00 524. 00 70. 00 
'. 

5 ", 
r 

~. 

5 5 5 5 5 I • 

Table :1: Mean (± SE) and median time spent Gnawing wood chips 

and Gr ooming in the 3 hours following systemic administration 

of various doses of d- amphetamine. 

(n = no. of animal s tested.) 

(Grooming: X 2 = 12. 43 , df = 5, p < .005. Sign tests were used to 
r 

examine differ ences between the doses . * = sig. diff. t o saline 

control, n = 5, x = 0 p < . 031. Gnawing: no t tested ; not observed 

on 20 of 30 trial s .) 



The illean amount of time which animals spent grooming i s also shown 

in Table 4. Unlike the gnawing data, this does show an overall 

statistical significance (X 2 = 12. 43 , df = 5 , p < . 005) . Si gn r 

Tests show this difference to be the product of the large f all in 

time spent grooming following a dmini.s t r a tion of 4. OOIllg/kg d-amphe-

tamine . (Significantly different to all other condit ions; n = 5, 

x = 0, p <.031.) 

c. Locomotor Activity and Rearing 

The mean locomotor s core for e~ch condition is shown in Table 

5. d~mphetamine induced a significant, dose-responsive increase 

in locomotor activity 
2 

(X = 22.14, df = 5, p<.001). 
r 

Sign Tests 

were used to further analyse t he pattern of statistical significance : 

the results of these tests are presented in Table 6. Locomotor 

acti vi ty clearly increases as does the dose of d-ampheta1'line, lmtil 

a maximal activation is achieved at 1.00mg/kg. The pattern of 

statistical significffilce shown in Table 6 reveals that: 

i) no locomotor activation, or inactivation j.s shown following 

administration of the l owest dose of amphetamine (0.125mg/kg), while 

a slight increase is shown by 0.25mg/kg. (In as much as it 

induces a statistically significarltly greater degree of activation 

than the lowest dose, but not saline.) 

ii) All of the middle-to-high doses (0.50 - 4.00mg/kg) show a 

significantly greater potentiation of activity than either saline 

or the low doses (0.125, 0.25mg/kg). 

iii) The middle-to-high doses show no significant differences amongst 

themselves. 

The mean number of times animals reared on to their hind legs is 

11 5. 



mg/kg d-amphetamine 

Saline 0.125 0.250 0.500 1.000 4.000 

Locomotion 

-x 8.40 8.20 12.40 19.80* 22.80* 19. 60* 

iSE 1.96 2.06 2.64 1.28 2.27 2. 60 

median 8.00 10.00 16.00 20.00 23.00 19.00 

Rearin~ 

-x 20.00 28.20 39 .60* 47. 60* 90.20* 49.80 

+SE 4.64 2.75 9.44 11.89 30.48 29.11 

median 19.00 31.00 31 .00 35.00 71.00 25.00 
,', 

5 •. 
, 5 

~-----

Table 5: Mean (iSE) and median values for Locomotion and Rearing 

observed in the 3 hours following systemic administration of 

various doses of d-amphetamine. 

(n = no. of animals tested.) 

(Locomotor activity: X 2 = 22.14, df = 5, p < .001. Rearing: 
r 

X 2 = 16.43, df = 5, p <: .01. Sign tests were used to examine 
r 

differences between the doses. * = sig. diff. to saline control, 

n = 5, x = 0, p < .031.) 



Saline 

0.125 

0.250 

0.500 

1.000 

4.000 

_____ mg/kg d-amphetamine -----

0.125 0.250 0.500 1.000 

o o 

o 

4.000 

o 

o 

Table 6: Locomotor Activity: sign tests comparing between the 

various conditions. 

(1:n = 5, x = 0, p < .031; 0 = not significantly different.) 



shown in Table 5. This data shows an overall statistical s i gni

ficance ( 'X 2 = 16.43, df = 5, p < .01) which was further broken 
r 

down by sign tests ; the r esults of these are shown in Table 7. 

Rearing activity i ncr eased with dosab'e, reac:hin6" a maximum at 1.VO 

r:::gjkg before falling away , in fact quite dramatically, at 4.00mg/kg. 

~rhe median value , also shown in Table 5 ts-ives a clear er i.ndication 

of this than the mean value , which is rai sed substant i ally by one 

animal showing a very Jnarked increase at t he higher dose while all 

four others showed a less marked but clear declina) 

d. Stereotyped Bet~viour 

Classifiable s t ereotyped behaviours only emerged at the two 

highest doses employed, and as such there is a quite obvious dose-

response effect, which can be seen in Table 8. This 1s further 

confirmed by Sign Tests comparing the two stereotypy-eliciting doses: 

a greater total score, a shorter l atency and a longer duration are 

all shown by the 4.00mg/kg dose when compared to the 1 .OOmg/kg dose. 

(All n = 5, X = 0, p<.031.) At the highest dose stereotyped behaviour 

appeared as sniffing and rearing interspaced with periods of 

ambulation. The 1.00mg/kg dose elicited a similar response but with 

rear ing rather more prevalent. 

Discussion 

The eff ects of systemically administered d-amphetamine are 

quite clearly dose-dependent, in that at very low doses feeding 

behaviour is potentiated while higher doses diminish f eeding, potentiate 

locomotor activity and, at the highest levels examined, induce 

behavioural stereotypies consisting primarily of sniffing and 

rearing. This effect is shown i n Table 9 which gives t he rar~ed mean 

11 6. 



____ mg/kg d-amphetamine-----

Saline 

0~125 

0.250 

0.500 

0.125 

o 

0.250 0.500 1.000 

o 

o 

4.000 

o 

o 

o 

o 

1.000 0 

4.000 

Table 7: Rearing Activity: sign tests comparing between the 

various conditions. 

( 1 5 0 P < 031 0 0 0
0 not s; on; ficantly different) :n = , x =, ., "'t:r-



mg/kg d-amphetamine 

Saline 0.125 0.250 0.500 1.000 4.000 

stereotypy 

x 0 0 0 0 0. 36* 3. 30** 

+SE 0 0 0 0 0.04 0.15 

median 0 0 0 0 0.39 3. 39 

Latency (mins) 

-x 180 180 180 180 15.00* 8.00** 

o o o o 2.00 1.22 

median 180 180 180 180 15.00 10.00 

Duration (mins) 

x 31. 00 128.00** 

j;SE 2.45 4.64 

median 30.00 130.00 

'.' 5. . 

Table 8: Mean (ffiE) and median values Q) f the mean Stereotypy 

rating, Latency and Duration of Stereotypy shown in three hours 

following systemic administration of d-amphetamine. 

(n = no. of animals tested) 

(Stereotypy: analysis of variance not performed. Sign tests were 

used to make comparisons between the doses: * = sig. diff to control, 

n = 5, x = 0, p < .031. ** = sig. diff. to control and 1.00 mg/kg 

d-amphetamine, n = 5, x = 0, p < .031) 



----------mmg!kg d-amphetamine --------_ 

Saline 0.125 0.250 0.500 1.000 

Mean Drinking (mls) =2 =2 

Mean Feeding (ems) 2 1* 

Mean Wood~hip Gnawing (sees) 2 

Mean Grooming (sees) 2 

Mean Cumulative LoCO!lfotor Score (Counts) 2* 1* 

f-1ean Cumula ti ve Rearing Ac-ti vi ty (Counts) 1* 

Mean Stereotypy Rating 2* 

Table 9: Dose-responsive effects of d-amphetamine. The figures in this table are arrived at by taking 

the mean (n=5) values for each behaviour, under each condition, and ranking them across the six conditions; 

only the highest ranks are shown (1 = highest, 2 = second highest). 

(* sig. diff. to control (saline) using sign test: n = 5, x = 0, p < . 031 . ) 

4.0000 

2* 

1* 



values observed for each behaviour under each Qrug condit ion. 

(Only t he highest two rarl(s are shown f or the sake of clarity.) The 

order in which the behaviours are listed is clearly contrived to 

show those susceptible to low-dose stimulation at the top (i. c . 

feeding) and those only susceptibl e to hi gh-dose s timulation (i.e. 

stereotypy) at the bottom, effectively ranking them with respect to 

t he l evel of drug stimul ation at which they ar c maximally potentiated. 

While such speculation is not amenable to tes ting, it does appear 

that the most co-ordinated behaviours appear first on the dos e

response curve (i.e. feeding, if we exclude drinking which is a 

non-significant eff ect, maximal under salme "stimulation"). The 

level of behavioural complexity then appears to decline, feeding 

being followed by gnawing and grooraing (neither of them potentiated 

significantly), locomotor activity, and rearing l111til , finally , 

the stereotypi c state is reached. 

We might thus conclude that d-amphetamine has stimulating effects 

on behaviour regardless of dose, but that t he dose administer ed 

determines the type and complexity of the behaviour subsequently 

observed. This behavioural pattern might be accounted for by the 

hypothesis of Lyon and Robbins (1975), (Chapter 5, section iii b) . "The 

action of amphetamine is such that as the dose response within the 

eNS i ncreases , the repetition rate of all motor activities will 

increase with the result that the organism will tend to exhibit 

increasing response rates within a decreasing number of response 

categories" (Lyon and Robbins, 1975, p.85). It is possible to 

conceive of d-amphetam.i..1'J.e initially stimulating eating - a complex 

co-ordinated response requiring fairly long pauses - which, as the 

level of stimulation increases is actually broken down: less eating 
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is apparent as repetitious behaviours requiring only short pauses 

and amenable to a high rate of performance are increasingly stiuulated . 

Gradually these change i :r. character from a total locomotor activity to 

the quicker, faster r earing activities befor e even these are displ aced 

by repetitive oral/facial behaviour. 

d-Amphetamine i s known to stimulate the release of both 

catecholamines and indoleamines - DA, NA and serotonin primarily -

but at low doses (0.3 mg/kg) it has been reported to affect the turn

over of striatal DA (Costa et. al., 1972) and to have no effect on tel

diencephalic NA turnover. It might be suggested that the potentiation 

11 8 . 

of feeding behaviour seen following systemic administration of 0.250 mg/kg 

d-amphetamine is related to the acceleration of DA turnover in the 

striatum. This possibility is investigated in Experiment 2. 



Experiment Two: The Effects of Low Doses of d-Amphetamine Micro

inj ected into the Striatum. 

Purpose 

It was found in the previous experiment that d-amphetamine 

potentiated food consumption in non-deprived animals at doses which 

have been reported to stimulate the turnover of DA in the striatum 

(Cos ta et . al., 972). The purpose of this experiment was to examine 

t he hypothesis that low level striatal DA stimulation can potenti a t e 

f eeding behaviour, by microinjection of low doses of d-amphetamine 

directly into areas of the striatum believed to be innervated by DA 

neurones. 

Method 

In each of four male Wistar r ats (approximately 350g at t he 

start of the experiment), stainless steel guide cannulae were iulplanted 

giving access t o a reas of the striatulll thought to contain terminals of 

the nigro-striatal DA pathway. (In the atlas of Pellegrino and Cush

mEUl (1967) AP 3.0; Lat ± 2.5; Vert - 2.5.1 Three of the animals were 

prepared with bilateral cannulae, the fourth unilateral. After 

recovering from surgery the animals were trained to eat sticks of 

dry. spaghetti from glass tubes. 

Animals were tested in circular plastic bowls designed to auto

matically record locomotor activity. The bowl was 32cm. in diameter 

and rested on a central pivot; six microswitches were e~ually 

spaced around the circumference. A second bowl served as a lid and 

formed an enclosure 26cm. high. Counts were automatically recorded 

when one or more microswitches was depressed. Locomotor activity by 
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t he rat caus ed such activat i on while grooming, small pos tural chanees 

and dr ug-induced s tereotypy did not. Locomotor counts wer e 

cumulated automatically at 500 second i ntervals, giving a t otal of 

12 COlll1ts in the 100 minute period. (This apparatUf:l has bee 

successfully used to measure locomot or activity in other s t udies ; 

see for instance Bentall and Herberg, 1980.) The floor of t he bowl 

was covered with sawdust; the lid had three holes to allow a gl ass 

tube containing dry spaghetti and a calibrated water bottle t o be 

pr esent .within the bowl. The third, central, hole was present to allow 

examination of the animals' behaviour. Food and water were freely 

available throughout the experiment. Animals were also assessed for 

stereotyped behaviour at five minute intervals, as \'las described in 

experiment one. The latency of onset of feeding (as defined in 

Chapter 7, section vi) was recorded as the first 500 second period 

in which feeding occurred. (1 = first 500 sec. per iod; 12 = last 

500sec. per iod; 13 = no feeding observed.) Each animal was allowed 

two 150 llLinute habituation sessions. 

At the beginning of a test session animals were placed in the 

apparatus and allowed to settle for 50 minutes with food and 

water freely available. Animals were then microinj ected (as 

described in Chapter 7, section v d) with 0.5,u of a 0.9% sterile 

saline solution and their behaviour recorded for 100 minutes. 

In subsequent tests, three different doses of d-amphetamine sulphate 

(Q. 7, 2.0 and 6.0pg) in 0.5pl 0.9% stedle saline solution i'lere 

administered in an order which was individually randomised for each 

animal. Successive injections were separated by a minimum of 48 

hours. Following d-amphetamine administration a second microinjection 

of the vehicle alone was made at four of the six striatal sites 
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examined, (the r emaining t wo being inacceflsi ble dlle t o blockage of 

guide cannulae). As only four such injections wej~e made , summary 

data (mean ± SE and median values ) are. shown, but the data are not 

included in the statistical analysis. 

On completion of behavioural testing the animals were killed by 

an overdos e of barbiturate and perfused intra-cardially with a 

0.9% saline solution, followed by a solution of isotonic sali ne 

containing 10% formalin, prior to treatment by normal histological 

procedures. 

Results 

Data summarising feeding, drinking and locomotor activHy during 

the 50 minute period preceding microinj ection are shown in Table 10. 

Feedjng and locomotion both show non-significant effects over t he 

period (ANOVA: Feeding X 2 = 1.98, df = 3, p < .7; 
r 

Locomotion 

X 2 = 0.96, df = 3, p< .9). Drinking ,.as not tested by ANOVA because 
r 

of the high number of zero observations (16 from a possible 24 (4 

drug condi tions x 6 striatal sites». 

The effects of intra-striatal microinj ections of d-amphetamine 

on consummatory behaviour are sho~m in Table 11. The effects on 

feeding behaviour ar e also shown in Figure 11. Drinking was rarely 

observed: including the four second saline injection trials, drjnking 

was observed on only 5 occasions of a possible 28. After stimulation 

of three of the six striatal sites examined drinking was never 

observed; the drinking which did occur was more evenly distributed 

across the five conditions, only one of which shows a zero score. 
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Drug or vehicle condition subsequently administer ed 

Feeding (ems) 

-x 

.±SE 

median 

Drinking (mls) 

-x 

median 

Locomotion 

-x 

.±SE 

median 

Saline 1 

100.95 

40.11 

77.35 

0.33 

0.21 

o 

58.00 

21.08 

)Ug d-amphetamine 

0.7 2.0 6.0 

106.60 95. 32 103.43 

51.49 41. 31 47.45 

78.20 69.70 84.80 

0.20 0.33 0.75 

0.20 0.33 0.40 

o o 0.25 

50.60 60.33 66.00 

19.41 14.41 22.78 

28.00 59.50 67.00 

Table 10: Mean (.±SE) and median values of Feeding, Drinking and 

Locomotion (cumulative score of each animal) in the 50 minutes 

preceding intra-striatal microinjection of d-amphetamine 

or saline solution. (n = no. of striatal sites examined. 

Figures in parentheses indicate the no. of rats tested.) 

(Feeding: X 2 = 1.98, df = 3, p < .7; Locomotion: X 2 = 0.96, 
r r 

Saline 2 

123.88 

66.63 

123. 30 

1.00 

0.71 

0.50 

78.50 

32.99 

79.00 

df = 3, p < .9. Drinking was not tested - 16 of the 24 observations = 0.) 



-- p g d- nmphetamine 

Saline 1 0.70 2.00 6.00 Saline 2 

Feeding: {cms) 

-x 37 .. 55 3.20 99.93** 41.05 109.00 

,±SE 14.25 3.20 16.21 23.32 33. 55 

median 36.75 0 105.55 10.25 94.20 

Drinking: {mls) 

-x 0.17 o 0.25 0.58 0.1 3 

,±SE 0.17 o 0.17 0.58 0.13 

median o o o o o 

Latenc~ of 
Feedin: ~mins) 

- 87.50 106.66 52.78* 81 .94 54.17 x 

,±SE 6.72 1.67 9.04 11.27 7.22 

median 79.17 108.33 54.17 87.50 58e 33 

4(2) 

Table 11: Mean (,±SE) and median amounts of Food and Water consumed 

in 100 minutes following intra-striatal microinjection of 

various doses of d-amphetamine or the vehicle alone and the 

Latency of the feeding response. (This was recorded as the period 

in which feeding occurred; each period = 500 sec.; 1 = 0-500 sec ..... 

12 = 5500-6000 sec.;13 = no feeding. Raw scores converted to minutes 

before mean (,±SE) and median calculated.) (n = no. of striatal sites 

Figures in parentheses indicate the no. of rats tested). (Feeding: 

2 . 2 
~ =11.16, df=3, p<.02. LatencyofFeedlllg:)C =3.66, df=3, 

r r 

p < .3. Drinking: not tested, having been observed on only 5 occasions. 

P.r. o. ---



Figure 11. Mean (iSE) amount of dry spaghetti consumed in 100min. 

fo l lowing intra- striatal administration of various doses of d- ' 

amphetamine and O. gfo sterile saline solution ( * sip:. diff. to 

saline control. Vlilcoxon test: N = 6, T = 0, p < .025 (1 tailed test).) 



Wilcoxon tests were used to examine differences between the doses , in 

respect of feeding behaviour . * = sig. diff. to saline control, 

N = 6, T = 0, P < . 025 (1 tailed test) . Sign tests were used to 

examine the latency of feeding. ** = sig. diff. to saline control, 

n = 5, x = 0, p < . 031.) 
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Feeding, however, was significantly potentiated by the drug. 

This is revealed by overall ANOVA ()( 2 = 11.16, df = 3, p <. 02), 
r 

and by analysing the 2.0)Ug and first-saline conditions with the Wilcoxon 

Test (N = 6, T = 0, p « .025 (1-tailed test)). No difference between 

any other two conditions is statistically significant. It might 

therefore be concluded that d-amphetamine potentiates feeding 

behaviour in a dose dependent manner, by activation of striatal 

DA. Feeding, under stimulation by 2.qug dl-amphetamine also appears 

to show a significantly shorter latency than that elicited by control 

injections (Saline 1). This is revealed by Sign Test (n = 5, X = 0, 

p < .031) but not by ANOVA across all four conditions, (X 2 = 3.66, 
r 

df = 3, p < .3). However, the latency even of the 2.0pg dose is 

very long - an average of 52.78 minutes, (range: 33 minutes - 75 

minutes). The measure of latency used here is however crude: the 

onset of feeding lvas timed to no nearer than the first 500 sec . 

period in which it occurred. 

Locomotor activity was not potentiated by any dose of d-amphe-
2 (See Tc.ble 12.) 

tamine administered (ANOVA:Xr = 2.58, df = 3, p< . 5)A' While 

response competition might account for this lack of locomotor 

stimulation when feeding was potentiated (2.0pg cl-amphetamine), it 

cannot at the other doses. It might be suggested therefore that 

feeding behaviour does not immediately decline as the level of 

stimulation increases because of a response competition from generalised 

locomotor activity. Classifiable stereotyped behaviours were never 

observed at any level of stimulation. 

Histological verification of the injection sit es was made . 

Unfortunately, as there was a long delay between the completion of 
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- jJ-g d-amphetamine -

Saline 0~7 2.0 6.0 Saline 

-x 52.50 57.20 74.67 67 .17 106.75 

.±BE 24.42 32.64 19.00 35.42 54.1 2 

median 42.50 14.00 76.00 36.50 83. 50 

4(2) 

Table 12: Mean (.±BE) and median values of the cumulative Locomotor 

Activity score for each animal following intra-striatal micro-

injection of various doses of d-arnphetamine or vehicle alone . 

(n = no. of striatal sites examined. Figures in parentheses indicate 

the no. of rats tested). Locomotor activity: X 2 = 2.58, df = 3, 
r 

2 



behavioural testing and sacrifice the cannulae tracks became 

blurred by gliosis. In addition a technical problem i n dealing 

with formalin fixed tissue was encountered. (The forma t ion of 

crystals leads to the presence of a lattice of holes in t he t issue ~ 

However, as far as can be determined, it appears tha t cannulae 

were located within frontal portions of the caudat e n. (Figure 12). 

Discussion 

The results of experiment two confirm that low l evel stimulation 

of striatal DA release can potentiate feeding behaviour. D6nking 

is not similarly affected. Locomotor activity is not potentiated 

by doses of d-amphetamine which do not themselves potentiate feeding. 

These data appear to confirm the prediction that striatal DA systems 

mediate the potentiation of feeding observed following 10'11 doses of 

systemically actrndnistered d-amphetamine. 

However, it is of some concern that the latency of feeding was 

so long - an average 52.78 minutes, compared with only 18 minutes for 

O.25mg/kg ip d-amphetamine in experiment one. It is difficult t o 

understand why this should be. Wistar rats rather than Black-hoods, 

tested in an enclosed rather than an open cage, were used, b~t it 

is rather improbable that this should cause such an effect. Diffusion 

to an extra-stri.atal active site would similarly appear to be an 

unlikely cause of the effect as only O.5iu was injected,though 

diffUsion to an active site within the striatum might be possible. 

On the other hand, the use of such a small volume might have had an 

adverse effect in raising the concentration of the drug, whi.ch might 

have established a depolarisation blockade of local neQTOnes. Only 

when this had worn off would normal neuronal stimulation be apparent. 
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Figure 12. Representati ve frontal sections of the rat brain , modified 

from the stereotaxic atlas of Pell egrino and Cushman (1 967), indicating 

the placement of three of the injection sites (~) in Experiment 2 

and the points at which cannulae were aimed (~). (All sect i ons 

are anterior of bregma, the zero reference point: A 3.0mm , B 3.2mm, 

C 3.Omm, D 2.2mm .) Only 3 of the 6 injection sites could be identified 

with any degree of accuracy. Having examined all histological material 

available, an independent observer was of t he opinion that " a fair state-

ment would be that anterior caudate tissue will have almost certainl y 

been affected by •••• (the ) ••••• injections." (Abbreviations : ACB, 

n. accumbens septi; CA, Commissura anterior; CC, Corpus callosum; 

CLA, Claustrum; CO, Chiasma opticum; CPU, Caudate n, putamen ; DBB , 

diagonal band of Br oca ; LS, n. l ateralis septi; MFB, medial fore-

brain bundle; MFA, area parolfactoria medialis; POA, area praeoptica 

lateralis; TOL, tractus olfactorius l ateralis ; TUO, Tuberculum 

olfactorium.) 
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If this is currect the 6 .0pg dose might also have s timula t ed eating, 

but at an even later (and probably post-test) time . In this light 

it is interesting to note that the eating which occurred following 

6.0pg stimulation (four out of six sites supported eating) ViaS at a 

longer latency than following 2.0,ug stimulation. 

It is eqlmlly possiblp. that the concentration of the drug was too 

low, the effect of this being expressed through a long latency r a ther 

than a diminished amount of eating. Costall, Naylor and Olley (1 972b) 

found that very much higher doses of d - amphetamine nri.cl'ojnjected 

into the striatum elicited stereotyped behaviour. Doses in excess 

of 50pg all facilitated stereotypy, but 25pg did not. The injection 

volume used was 5.0,ul,giving a concentration at 25pg of 5pg per 1.<}u1. 

(close to the 4.0pg per 1.0}il of the 2.0fg dose used here), while 

the concentrati on for stereotypy-inducing doses was 1~g per 1.quI, 

or greater. When peripherally applied, d-amphetamine induces feeding 

at O.25mg/kg (experiment one), while stereotypies are only seen at 

doses greater than 1.0mg/kg; a dose between 4 and ax greater than 

O.25mg/kg will reliably elicit a low level stereotypy. Thus if we 

accept that ~g intra-striatally applied elicits feeding, a dose 4 

to 8 X greater would still only be at most, 16.0pg. vflw then 

did Costall et. ale only observe stereotyped behaviour at doses in 

excess of 50~ The possibility therefore that the effective con

centration of d-amphetamine in this study was too 10li must also 

be considered. 

Another possible cause of such a long latency might be 

rebound neurochemical effects. Striatal DA, on t~is hypothesis, 

is stimulated in a manner appropriate for feeding but it is a con-
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sequence of this stimulation - neuxochemical activation at a 

distance - which actually elicits eating. While this is plausible, 

the long latency suggests a particularly subtle effect at considerable 

distance. As there is a suggestion from the previous experiment, 

and the work of Costa et. ale (1972), that systemic d-amphetamine 

increase in striatal DA tuxnover, the previous hypotheSiS - that 

drug concentration was too low (or possibly too great) - might be 

considered a more plausible explanation of the long latency. 

The involvement of striatal DA systems - namely, the nigro

striatal projection - with feeding behaviour has been suspected for 

some time. Lesions of the lateral hypothalamus which transect this 

projection, or 60HDA lesions of the substantia nigra, elicit a pro

found aphagic and ~dipsic state (Chapter 5, section iva). However, the 

converse of this - that activation of these neuxones should stimulate 

eating - has not previously been examined. This study is therefore 

able to provide evidence that low level stimulation of DA release 

within the striatum potentiates feeding behaviour while other possible 

behaviours (drinking, locomotor activity, stereotypy or circling), 

remain unaffectedQ 

While stereotyped behaviour was observed in experiment one, it 

was not in experiment two, which used a much narrower range of doses. 

However, stereotyped behaviour is known to be associated with the 

striatum. Kelly et. ale (1975) and Creese and Iversen (1975) both 

showed that the stereotypic effects of 5.Omg/kg d-amphetamine were 

abolished by _lesions of the striatum but not the n.accumbens. More

over, Costall et. -ale (1972b) found that high doses of d-amphetamine 

(25-40gpg) microinjected directly into the striatum elicited stereo-
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typic behaviour predominantly characterised by sniffing. (Other 

characteristic high-dose stereotypic effects such as gnawing, biting 

and licking were not observed.) While the work pr esented here 

demonstrates that the low dose effects of sys temic d -amphetamine may 

be associated with the striatum, this previous wor k suggests that 

stereotypy may also be. (This discussion will De returned to in 

the General Discussion in Chapter 9.) 

While it may be claimed that the stimulation of feeding reported 

here represents the converse of ~igro-striatal lesion-induced aphagia, 

the question of adipsia induced by these lesions must not be forgotten. 

Stimulation of drinking was not observed following either central or 

peripheral administration df d-amphetamine. The following reasons 

might be advanced for this: 

i. The adipsia observed following lesions i s a co~~ equence of 

the aphagia and as such, Notud not necessarily be potentiated under 

stimula.tion as feeding would be. 

ii. If the nigro-striatal pathway carries information relating to 

sensory-motor components of feeding behaviour then stimulation of 

these neurones when the animal is in the presence of food might 

induce feeding hut not drinking (except, possibly, as a consequence 

of feeding). 

iii. If in fact the nigro-striatal pathway mediates only general 

s ensory-motor information, (lesion-induced aphagia therefore bei ng 

a consequence solely of sensory-motor debilitation), then under 

stimulation, any sensory-motor behaviour with a bigh probability of 

occurrence might be potentiated. As feeding, but not drinking had 

already occurred (Table 10), this might be considered a high probability 

behaviour. . The apparent palata bili ty of spaghettj. might add to this. 
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These questions relate to a more fUndamental one of "what 

information do nigro-striatal neurones mediate?", and take us 

back to the possible relationships between sensory-motor neglect and 

aphagia discussed in Chapter 5, section iva. The present experiments 

cannot in fact positively discriminate between these, or offer more 

than these suggestions as to why drinking was not potentiated. As 

the main thrust of this thesis is directed toward the nigro-striatal 

projection and its role in the control of feeding behaviour, we must 

be satisfied with saying that the experiments reported her e appear 

to demonstrate that low level stimulation of striatal DA potentiates 

feeding behaviour. This appears to show that the converse of nigro

striatal lesion induced aphagia holds good. 
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Experiment Three: The Effect of Choljner~c Stimulation of the 

Suhstantia Nigra on Feeding Behaviour 

Purpose 

It has been demonstrated in experiments one and hTO that 

d-amphetamine elicits feeding behaviour in a dose-dependent manner. 

This action has been ascribed to a low level potentiation of 

DA ac ti vi ty within the s tria tum. I f this is genuinely the cas e, th en 

activation of nigro-striatal neurones Rt their source within the 

substantia nigra pars compacta should also elicit a dose-dependent 

feeding response. 

Acetylcholine is believed to mediate an excitatory input to these 

neurones. Biochemical evidence appears to demonstrate the existence 

of ACh, CAT and muscarinic receptors within substantia ~igra; electro

p~ysiological evidence apparently demonstrates the existence of an 

ACh/DA interaction within substantia nigra, with some evidence to 

show that ACh excites DA neurones and some to show the opposite; 

behavioural evidence suggests that cholinergic activation 1'lithin 

substantia nigra can, at high levels, elicit characteristic dopa

mjnergic stereotypies; and that DA neurones of pars compacta possess 

AChE, stored within and released from dendrites, presumably to 

inactivate a cholinergic input. 

It might thus be hypothesised that low lev~l, cholinergic 

stimulation of the substantia nigra, in the region of the pars 

compacta, should elicit a feeding response similar to that seen 

following potentiation of DA release within the striatum. 
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Method 

Into each of nine male black-hooded rats (PVG/C strain), 230-

270g, bilateral stainless steel guide cannulae(23ga ) were implanted 

giving access to the suhstantia nigra . (Pellegrino and Cushman, 

19b7 ,(De Groot orientation): AP -2.4; Lat 0.5-2.0; Vert. - 5. 5 from 

dura.) A further s ix animals were prepared with unilateral cannulae. 

After recovering from surgery, animals were trained to eat sticks of 

dry spaghetti from glass tubes, feeding behaviour being measured in 

centimetres of spaghetti consumed. At the beginning of a test 

session animals were placed in individual boxes and allowed to settle 

for one hour with food and water freely available. Animals were 

then injected with 0.5pl of an artificial cerebro-spinal fluid (CSF), 

pH adjusted to 7.0, containing equal quantities of ACh and eserine 

(physostigmine sulphate, an anti-cholinesterase). Three different 

doses of ACh and eserine (2.5, 5.0 and 10.0)1g of each) and a 

control injection of the vehicle alone were administered in an order 

which was individually randomised for each animal; successive 

injections W'ere separated by a minimum of 48 hours . 

On completion of behavioural testing, the animals were killed by 

an overdose of barbiturate and perfused intra-cardially with a O. gfo 

saline solution according to standard his tological procedures. 

Results 

The mean (± SE) and median amounts of food and water consumed 

during the hour preceding microinjection are shown in Table 13. No 

significant differences exist between the vari ous "condi H ons" • 

(ANOVA: Feeding Xr
2 = 2.92, df = 3, p <.5; Drinking: not tested.) 
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p g and ACh and Eserine 

CSF 2.5 5.0 10.0 Over all 

Feedin8: (ems) 

-x 115.39 157.27 134.63 161.02 141.83 

ffiE 18.35 22.19 16.93 21.25 9.91 

median 119.90 150.30 147.30 180.10 147. 30 

Drinkin!Z: (mls) 

-x 0.29 0.39 0.50 0.28 0.37 

.±BE 0.17 0.15 0.22 0.12 0.08 

median 0 0 0 0 0 

75(15) 

Table 13: Mean (.±BE) and median amounts of Food and Water consumed 

in 1 hour preceding microinjection of various doses of ACh and 

Eserine or a CSF control into the substantia nigra. (n = no. of 

nigral sites examined. Figures in parentheses indicate no. of r a t s 

tested) • 

(Feeding: X 2 = 2.92, df = 3, p < .5. Drinking: not t ested - 51 of 
r 

75 observations = 0) 



Table 14 shows the mean (3 SE)and median amolmts of fo od and 

water consumed in the 30 minutes immediately following microinjection. 

The dose-dependent nature of the f eeding response is more cl early 

displayed in Figure 13. Anal ysi s of Variance reveal s that this 

feeding response shows statistical significance (?( 2 = 15.15, df = 3, 
r 

p < .01) and further analysis using the Wilcoxon 'l'est shows t hat both 

the 2.~lg mId 5.0pg doses induce feeding Significantly greater than 

control (2.5pg v CSF: T = 16.5, N = 15, p<.01; 5.0pg v CSF: T = 0 

N = 19, p~ .005; both 1-tailed tests) while the 5.0pg and 10.qug 

doses also show statistically significant differences (T = 33 , N = 

18, p< .01, 1-tailed test). 

The amounts of water drunk under the various conditions of 

stimulation were not analysed statistically. Drinking occurred on 

only 14 occasions out of a possible 76 (19 nigral sites examined X 

4 conditions) and the median values accurately reflect the fact that 

no water at all was drunk in the majority of cases . One animal drank 

fa? more than any other, a total, over the four conditions of 5mls. 

The grand total amount of water drunk by all animals under all 

conditions was only 15.5mls • This animal was found to have the most 

anterior injection site of all. 

The mean (3 SE) and median latency and duration of feeding are 

shown in Table 15. (Data for these measures i s available for 9 of 

the 19 sites examined.) Analysis of variance shows that the various 

doses of ACh and eserine did not significantly alter animals' latency 

to fee d (X 2 = 4.6, df = 3, p< : .3). A similar analysis examining the 
r . 

duration of the response .is not possible, owing to the differing number 

of animals eating under each condition. Sign Tests were applied 
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JUg ACh and Eserine 

CSF 2.5 5.0 10.0 

Feeding (cms) 

.-
11.17 32.55* 45.16*" 22.41 * -l!1lt x 

jpE 3.92 8.41 6.34 6.31 

median 0 23.30 37.90 12.20 

Drinkin~ ~ mls ) 

-x 0.21 0.24 0.16 0.22 

jpE 0.09 0.13 0.08 0.15 

median 0 0 0 0 

19( 15) ~ 19{ 15) . 

Table 14: Mean (+SE) and median amounts of Food and Water 

consumed in the first 30 minutes following microinjection of 

various doses of ACh and Eserine mixtures, or an artificial CSF 

control, into the substantia nigra. 

(n = no. of nigral sites examined. Figures in parentheses indicate 

no. of rats tested.) (Feeding: X 2 = 15.15, df = 3, p < .01. 
r 

Drinking: not tested - only 14 of 75 sites supported drinking. 

Differences between the doses were examined using the Wilcoxon 

test. * = sig. diff. to CSF control, T = 16.5, N = 15, p< .01; 

** = sig. diff. to CSF control, T = 0, N = 19, p~ .005; *** = sig. 

diff. to 5.0 pg ACh and eserine, T = 33, N = 18, p < .01. (All 

1 tailed tests)). 



Figure 13. Mean (iSE) amount of dry spaghetti ccnsumed following 

administration of various doses of equal quantities of ACh and 

eserine , and artificial CSF, into the r at substanti a lligra . (e 
0- 30 min. fo llowing microinjection ; ~ : 30- 90 min . following 

microinjection; ~: 0- 90 min. fol lowing microinj ection.) 

( ~: sig. diff. to CSF control. (2. 5)Ug vs. CSF: T = 16. 5, N = 15, 

p < . 01; 5.0)Ug vs CSF: T = 0 , N = 19, p < .005.) 

~A: sig. diff. to 5' 0)Ug ACh and eserine . (T = 33, N = 18, p < . 01) 

All Wilcoxon test , 1 tailed . ) 
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p g ACh and Eserine 

CSF 2.5 5.0 10.0 

Latenc;y: of 
Feeding ~min) 

... 
25.78 17.89 15.00 24.56 x 

±BE 2.80 3.91 1.00 2.19 

median 30.00 12.00 15.00 28.00 

Duration of 
Feedins: ~min) 

-x 4.00 12.20 13.89 6.20 

tSE 1.00 3.07 0.96 2.03 

median 4.00 15.00 14.00 7.00 

Table 15: Mean (±BE) and median values of the Latency and 

Duration (in minutes) of Feeding behaviour in the thirty 

minutes following microinjection of various doses of ACh and 

Eserine mixtures into the substantia 'nigra. 

(n(Latency): no. of nigral sites examined. Figures in parentheses 

indicate no. of rats tested. n(Duration): no. of nigral sites giving 

rise toduration of feeding scores> O. Figures in parentheses indicate 

no. of rats tested. For latency, zero feeding scores were counted as 

30 min, the maximum score.For duration, zero scores were discarded. 

This accounts for the values of n. given for each measure (Latency: 

2 X = 4.6, df = 3, p < .3; Duration: not analysed by ANOVA. Sign 
r 

tests: 5.~g vs. 10.Opg, N = 5, x = 0, p < .031. 2.5pg vs. 5.<jlg 

N = 5, x = 2, p < .50.) 



where possible, and these show that the duration of the response 

differs significantly between the 5.0 and 10.0pg conditions (N = 

5, X = 0, p < .031) but not the 2.5 and 5.0pg conditions (N = 5, 

X =2, p < .5). Table 15 also shows the number of animals eating 

in response to cholinergic stimulation. These data suggest that 

5.0pg ACh and eserine induce a greater feeding response th~1 either 

CSF control injections or other doses by: 

i. Potentiating feeding behaviour in all animals studied rather 

than only a proportion (See Table 18). 

ii. By a longer duration of feeding. 

iii. As the latency of the response to 5.Gpg does not significant ly 

di ffer from other doses or control, a faster ra te of eatjng might 

also be hypothesised. 

The s t rength of the feeding jnduced by 5.0pg ACh and eserine 

i s further i ndicated by Tables 16 and 17 and Figure 13. Table 16 

shows that between 30 and go minutes following microinjections, t he 

animals ate, on average, a little over 50cm. of spaghetti, regardless 

of the stimulation received. (Any differences here are clearly 

non-significant. X 2 = 1.13, df = 3, p < .8.) While t here was still 
r 

very Ii ttle drinking observed, significant differences do emerge in 

this period. 

There are too many zero scores t o permit an effective ANOVA, 

but the Wilcoxon test ShovlS the drinking elicited by 2.5pg ACh and 

eserine t o be significantly greater than either the CSF contr ol 

(T = 12.5, N = 12, p < .05) and 5.Opg (T = 0, N = 9, p < .01; both 

2-tailed tests). Table 17 shovlS the feeding and dri nking responses 

in the go minutes follm'ling microinjection, and over this period, 
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jUg ACh and Es erine 

CSF 2.5 5.0 10.0 

Feeding (cms) 

-x 50.42 53.95 56.12 56 .01 

.±BE 10.48 10.87 11.61 10.61 

median 46.90 57.60 50.60 52.55 

Drinking (mls) 

-x 0.08 0.45 0.11 0.28 

.±BE 0.06 0.13 0.08 0.12 

median o 0 .. 50 o o 

Table 16: Mean (.±BE) and median amounts of Food and Water 

consumed between 30 and 90 minutes following microinjection of 

various doses of ACh and Eserine mixtures into the substantia 

nigra. (n = no. of nigral sites examined. Figures in parentheses 

indicate no. of rats tested). (Feeding: X 2=1.13, df=3, p<.OO. 
r 

Drinking: ANOVA not used - 56 of the 75 observations made = O. 

*: Wilcoxon tests: 2.5pg ACh and eserine vs. CSF: T = 12.5, N = 12, 

p < .05. 2.5pg va. 5.0pg ACh and eserine. T = 0, N = 9, p < .01. 

(Both 2 tailed tests». 



JUg ACh and Eserine 

CSF 2.5 5.0 10.0 

Feeding (ems) 

-x 61.59 86.50 101.27* 78.42 

.±SE 12.01 15.47 13.49 15.08 

median 56.50 84.50 92.30 81.45 

Drinking (mls) 

x 0.29 0.68 ~ '* 0.26 · 0.50 

iSE 0.10 0.18 0.10 0.17 

median 0 0 .. 50 0 0 

19(H» le( 15) 

Table 17: Mean e,:tSE) and median amounts of Food and Water 

consumed between 0 and go minutes following microinjection 

of various doses of ACh and Eserine mixtures into the 

substantia nigra. (n = no. of nigral sites examined. Figures in 

parentheses indicate no. of rats tested). 

(Feeding: Xr 
2 

= 8.88, df = 3, p < .05. * = Wilcoxon test, 5.Op.g ACh 

and eserine vs. CSF, T = 17, N = 19, p~ .005 (1 tailed test). Drinking: 

ANOVA not used - 45 scores. from 75 = O. ** 2.5 vs. 5. 0)Ug ACh and 

eserine; T = 16, N = 13, p < .05 (2 tailed test).) 



0-30 minutes 

Feeding 

Drinking 

30-90 minutes 

Feeding 

Drinking 

0-90 mil}lJ,;tes 

Feeding 

Drinking 

TOTAL NUMBER 

OF SITES: 

CSF 

8 

5 

13 

2 

14 

6 

19 

p g ACh and Eserine 

2.5 

12 

3 

13 

10 

15 

11 

19 

5.0 

19 

4 

17 

2 

19 

6 

19 

10.0 

13 

2 

16 

5 

16 

7 

18* 

15 

. Table 18: Number of sites from which Feeding and Drinking could be 

elicited in various periods following microinjections of 

cholinergic substances or artificial CSF into the substantia 

nigra. (* One guide cannula blocked before the fUll dose response 

could be examined.) 



significant differenc es remain. (Feeding : ANOVA X 2 == 8.88, df == 3 , 
r 

p < .05. 'rhe Wilcoxon Test indica tes that the differ'enc e lies 1)c tween 

the CSF control and 5.0pg T = 17, N = 19, p < .005, 1-tailed t est. 

Drinking: Wilcoxon tes t reveals significant differences between 

2.5p.g and 5.0pg T = 16, N = 13, p <: .05, 2-tailed tes t .) Figure 13 

shows the mean amount of feeding elicited by the variollS condi Hons 

in the three time periods. 

Overall. it might ther efore be concluded. that choliner gic 

stimulation of the substantia nigra eJ.ici t s dose-dependent f eeding 

behaviour. 5.0pg ACh and eserine significantly potentia t es feeding 

beha'viour in the 90 minutes follmling microinjoction into t he 

S1ibstahtia nigra. Moreover, the potentiation appe.ars to occur 

within a very shor t pe~iod; as the average latency of the response 

i s 15.00 minut es, and as no significant potentia tion occurred in t he 

30-90 minute period, it might be suggested that it is in the period 

15-30 minutes follOwing injecti on that the potenti ation typi cally 

occurs. Prolonging the dtITation of eating in this per iod and 

increasing the rate of ea ting might be suggestod as the cause. 

Histological examination of all injection sites was made; 

representative frontal sections showing the pOSitions of al1 of these 

are sho1-m in Figure 14. For each animal the value of two f actors 

vTaS detennined. (a) A measure of the effectivenes s of cholinergic 

stimulation in eliciting feeding was .made by determining the differences 

beh-Teen thE' amount of drug-induced feeding and CSF-induc ed feeding at 

each substantia nigra sit e examined. The follm,dng formula was used 

to calculate this value : 
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Figure 1.1:. Representative frontal sect i ons of the rat brain , modified 

from the stereotaxic at l as of Pellegrino and Cushman (1967) i ndicating 

the pl acement of injection sites in Experiment 3. The sect ions 

are arranged from anteri or (A) to pos terior (J ); the distance 

of each from bregma (zero point) i s (in rom) ; A - 1. 6, B - 2. 2, C - 2. 4, 

D - 2. 6, E - 2. 8, F 3.0, G - 3. 2, H - 4. 2, I - 4. 4, J - 4.8. ~ 

effective site 0 i neffective s ite ~ represents the site of 

i n j ection i n the animal with t he greatest overall food intake elicited 

by cholinergic stimul ation . (Abbreviations : arh , n . arcuatus 

hypothalami; cl, n . subthal amicus ; dtd , decussatio tegmenti dorsalis ; 

hp, fasciculus retroflexus ; i p , n . interpeduncularis ; 1m, l emniscus 

medi alis ; mp, n . mamillaris posterior; ot, tractus opticus ; 

pc, pedunculus cerebri ; ph, n. posterior hypothalami; pvg, substantia 

gri sea centralis ; re, n. reuniens t hal ami ; sn , substantia nigra ; 

vtn , n. ventralis tegmenti; zi, zona incerta.) 



Figure 14 
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Overall Effectiveness = 
(D1-CSF) + (D2-CSF) + ••••• + (Dn-CSF) 

n 

where D1 = feeding elicited by first dOA e. 

D2 = feeding elicited by second dose. 

Ih = feeding elicited by nth dose . 

CSF = feeding elicited hy CSF contro1. 

The values found for each sHe Vlere then ranked (1 = highest 

feeding, 19 = lowest). (b) A measure of the physical dj.stance between 

the site of injection and the site from which most f eeding was 

obtained (i .e. the site with the highes t overall effectiveness) . 

These values were then ranked, (19 = most active site , 1 = least). 

This site was found to be in the pars compacta r egion of substantia 

nigra and is identified in Fif,"UI'e 14. A statistically significant 

(t = 2.44, df = 2, P < .05, b/o-tailed test) negative correlation of 

-0.51 between these two measures was obtained in~tcating that the 

feeding response became weaker with increasing distanc e of the 

injection site from the pars compacta region. 

Discussion 

The data reported here Shovl that cholinergic stimulation of the 

substantia nigra elicits a dose-dependent feeding response. Feeding 

is most potentiated by 5.0pg ACh and eserine; the latency of the 

response following this dose is not significantly different to that 

following any other dose in the first 30 minutes following micro

inj ection. Moreover, tIns dose does not Significantly potentiate 

feeding in the 30-90 minutes following microinjection. However, as 

5.0fg ACh and eserine elicits significantly more eating in the 

thirty minutes following injection, and over ninety minutes, it 

might be concluded that a powerful stimulation of eating occurs 
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bet\~een 15 and 30 m:inutes following adminis tration. The duration of 

responding as far as it can be exami_ned , appears to account f or some 

of this stimulation; the f act that all animal s t ested a te follm'ling 

only the 5.0}lg dose and no ot her mus t al so account for a proportion 

of the effec t; and as l a t ency i s not a f ac t or and durat ion only , 

apparently, marginally so, i t might be suggested that the rate of 

eating was also potentia t ed. 

Dr:inking showed no increases during the peri od when f eeding l'ms 

potentiated. Moreover, significant amounts of drinking were only 

rarely observed, animal s more often than not showing no water 

consumption. 

The results of this experiment strongl y sugges t t hat acetyl-

choline has a functional role within the substantia nigra. Moreoever 

the data r eported here, taken in conjunction with t hat pr esented 

in eiXperiment two, suggest that cholinergic stimulation within 

substantia nigra induces eating by activation of t he nigro-striatal 

DA pathway. The evidence supporting this runs along t wo lines: 

(1) the feeding response observed following cholinergic stimulation 

of substantia nigra is greatest wh en injections are made into t he 

pars compacta region - s curce of the dopaminergic nigro-stri atal 

proj ection - and beCQlD.e weaker with increaSing distance f rom this 

region. (2) At low levels, both dopaminergic stimulation within 

the striatum and cholinergic stimulation of pars compacta elicit a 

strong eating response, ~lhich is not accompanied by drinking. In 

other words, it might be suggested that activation of the nigro-striatal 
, . 

pathwaY,either by stimulation of DA release from terminals or by 

activation at source,can elicit similar behaviours. 



As the DA neurones of the pars compacta are known to both 

contain and releas e AChE, a more effective met hod of examining the 

hypothesis that it i s these neurones which mediate choliner gically 

induc ed feeding might be a blockade of AChE activity within the 

region, which would a1101'1 any endogenous cho1ineJ 'gic subs tances 

to have maximal effect. 
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Experiment FOQr: The Effect of Acetylcholinesterase Blockade 

Within the Sub&antia Nigra on Feeding Behaviour 

Purpose 

The previous experiments have shown that stimulation of DA 

release within the striatum and cholinergic stimulation of the 

substantia nigra both induce feeding behaviour. It has been 

hypothesised that these both represent functional expTessions of 

activity in the dopaminergic nigro-striatal pathway. 

The clearest evidence for cholinergic stimulation of pars 

compacta DA neurones lies in the observations that these cells both 

contain AChE and release it under physiological stimulation; the 

function of this is probably the inactivation of a cholinergic input 

to these cells. It should therefore be possible to potentiate feeding 

behaviour not only by cholinergic stimulation of the pars compacta 

but also by blockade of AChE, which would have the effect of enhancing 

the activity of any endogenous ACh present by inactivation of its 

degradative enzyme. 

Method 

Into each of six male black-hooded rats (pvG/C strain), 310-

385g, bilateral stainless steel guide cannulae (23 gauge) were 

implanted giving access to the SUbstantia nigra. (In the atlas of 

PellegrinO and Cushman (1967) (De Groot ortentation) AP -2.4; 

Lat .:t 2.0; Vert - 5.5). After r ,ecovery from surgery animals were 

trained to eat sticks of dry spaghetti from glass tubes, feeding 

behaviour being measured in centimetres of spaghetti consumed. At 

the beginning of a test session animals were placed in individual 
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boxes and allowed to settle for one hour with food and water freely 

available. Animals were then microinjected unilaterally with 0.5pl 

of artificial CSF, pH adjusted to 7.0, containing one of three different 

doses of eserine sulphate (2.5, 5.0 or 10.0)lg) and a control injection 

of the vehicle alone. Drugs and control were administered in an 

order which was individually randomised for each animal; successive 

injections at any site were separated by a minimum of 48 hours. 

On completion of behavioural testing the animals were killed by 
i 

an overdose of barbiturate and perfused intracardially wi th a 0. 9% 

saline solution according to standard histological procedures. 

Results 

The mean (+SE) and median amounts of food and water consumed 

during the 60 minutes preceding microinjection are shown in. Tabl e 19. 

No significant differences exist between the various condi tions 

(ANOVA: 

tested; 

Feeding: X 2 = 3.56, df = 3, p< .5). Drinking was not 
r 

the median values given jn Table 19 indicate that drinking 

was very rarely observed. Drinking actually occurred on 6 occasions 

out of a possible 37. (37 = 10 sites examined x 4 conditions - 3 

injections not made due to guide cannula blockage .) 

Table 20 presents the mean (iSE) and median amounts of food 

and water consumed in thirty minutes following microinjection of 

various doses of eserine sulphate into the substantia nigra. Eserine 

appears to have a dose-dependent effect on feeding behaviour. More-

over, this dose-response curve is strikingly similar to that seen 

following ACh and eserine mixtures. (Compare Figures 13 and 15, 

and see also Figure 17.) The eserine-induced feeding is statistically 
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p g Eserine sulphate 

CSF 2.5 5.0 10.0 

Feeding (cms ~ 

-x 107.76 75.24 78.97 104.05 

-tSE 16.76 15.23 25. 81 25.78 

median 114.35 88.90 100.70 98.70 

Drinking (mls) 

x 0.25 0.30 0.28 o 

.±BE 0.20 0.21 0.22 o 

median o o o o 

Table 19: Mean (.±BE) and median amounts of Food and Water consumed 

in 1 hour preceding microinjection of various doses of eserine 

sulphate or a CSF control into the substantia nigra. (n = no. of 

nigral sites examined. Figures in parentheses indicate no. of rats 

tested. ) 

(Feeding: X 2 = 3.56, df = 3, p < .50. Drinking: not tested - 31 
r 

scores from 37 = 0.) 

Overall 

91.16 

10.23 

97.60 

0.22 

0.09 

o 

37(6) 



JUg Eserine sul phate 

CSF 2.5 5.0 10.0 

Feeding (ems) 

x 1 .11 30.10* 43 . 22**t 31.b4~ 

,±SE 0.85 10.49 9.82 b.55 

median 0 20.25 32.00 34.55 

Drinking (mls) 

x o o o o 

median o o o o 

Table 20: Mean (ffiE) and median amounts of Food and Water consumed 

in the first 30 minutes following microinjection of various 

doses of eserine sulphate into the substantia nigra. 

(n = no. of nigral sites ,examined. Figures in parentheses indicate 

no. of rats tested). 

(Feeding: X 2 = 11.91, df= 3, P < .01. Wilcoxon tests were used . r 

to test between the doses. 

* CSF vs. 2.5pg: T = 0, N = 9, p < .005. 

** CSF VB. 5.~g: T = 0, N = 9, p< .005. 

*** CSF vs. 10.<jtg: T = 0, N = 7, p< .01. 

+ 5.0 vs. 2.5pg: T = 6, N = 9, p < .025.) 



Figure 15. Mean (:tSE) amo1lllt of dry spaghetti consumed following 

administration of various doses of eserine sulphate , and artificial 

CSF, i nto the rat substantia nigra . ( : 0-30 min. following 

mi croi njection ; 0 30- 90 min. fo l lowing microinjection , 

~ 0- 90 min. fol lowing microinjection.) 

(Wilcoxon tests . A sig. diff. to CSF control (CSF vs . 2. 5pg: T = 0, 

N = 9, p < . 005 ; CSF VB . 5. 0pg T = 0, N = 9, p < . 005; CSF VS . 

10 . 0)lg T = 0, N = 7, p < . 01) AA sig. diff. to 5. 0pg. (T = 6, 

N = 9, p < . 025).) 



"'U 

Figure 15 

~ T 
I ~ 
y---- 1 
1 

Q) 

E 
::J 
III 
C 
0 
U --Q) 

..s:::. 
C> 
0 
a. 
III 

~ 

0 . 
.." 

E 40 
u 

o~--~----~~----~------
(SF 2·5 5·0 10·0 

pg Eserine Sulphate 



significant, (ANOVA: 'X- 2 = 11.91, df = 3, p <: .01); Wilcoxon t es ts 
r 

show the feeding induced by each of the doses to be significantly 

different to control feeding. (CSF v 2.5pg T = 0, N = 9, p < .005; 

CSF v 5.0pg T = 0, N = 9, p< .005; CSF v 10.0pg T = 0, N = 7, p< .01; 

all 1-tailed tests.) In addition 5.0pg eserine-induced a significantly 

greater feeding response than 2.5pg (T = 6, N = 9, p < .025). No 

drinking was observed in this period. 

The latency of feeding was also affected, whereas duration 

apparently was not. Table 21 shows the mean (iSE) and median latency 

and duration of feeding under each condition. Statistically significant 

differences do not exist between the doses in respect of the duration 

of feeding. (ANOVA is not possible due to the unequal numbers in 

each grouV, Sign Tests between the three doses reveal no significant 

differences. The control condition could not be included in this 

analysis as only two sites tested supported eating.) However, the 

latency to feed was significantly affected by eserine sulphate (ANOVA: 

?( 2 = 13.80, df = 3, p< .01). Wilcoxon tests reveal that each dose 
r 

is significantly different to CSF control, (T = 0, in each case, 

p < .01 at least (1-tailed test)) though this is hardly surprising 

in view of the fact that of the 10 sites at which CSF was injected, 

only two supported eating; thu2 eight out of ten scores in this 

condition are 30, the cut-off point in this study. There was 

also a significant effect of drug dosage, 2.5pg inducing feeding 

with a significantly shorter latency than 10.0pg (T = 0, N = 7, 

p< .01, 1-tailed). 

The effect of dosage on the latency of feeding can be fUX±her 

seen in both Table 22 and Figure 15. Between 30 and 90 minutes 
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jUg Eserine sulpha t e 

CSF 2.5 5.0 10.0 

Latenc~ of Feeding (min) 

** x 29 .30 14.60* 14.11 * 17.88* 

.±BE 0.60 2.48 1.65 2.01 

median 17.00 

1 -, 

x 1.50 9.00 11.44 11 .57 

j;SE 0.50 2.47 2.26 1.39 

median 1.50 7.00 9.00 12.00 

no. 
2/10 9/10 9/9 7/8 

Table 21: Mean (ffiE) and median values of the Latency and Duration 

(in minutes) of Feeding Behaviour in the 30 minutes following 

microinjection of various doses of eserine sulphate into the 

substantia nigra. 

(n(Latency): no. of nigral sites examined. Figures in parentheses 

indicate no. of rats tested. n(Duration): no. of nigral sites giving 

rise to duration of feeding scores> O. Figures in parentheses indicate 

no. of rats tested. For latency, zero feeding Bcores were counted as 

30 min, the maximum Bcore. For d~ation, zero scores were discarded. 

This accounts for the values of n. given for each measure. 

(Duration: ANOVA not used - unequal n. in each group. Sign tests 

reveal no sig. diffs. between doses. 2 
Latency: X = 13.80 df = 3, r 

p « .01. * Wilcoxon tests show each dose sig. diff. to control, T = 0, 

N = n(latency), p < .01. ** 2.5,g vs 10.qug: T = 0, N = 7, p < .01. 

(All 1 tailed).) 



CSF 

Feeding (ems) 

x 55.66 

,:tSE 15.46 

median 60.25 

Drinking (mls) 

x 0.95 

,:tSE 0.37 

median 0.25 

jl-g Esedne sulphate 

2. 5 

63.01 

10.98 

65.90 

0.25 

0.13 

o 

5.0 

74.89 

14.02 

65.50 

0.17 

0.12 

o 

10.0 

95 13* 

5.66 

99.25 

0.88 

0.47 

0.25 

Table 22: Mean (iSE) and median amounts of Food and Water consumed 

between 30 and 90 minutes following microinjection of various 

doses of eserine sulphate into the substantia nigra. 

(n = no. of nigral sites examined. Figures in parentheses indicate no. 

of rats tested). 

(Feeding: X 2 = 3.99, df = 3, p < .3. * Wilcoxon test, CSF vs. 
r 

10.0)1g eserine sulphate, N = 8, T = 1, p <:.01 (1 tailed test.) 

Drinking: not tested - 23 of 37 scores = 0.) 



following microinjection, 10.0)lg eserine significantly potentiated 

feeding behaviour, (N = 8, T = 1, p < .01, 1-tailed test); ANOVA 

however does not indicate significant differences overall; 

2 
"r = 3.99, df = 3, p< .3). This clearly suggests that 10.0pg 

eserine potentiates feeding, but with i ncreasing strength over time . 

(The mean latency for this dose being 17.88 minutes, but the greatest 

effect being between 30 and 90 minutes post injection.) 

This powerful stimulation of feeding over 90 minutes can be seen 

in Table 23. The feeding induced by eserine over this period is 

statistically significant. (ANOVA: ~ 2 = 9.17, df = 3, p.( .05; 
r 

Wilcoxon tests show that 5.qrg (N = 9, T = 1) and 10.0pg (N = 8, 

T = 0) differ significantly from CSF, p « .005, 1-tailed test.) 

This long term potentiation of feeding is in marked contrast to the 

ACh and eserine induced feeding (see Figures 13 and 17) which appears 

to have immediate effects (0-30 minutes) but less effect in the 

subsequent hour. 

As in all the experiments so far reported, drinking behaviour 

was never significantly potentiated. Table 24 reveals that while 

eserine induced feeding from nearly all sites examined with all 

doses used, drinking was much more rarely observed. Indeed, drinking 

was never observed in the first 30 minutes following injection, while 

in the subsequent hour it appeared on only 14 of a possible 37 occasions. 

Histological examination was made of all the sites and these 

a..re shown in FigtU.'e 16. A similar analysis to too t undertaken in 

experiment three was made to discover whether the feeding response 

became weaker with increasing distance from the site which supported 
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JUg Eserine sul phate 

CSF 2.5 5.0 10.0 

Feeding ( cms) 

x 56.77 93.11 11 8.11 * 126. 76* 

,:tSE 15.66 10.09 12. 54 10. 98 

median 60.25 100.60 134.50 133. 40 

Drinking (mls) 

x 0.95 0.25 0.17 0. 88 

0.37 0.13 0.12 0.47 

median 0.25 o o 0.25 

Table 23: Mean (ffiE) and median amounts of Food and Wat er consumed 

between 0 and 90 minutes following microinjection of various 

doses of eserine sulphate into the substantia nigra . 

(n = no. of nigral sites examined. Figures in parentheses indicate no. 

of rats tested. (Feeding: X- 2 = 9.17, df = 3, p < .05. * sig. diff. 
r 

to CSF control. Wilcoxon tests: CSF vs, 5.0pg, T = 1, N = 9, p < .005. 

CSF vs. 10.0)Ug, T = 0, N = 8, p ~ .005. (Both 1 tailed). Drinking: 

not tested - 23 of 37 scores = 0.) 



0- 30 minutes 

Feeding 

Drinking 

30-90 minutes 

Feeding 

Drinking 

0-90 minutes 

Feeding 

Drinking 

TOTAL NUMBER 
OF SITES: 

CSF 

2 

0 

7 

5 

7 

5 

10 

JUg Eser i ne sul phat e 

2.5 5.0 10.0 

9 9 7 

0 0 0 

9 8 8 

3 2 4 

10 9 8 

3 2 4 

10 9 8 

Table 24: Number of sites from which Feeding and Drinking could 

be elicited in various periods following microinjections of 

cholinergic substances of artificial C.SF into the subs tantia 

nigra. (The unequal total numbers were caused by 3 guide 

cannula blockages preventing completion of dose-responses.) 



Figure 16. Representative frontal secti ons of t he r at brai n rrodified 

from the stereotaxic atl as of Koni g and Klippell (1 963 ) i ndicating 

the pl acement of injection sites in Experiment 4. The sect i ons are 

arranged from anterior (A) to posterior (F): the distance of each 

from the inter- aural line (zero reference point ) i s , in microns : 

A 2970 , D 2790, C 2580, D 2420, E 2180 , F 1950 . tit : effective 

site , c=): ineffect i ve s i te ~ : represents the si te of 

injection in the animal with the greatest overall food i nt ake 

elicited by cholinergic stimulation. (Abbreviations : CC, Crus 

cerebri; d , n. Darkschewi tsch; FMP , fasciculus medialis prosen-

cephali; FR, Fasciculus retroflexus ; HI , Hippocampus ; H1, Forel ' s 

field H1; H2, Forel's field H2; i, n. interstitialis ; 1M, Lemniscus 

medialis ; SNC, substantia nigra pars compacta ; SNR, subs t anti a 

nigro zona reticulata; TCC, Truncus corpus callosi ; zi , zona 

incerta.) 



Figure 16 



most eserine induced feeding. Unlike the previous experiment, no 

such correlation could be shown between histology and a general 

measure of drug-induced eating in either the 0-30 minute condition 

(r = 0.16) or the 0-90 minute condition (r = -0.38). s s 

Discussion 

The data presented here clearly show that inhibition of AChE 

within the substantia nigra elicits a feeding response similar to that 

seen following either nigral stimulation by cholinergic substances or 

stimulation of DA release within the striatum. Eserine sulphate has 

clear dose-dependent effects on the amount of food eaten , the latency 

of responding and, apparently, the duration of the response. No 

significant stimulation of drinking was observed. 

The results of this experiment suggest two things. First, that 

as inhibition of AChE activity induces a response similar to that 

seen after application of exogenous cholinergic substances, it 

might be presumed that endogenous ACh has a similar functional role 

in normal activity. Second, that as cholinergic stimulation in the 

region of the pars compacta induces a response similar to that elicited 

by stimulation of DA release within the striatum, and as AChE 

inhibition also induces a similar response, it might be suggested 

that it is the activity of the AChE known to be present within the 

dendrites of these pars compacta DA neurones which is inhibited by 

eserine. It might therefore be suggested that these neurones are 

stimulated by endogenous ACh. 

While it might be argued that no correlation exists between the 

site of injection and the strength of the eserine response, it must 



also be noted that the dendrites of the pars compacta neur ones, which 

contain AChE, ramify extens i vely into the zona reticulata (see 

Chapter 3, section ii). The absence of such a correlation might not, 

therefore, be a crucial point against the hypothes es presented 

above. 

We might conclude, therefore, from this experiment th~ ACh 

endogenous to the substantia nigra can mediate feeding behaviour . It 

might fUQ·ther be suggested, by similarity of the responding, that ACh 

activates DA neurones within the substantia nigra. 

Before proceeding to the final experiment - an investigation of 

the nature of the receptors mediating this cholinergic response -

a comparison between the effects of ACh and eserine, and eserine 

alor..e, on feeding and drinking, might provide further evidence of 

a role within substantia nigra for ACh, given the pharmacological 

similarities existing between the two fOI~ of stimulation. 
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Comparison of the Effects of ACh and Eser ine Mixtures and Eserine 

Sulphate Alone on Feeding Behaviour 

Experiments 3 and Llr clearly show t hat both solutions containing 

equal quantities of ACh and eserine, and eserine sulphat e alone can. 

elicit feeding behaviour in a dose-dependent manner. Statistical 

analysis of both s ets of data together reveals t hat in the first 30 

minutes following microinj ection equivalent doses of the two stimuli 

do not elicit significantly diff erent responses in terms of either 

the amount of food eaten (Table 25) or the l a t ency of feeding 

(Table 26). However, the feeding elicited by 10'0}1g of eserine 

sulphate has a s ignificantly longer duration than the feeding elicited 

by 10.0pg ACh and eserine, (mean values 12.00 minutes (eserine sulphate ) 

and 6.~0 minutes (ACh and eserine); p( .037). This potentiation in 

the first 30 minutes following microinjection is apparently maintained, 

fo:r in the subsequent hour (30-90 minutes) eserine elicits a greater 

degree of feeding at this dose than ACh/eserine mixture. (Eserine : 

95.13cms, ACh and eserine 56.01cms (mean values); p < .01 (1-tai lcd 

test); Table 25.) Moreover, the increased effect of 10.qug eserine 

over 10.0pg ACh and eserine is seen in t he ninety minutes f ollowing 

microinjection. (Mean values: eserine 126.76cms; ACh and eserine 

78.42cms; p < .01 (1-tailed test); Table 25.) Apart from t hi s dose, 

no significant differences in food consumption, latency or duration 

can be seen. 

Why such a difference should exist following the highest level 

of stimulation is not absolutely clear; presumably the presence of 

ACh is critical in the variation but whether this is due to i ts 

independent action at this dose or to an interaction with the anti-
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Condition: 

0-30 minutes 

30-90 minutes 

0-90 minutes 

ACh/Eserine 

CSF 

2.5pg 

5. 0pg 

10.0pg 

CSF 

2.5p.g 

5.0pg 

10.0pg 

CSF 

2.5Jlg 

5.0pg 

1O.0)lg 

Eserine 

CSF 

2.5pg 

5.0pg 

10.0pg 

CSF 

2.5pg 

5.0}.lg 

10.0pg 

CSF 

2.5p.g 

5.Otlg 

10.cpg 

n
1 
__ n

2 

10 

10 

9 

8 

10 

10 

9 

8 

10 

10 

9 

8 

19 

19 

19 

18 

19 

19 

19 

18 

19 

19 

19 

18 

U 

68 

86 . 5 

83 

46 . 5 

87 

80 

59 

22 

p 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

< .002 

93. 5 ns 

81 ns 

56 . 5 ns 

24 p (.02 

Table 25: Comparison of the amountof dry spaghetti eaten under 

stimulation by ACh and eserine mixtures or by eserine sulphate 

alone using the Mann-Whitney U test. (Values given for ~ are 

two-tailed.) 



Conditi on : ACh/ Eserine Eserine n1-_n2 
U p 

Latency of Feeding 

CSF CSF 9 10 15 scores=30 ns 

2. 5p g 2. 5pg 9 10 41. 5 ns 

5.0pg 5.qug 9 9 36 . 5 ns 

10.0p.g 10.0pg 8 9 18. 5 ns 

Duration of Feeding 

CSF CSF 2 2 n too small for test 

2.5pg 2. 5p g 5 9 15. 5 ns 

5.0pg- 5.0pg 9 9 29. 5 ns 

10.0pg 10.0pg 5 7 5. 5 p (. 037 

Table 26: Comparison of the Latency and Duration(in minutes ) 

of the Feeding elicited by ACh and eserine , or by eserine sulphate , 

in 30 minut es f ollowing microi njection into the substantia nigra, 

using the Mann-Whitney U Test. 



Figure 17. Mean (iSE) amounts of dry spaghetti consumed in 0- 30, 30- 90 

and 0-90 minutes following microinjection of various doses of either 

ACh and eserine (mixed in equal quantities) (e-e) or eserine 

sulphate alone (0-0) or 0.5)11 artificial CSF solution into the 

rat substantia nigra. (. sig. diff. to CSF control at l east , p < . 01 ; 

~ sig. diff. to 5.0pg dose at least p <: .025.) 

The two groups (ACh/eserine vs. eserine alone) show significant 

differences (p < .02) only at the 10.Opg dose , in both the 30-90 

min. and 0-90 min concli tions. 

Wilcoxon tests: 

ACh and Eserine: 0-30 min. CSF vs 2.5,ug: T = 16.5, N = 15, p < . 01 ; 

CSF vs 5. 0pg: T = 0 , N = 19, p < . 005; 

5.0pg vs 10pg: T = 33 , N = 18 , P < . 01; 

30-90 min. no sig. cliffs.; 

0-90 min. CSF vs 5.0pg: T = 17, N = 19, p < . 005; 

Eserine sulphate 0-30 min. CSF vs 2.~g: T = 0, N = 9, p C:::: . 005; 

CSF vs 5.<f1g: T = 0, N = 9 , p < . 005 ; 

CSF vs 10.Opg: T = 0 , N = 7, p C::::: . 01 ; 

5.0pg vs 2.5pg: T = 6 , N = 9, p < .025 ; 

30-90 min. CSF vs 10. <?-tg: T = 1, N = 8, p < .01; 

0-90 min. CSF vs 5.0pg: T = 1, N = 9, p < . 005 ; 

CSF vs 1O.<)1g; T = 0, N = 8, p < .005; 

(All 1 tailed tests). 

Mann Whitney U tests: 

10.0pg ACh and eserine vs 10.<)1g eserine; 30-90 min (n
1 

= 8, n
2 

= 18 , 

U = 22, P < .002); 

10.0pgACh and eserine vs 10.0pg eserine; 0-90 min (n
1 

= 8, n
2 

= 18 

U = 24, p < .02). 
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cholinesterase is not clear. It might be sugges ted t tat as 10.0pg 

eserine appears to successfully inhibit the activi ty of endogenous 

AChE, the addition of 10.Opg exogenous ACh t o the endogenous AC h 

freed from cholinesterasic limitation most probably induced a gross 

overstimulation. lihether or not the decline in fe ed ing seen following 

adminis tration of 10.0pg ACh and eserine is thus equivalent to t he 

decline in feeding seen following increased d-amphetamine s timula tion 

i s not clear. An equally plausible explanation of the differ enc e 

between ACh and eserine and eser ine alone at this dose might be tha t 

the excess ACh causes a depolarisation blockade of neurones in t he 

region of the injection. 

Overall, we might conclude that at doses below 10.0pg,ACh/ 

eserine mixtures and eserine sulphate alone do not induce different 

feeding responses, as neither the amount consumed, the latency of 

feeding, nor the duration of the response appear to be si gnificantl y 

different at equivalent levels of each form of stimulation. However , 

the 10.qug dose does show significant differences between t he 

conditions: duration of the response and the volume eaten over 90 

minutes show differences, eserine alone potentiating eating to a 
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greater degree than 10.0pg ACh and eserine. Addi t ive effects of endogenous 

and exogenous ACh and/or depolarisation blockade might account for 

this phenomenon. 



A Study of Correlations Between Feeding and Drinking Elicited gy 

Cholinergic Stimul ation of the Substantia Nigra 

Experiments 3 and 4 clearly show that cholinergic stimulation of 

the substantia nigra induces a dose-dependent feeding behaviour, whil e 

drinking is rarely observed. As both lateral hypothalamic and nigro

striatal pathway lesions induce a syndrome of aphagia and adipsia , 

this might be thought curious. if stimulation potentiates feeding, 

why does it not also potentiate drinking? The data reported here 

have shown only the quantity of water drunk in response to stimulation, 

and this has not shown any significant pattern. However, it is 

possible that drinking is related to feeding, but that a temporal 

factor is involved. For instance, does potentiation of feeding in 

the first 30 minutes following microinjection enhance drinking in the 

30-90 minute period? In order to examine such interactions, the data 

from those sites examined in experiments 3 and 4 were ranked with respect 

to feeding and drinking in each time period (0-30, 30-90 and 0-90 

minutes) at each dose (2.5, 5.0 and 10.0pg, and CSF control) and 

subjected to analysis by Spearman's Rank Correlation Co-efficient. 

The results are shown in Table 27. 

Of the 44 correlation co-efficients shown in this table, only 

3 show statistical significance. The highest of these (0.549) accounts 

for no more than 30.14% of the variance between the two conditions 

(2.5pg ACh and Eserine; Feed 30-90 mins vs. Drink 30-90 mins). More

over, as the value set for statistical significance is p < .05,then 

we may estimate that approximately one correlation in every 20 will 

show statistical significance simply by chance. As 44 correlations are 

shown he,re and only three show significance, and as these are all 
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Experiment al Condi t ion ACh and Eserine Eserine Alone 

r p r p s s 

Following CSF i nj ections 

Feed 0-30min. vs . Drink 0- 30min. 0 .052 ns 
vs . Feed 30- 90min. 0.252 ns 0. 424 ns 
vs . Drink 3O-90min. -0 . 271 ns 0. 441 ns 

Drink 0- 30min. vs . Feed 3O- 90min. - 0 .1 50 ns 
vs . Drink 30- 90min. -0 . 216 ns 

Feed 3O- 90min. vs . Drink 3O- 90min. 0. 410 < . 05 0. 560 ns 

Following 2. 2rg injections 

Feed 0-30min. vs . Drink 0-30min. 0. 332 ns 
vs . Feed 3O- 9Omin. 0 . 304 ns - 0 . 714 ns 
vs . Drink 3O- 90min. 0. 190 ns 0 . 612 ns 

Dr i nk 0-3Omin. vs . Feed 30- 90min. 0.1 83 ns 
vs . Drink 3O- 90min. 0.11 6 ns 

Feed 3O- 90min. vs . Drink 3O- 90min. 0. 549 < . 05 0. 612 ns 

Following 2.0Bg inj ect ions 
I 

Feed 0-30min. VS . Drink 0-30min. -0.085 ns 
VS . Feed 3O- 90min. 0 ns -0 . 357 ns 
vs . Drink 3O- 90min. 0. 304 ns -0 . 267 ns 

Drink 0-3Omin. VS . Feed 3O- 90min. -0.068 ns 
VS . Drink 30-90min. -0.1 29 ns 

Feed 3O- 90min. vs . Drink 3O- 90min. -0 . 070 ns 0 . 490 ns 

Following 10 . 0Bg in,j ections 
I 

Feed 0-3Omin. VS . Drink 0-30min. 0.1 21 ns 
vs . Feed 30-90min. 0. 232 ns 0 . 393 ns 
vs . Drink 30-90min. 0. 137 ns - 0 . 139 ns 

Drink 0-30min. VS . Feed 3O- 90min. 0. 273 ns 
vs . Dr i nk 3O- 90min. -0. 216 ns 

Feed 3O-9Omin. vs . Drink 3O- 90min. 0. 277 ns 0.1 20 ns 

Overall 0-90 minutes 

CSF Feed vs . CSF Drink -0.008 ns 0. 560 ns 
2.5p.g Feed vs . 2. 5p.g Drink 0. 543 <.05 -0 . 204 ns 
5.0pg Feed vs . 5.0pg Drink -0 .108 ns 0 . 223 ns 
10.0pg Feed VS . 10.0pg Drink 0. 395 ns -0 .1 39 ns 



very low correlations, it would not be unreasonable to claim that 

there is at best a weak: correlation between the amount of food eaten 

and water consumed within or between the time periods examined , or 

at the doses used. 

It is ar9ued in this thesis that because lesions of the l ateral 

hypothalamus which destroy ascending fibres of passage, or 

destruction of those fibres alone, induce a syndrome of aphagia 

and adipsia, then stimulation of those pathways might be expected 

to induce consummatory behaviour. While various manipulations believed 

to enhance or mimic the activity of the pathway involved have been 

shown to induce or potentiate eating, drinking has never been observed. 

Moreover, it is not observed following tail-pinch stimulation which 

appears able to induce many consummatory behaviours (Marques et. al., 

1979; Antelman et. al., 1976b) and which appears to involve activation 

of the nigro-striatal pathway. (See Chapter 5, section ivc.) While the 

failure to induce drinking is not a crucial point against the hypo

thesis that nigro-striatal activation should elicit feeding behaviour, 

it is nevertheless a puzzling anomaly. 

Perhaps the most startling claim available to help account 

for this anomaly is that in fact, if tested appropriately, LH 

lesioned rats appear to show sufficient regulatory drinking to ensure 

their survival (Rowland et. al., 1979). Stressful i p sodium chloride 

injections and inadequate test periods, it has been argued, both serve 

to hide the true regulatory capacities of LH lesioned animals. Non

painful intravenous injections, longer test periods (up to 24 hr), 

and chronic osmotic challenge are thought to enable demonstrations of 

the real capacities of LH lesioned animals (Rowland et. al., 1979). 
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While this may account for the adipsia following LH lesions, the 

adipsia seen following 60HDA lesions of substantia nigra may be 

accounted for by additional lesion of the zona incerta. This area 

lies above the substantia nigra and might easily be affected by lesion 

techniques or even by crulllula tracks aimed at postero-lateral areas 

of the nigra; zona incerta-lesioned rats are known to show several 

drinking behaviour impairments (Rowland et. al., '1979). 

It might thus be possible that neither nigro-striatal pathway 

nor LH lesions induce a true adipsic state: improper test procedures 

and/or additional zona incerta disruption might account for the 

observed adipsic effects. Consequently, it might not necessarily 

be expected that stimulation of the substantia nigra should elicit 

drinking, though feeding would be expected. 
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Experiment Five : Antagonism of Feeding Induced by 5.0ug ACh and , 

Eser ine using Nicotinic and Muscarinic Cholinergic 

Receptor Blocking Agents 

Purpose 

Experiment 3 demonstrated that cholinergi..c substances micro-

inj ected into the substantia nigra could potentiate feeding behaviour 

in a dose-dependent manner. Experiment 4 carried this work further by 

demonstrating that blockade of AChE activit y could also facilitiate 

eating. The suggestion was made that this resulted from an increased 

activity of endogenous ACh. To further examine the claim that an 

endogenous cholinergic sys tem wit hin subs t antia nigra can facilitat e 

eatin~ an attempt to block the response by using cholinergic receptor 

antagonists was made. Characterisation of t hese receptors was made 

by using bo th a muscarinic receptor antagonist (atropine) and a nico-

tinic receptor antagonist (mecamylamine), microinj ected into the 

subs tantia nigra 15 minutes before similar microinjection of ACh and 

eserine, in a dose known to po t entiate feeding, (5.0jlg of each). 

Method 

Into each of twelve male black-hooded rats (PVG/C strain), 325-

535g, bila teral stainless steel guide cannulae (23 ga.) were implanted, 

giving access to the substnntia nigra. (In the atlas of PellegrinO 

and Cushman (1967), AP -2.4; Lat ± 2.0; Vert. -5.5 below dura.) 

After recover ing from surgery, the animals were trained to eat sticks 

of dry spaghetti from glass tubes, feeding behaviour being measured in 

centimetres of spaghetti consumed. The animals were then t ested for 

their responsiveness to 5.~g ACh and eserine, and to an artificial 

CSF control, using the methods described in experiment three. Sites 

147. 



which supported cholinergic-induced f eeding were further examined . 

For the next sessions , animal s were placed in individual boxes 

and allowed to settle for 45 minutes with f ood and water fr eely 

available. Animals were then microinj ected wi th either 0. 5p1 artificial 

CSF, or 0.5p1 artificial CSF containing one of three doses of atropine 

sulphate (0.5, 1.0 or 5.0pg) ~r one of three doses of ~ecamylamine 

hydrochloride (0.5, 1.0 or 5.0pg) depending on which group they had 

been assigned to, (atropine group or mecamylamine group). Fifteen 

minutes after this animals were again micr oinjected with 5.gpg ACh 

and eserine, as previously described. 

The order of adminis tration (CSF control or drug preinjection) 

was randomised. Within each group 3 injections of each dose (0.5, 1.0 

or 5.0pg) were made. At six of the nine sites examined in each group 

both CSF control and drug were adminis tered, at one site in each 

group two different drug doses, and no control, were tested; a t 

one site in each group, one dos e of drug and no control was admin-

istered. Successive tests were separated by a minimum of 4B hours. 

(This experimental design was not chos en deliber ately. When only 

a very few animals had been tes t ed it became apparent that repeated 

injections into the same substantia nigra site were affecting the 

responses. The data used here requires 6 repeated injections at 

any one site: CSF alone, 5.0pg ACh and eserine and 2 pre-injections 

both followed by 5.~g ACh and eserine. If more than 6 injections 

are made, the f eeding response appears to decline regardless of the 

drug injected. Only the data from the firs t 6 microinj ections was 

taken from sites which had received more when this phenomenon became 
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apparent. This accounts fo r the lack of control dat a from certain 

sites. ) 

On completion of behavioural testing the animals were killed 

by an overdose of barbiturate and perfused intracardially with a 

0.9.% saline solution and treated according to standard histological 

procedures. Tissue was not treated with 10% formalin sohttion. 

Results 

All of the 10 sites that were fully examined supported eating 

following administration of 5.0pg ACh and eserine, in the first 30 

minutes following the microinjection, while drinking was seen on 

only one occasion. The amount of food eaten was statistically signi-

ficantly greater than the amount consumed following CSF administration, 

but not significantly greater than the amount consumed in ih e CSF pre-

injection plus 5.0pgACh and eserine condition, (i.e. in 30 minutes 

following administration of the cholinergics). (ANOVA across all 

three conditions: ~ 2 = 18.00, df = 2, P < .001. Wilcoxon Tests: 
r 

SoOpgACh and eserine vs. CSF control: N = 16, T = 0, p< .005; 5.0pg 

ACh and eserine vs. CSF pre-injection plus 5.0pg ACh and eserine: 

N = 12, T = 34, not significant, p> .05; CSF pre-injection plus 
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5.0pg ACh and eserine vs. CSF control N = 12, T = 0, p < .005; all 

1-tailed tests •. ) The mean (ffiE) and median amounts of food and water con-

surned in all tlu'ee conditions are shown in Table 28. 

It might be concluded that 5.gpg ACh and eserine microinjected 

into the substantia nigra induced feeding behaviour (as was observed 

in Experiment 3) fu~d that this response~s not attenuta ted by pre-

injection at the same site, 15 minutes beforehand, of O.SJil artificial 



CSF pre-
5.0pg ACh CSF injection + 
+ Eserine 5.0pg ACh 

+ Eserine 
Feeding (cms) 

x 48.22-~ 4.66 40.28~ . 

iSE 6.89 2.98 7.27 

median 45.30 0 30 .20 

Drinking (mls) 

x 0.19 o o 

ffiE 0.19 o o 

median o o o 

Table 28: Mean (ffiE) and median amounts of Food and Water 

consumed in thirty minutes following microinjection into the 

substantia nigra of 5.0pg ACh and eserine or an artificial 

CSF control, or a combination of the two. (n = no. of nigral sites 

examined. l<'igures in parentheses indicate no. of rats tested). 

(Feeding: 'X. 2 = 18.00, df = 2, p < .001. Wilcoxon tests were used 
r 

to examine differences between the three conditions. * 5.0pg ACh 

and eserine vs. CSF control: N = 16, T = 0, P < .005. ** CSF 

pre-injection + 5.0pg ACh and eserine vs.CSF control: N = 12, T = 0, 

p < .005. (1 tailed tests). Drinking: nol:. tested - 43 of 44 

observations = 0). 



CSF. As such it should be possible to examine the antagoni stic effects 

of cholinergic r eceptor blocking agents on this feeding r espons e by 

using the pre-injection t echnique. 

Table 29 shows the mean (j:SE) and median amounts of food and water 

consumed in the 30 minutes following microinjec t ion of 5.0fg ACh and 

eserine into the substantia nigra, at sites which, 15 minutes previousl y , 

had been treated with various doses of either atropine or mecamylamine. 

Table 30 shows the same data, after each observation had been expressed 

as a percentage of the matched SCOI'e for that site of 5.0pg ACh and 

eserine alone. Mean (j:SE) and median percentage values are shown. 

Tables 31 and 32 show mean (j:SE) and median values of food and water 

consumption follov,ing cholinergic stimulation of substantia nigra sites 

pretreated wtth receptor blocking agents for, respectively, 30 to 90 

minutes following microinjection of 5.0pg ACh and eserine, and 0-90 

minutes follo1v.ing microinjection. No statistically significant 

differences exist between the three "baseline" conditions (5.0pg ACh 

and eserine ; CSF alone, and CSF preinjection followed by 5.gpg ACh 

and eserine) in either period. (ANOVA; 30-90 minutes,~ 2 = 1.17, 
r 

df = 2, p < .7, 0-90 minutes, X 2 = 2.17, df = 2, p< .5.) 
r 

Table 33 shows the feeding elicited by pre-injected drugs (CSF, 

atropine and mecamylamine) in the 15 minut es between their admin-

istration and the subsequent microinjection of 5.~gACh and eserine; 

mean (.±BE) where n permits) and ± SD of the CSF control mean and 

median values are shown. As dripking occurred only twice (1.0 and 0.5ml. 

drunk) i t i s not tabulated. Table 34 shows mean (± SE where n 

permi ts) and median values of both the latency and duration (in 

minutes) of feeding following cholinergic stimulation alone, or 
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Feeding ( ems) 

-x 

,iSE 

median 

Drinking (mls) 

x 

;±SE 

median 

Atropine Sulphate Mec~ylamine Hydrochloride 

O.5pg 1.~g 5.cpg 0.5pg 1.<jug 5.(jug 

Followed by 5.0pg ACh and Eserine 

17.97 

9.11 

24.30 

o 

o 

21.13 

17.66 

7.20 

0.83 

0.60 

43.63 

23.93 

48.40 

o 

o 

41.87 14.57 56.60 

39.54 8.32 32.60 

4.70 14.90 30.40 

o o o 

o o ° 

d 

Table 29: Mean (,iSE) and median amounts of Food and Water consumed in 30 minutes following intra-nigral 

administration of 5.0pg ACh and e serine at sites which had been pre-treated vlith cholinergic receptor antagonists. 

FigureS In 'parentheses indi~ta no. . 
, 

of rats tested;) 



CSF pre- Atropine Sulphate MecruQvlamine Hydrochloride 

injection O.5pg 1.cpg 5.cpg 0.5pg 1.0pg 5. 0pg 

% Feeding ( cms) Followed b~ 2.0AgACh + Eserine • 
-x 94.55 46.44 41.51 79.91 33. 60 45. 87 99.39 

j;SE 9.31 23. 47 30.70 43. 33 30 . 38 28.26 37.75 

median 99.46 63.78 23.08 90.81 6.56 40.22 94.62 
, ~ 

'" ,. , 
"' ," J~ " ~a,,""~",: 3(2f ; "3(2) 3(3}: 3t3Y" 

... 
3(3) ~ 

:, t.,~: ,,~.~ ! 3(3L. £~h:!'; 

Table 39: Feeding induced by 5.0)Ug ACh and Eserine (0-30 minutes post- injection) at sites pre- treated 

with cholinergic receptor antagonists, expressed as a percentage of the feeding elicited from the 

same site by 5.qug ACh and eserine, without pre-treatment. 



At ropine Sulphate MecffiRyl amine Hydrochlor i de 

5.0pg ACh 0.5plCSF O.5plCSF O.r;pg 1.0pg 5.0pg 0.5pg 1.0pg 5.C}ug 
and eserine 

Feeding (cms) L-- Followed by 5.0pg ACh and eserine 

-x 74.53 67. 66 74.07 49.20 69.13 20.27 69 . 40 133. 70 64.1 7 

.±BE 11.59 11.72 8.83 25.70 7. 43 14.72 34.20 38. 11 32. 98 

median 65.45 77.30 74.25 60.90 75.80 11. 90 35. 60 11 8. 40 83. 00 

Drinking: {mlsl 

-x 1.19 0.78 1.25 1.17 2.0 1.0 0. 50 1. 33 1. 17 

.±BE 0.30 0.29 0. 45 0.93 0 0.58 0.29 1. 33 0. 60 

median 1.50 0 1. 0 0. 50 2.0 1,. 0 0. 50 0 1. 50 
IR·.· ~'i: ,.. - •. ,<, '~i'" .~ -~11"""'" !;I!~_' ?t~'>~~""}-+:" ... ' _ -~ ~ ..... - "'~,!./. "'~.'. ~ .. n ~g;;.. ....." ... - •. -', - -"'-;;:" 

,16tt2) ,.' '!'Ii(f,)" 1',_ 12(11) Lri~_~~:;~.,.u.;':" ~('if '· :;7 "31~F ' 313: ~-r:,:"-" 3{:2}-f-~ ,(.~) ,: ' 3(3) 

Table 31: Mean (ZSE) and median val ues of Food and Water consumed between 30- 90 minutes fo l lowing cholinergic 

s timulation of substanti a nigra at si t es pre-treated with chol inergic r eceptor antagonists . 



Atropine Sulphate Mecm;ylamine Hydrochloride 

5.0pg ACh O.5plCSF O.5plCSF O.7pg 1.0pg 5.0pg 0.5pg 1.0pg 5.0pg 
and eserine 

Feeding: (cms) L----Followed by 5.qug ACh and Eserine 

-x 122.75 72.26 114.34 67.17 90.27 63.90 111.27 148.33 120.77 

,iSE 13.13 12.35 9.15 26.74 10.25 15.25 38.02 36.52 11.23 

median 116.25 85.95 120.80 60.90 83.00 48.90 142.50 118.40 121.40 

Drinking (mls) 

x 1.38 0.78 1.25 1.17 2.83 1.00 0.50 1.33 1 .17 

,iSE 0.38 0.29 0. 45 0.93 0.60 0.58 0.29 1.33 0. 60 

median o 1.00 o 1.50 

Table 32: Mean (iSE) and median values of Food and Water consumed between 0-90 minutes following cholinergic 

stimulation of substantia nigra at sites pre-treated with cholinergic receptor antagonists • 
..... .#ftoF- ""'<"f --. .... _ ... :;;J __ F. '.- 1,'\''111" , ......... , ~ ~ ... - ;",'" 

l. {~, ~, no. ,of nigraH sJ tea exaDrl.ned. ,Figures 1~ ~entheseS indicate- n~:!, 

!of::.k ts teBted~) , .. -



Atropine Sulphate Mecamylamine Hydrochloride 

0.5p1CSF O.r:pg 1.0pg 5.0pg 0.5pg 1.0pg , 5.0pg 

Feeding: (cms) 

-x 22.25 4.0 14.03 14.80 25.83 0 18.97 

,iBE (±SD) 8.35 (28.92) 4.0 7.79 8.05 13.35 0 17.25 

median 11.40 0 15.20 16.70 32.90 0 3.50 

Table 33: Mean (ffiE and (CSF control only) ,iBD) and median amounts of Food consumed in 15 minutes following 

treatment with cholinergic receptor antagonists, prior to administration of 5.0pg ACh and eserine. 



Atropine Sulphate Mecamylamine Hydrochloride 

5.0pg ACh O.5plCSF O.~lCSF O.5pg 1.<pg 5.0pg 0.5pg 1.Opg 5.0pg 
and eserine 

Latency {min) '--- Followed by 5.0pg ACh and Eserine 

x 18.44 25.56 15.42 20.00 22.67 17.00 24.00 23.33 15.33 

+ SE (+SD) - - 1.27(5.07) 2.11 1.85 5.77 5.90 6.56 4.16 3.38 5.33 

median 19.00 30.00 16.00 20.00 27.00 12.00 26.00 21.00 10.00 

Duration (min) 

i 10.44 4.75 10.75 8.50 10.50 17.00 12.00 5.50 13.67 

,:tSE 1 • 24 2.59 1. 68 6. 1 2 

median 10.50 5.00 11. 50 1 2.00 

3t3)",t» ~~;~'71' ~3E'Z1 " 3(:er:~. 3(J) 

Table 24: Mean (,:tSE) and median values of Latency and Duration (both in minutes) of Feeding in the 30 minutes 

following cholinergic stimulation of substantia nigra: Effect of receptor antagonists. 

(n? no. ·· of " n:t~~l·" sites examil1ed;-Figu:.res ' in -parentheses. -indicate .no. :>-;'.: " '.' ')' ' ,.",,- ... .', ¥ ,~, •• , " - .. ~ 

( o!;i~ats>: t~~~t~d.~. 



AtroEine SulEhate MecruR1lamine H~drochloride 
5.0pg ACh 0.5plCSF 0.5plCSF 
and eserine O.5pg 1.Opg 5.0pg 0.5pg 1.Opg 5. 0pg 

15-0 mins. Followed by 5.0pg ACh and Eserine 

Feeding 6 1 2 2 2 0 2 
Drinking 0 0 0 0 0 1 

0-30 mins 

Feeding 16 5 12 2 2 2 2 2 3 
Drinking 1 0 0 0 2 0 0 0 0 

30-99 mins. 

Feeding 15 14 12 2 3 2 3 3 2 
Drinking 10 7 7 2 3 2 2 1 2 

0-90 mins 

Feeding 16 14 12 3 3 3 3 3 3 
Drinking 10 7 7 2 3 2 2 1 2 

3 .. 
~ 

• -re.r ..L':"'~' -." •••.• • ,-_A;'Y_- ._. __ 

Table 35: Number of animals Feeding and Drinking in each condition. 

particular condition). 



stimulation in the presence of the antagonists. 

While it has been possible to examine the feeding elicited by 

the baseline conditions using statistical tests, such methods cannot 

be used to analyse the effectiveness of the cholinergic antagonists, 

as the enforced 'design' of the experiment has restricted the number 

of animals in each group to only three. However, the data presented 

in Tables 29, 30, 31, and 32 would appear to show that cholinergic 

antagonists did, in some way, affect the f eeding response. To an 

extent, we can show that the feeding elicited following blockade of 

cholinergic receptors was different to that elicited when. no blockade 

was present. This can be done by observing whether (i) the mean 

value of feeding in any 'antagonised' condition falls beyond the mean 

± 1 standard deviation of the feeding induced by 5.0pg ACh and 

eserine and (ii) the median values of feeding in any 'antagonised' 

state falls beyond the 6.25 percentile point of the feeding induced 

by 5.0pg ACh and eserine. If values for any dose of atropine or 

mecamy~amine f all bayond both of these, then it might be tentatively 

suggested that a blockade of the cholinergic response has been 

established. 

Figure 18 shows, schematic.ally, which mean "ant agonised" values 

fall beyond 1 standard deviation from the mean of the baseline 5.<JIg 
which median values fall 

ACh and eserine response, ana/beyond various percentile points, the 

values of which are given in Table 36. The following doses of antagonist 

appear to attenuate feeding on the criterion that their mean value (n=3) 

falls beyond both the mean minus 1 SD, and the median value falls beyond 

the 6.25 percentile point of the feeding induced by 5.Ofg ACh and 

eserine. 
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Figure 18 . Antagonism of feeding induced by 5.0pg ACh and eserine 

by various doses of either the muscarinic receptor antagonist atropine 

or the nicotinic receptor antagDnist mecamylamine. Mean minus SD 

and 3 percentile points of the feeding response to 5.0pg ACh and eserine 

were calculated for separate periods following microinjection 

(0-30 min, 30- 90 min. and 0-90 min. ) and used as standards against 

which to compare the effects of receptor blockade. Mean or median 

values , as relevant , observed fol1011ing microinjection of O.5pl 

artificial CSF, 0.5pl artificial CSF followed 15 min. l ater by 

5.0pg ACh and eserine or various doses of atropine or mecamylamine 

followed by 5.0)Ug ACh and eserine , were compared with thes e 

standards . • indicates that the mean or median i s greater than the 

standard value for 5.0pg ACh and eserine against which it is being 

compared; ~ indicates that the mean or median is less than the 

standard against which it is being compared. 

is constructed). 



Atrop-ine Mecamylamine 

CSF CSF 0·5 1·0 5·0 0·5 1·0 5·0 

0- 30 minutes Followed by 5·0,..9 ACh and Eserine 

1SD below x " ... " ... ... ... " ... 

25 percentile " " " " ... " " " 
12·5 II 

" ... ... " ... " ... " 
6·25 II 

" ... ... " ... " ... ... 

30- 90 minutes 

ISD below x ... ... ... ... " ... ... ... 

25 percentile ... ... ... ... ... " ... ... 

12·5 II ... ... ... ... " ... ... ... 

6-25 II ... ... ... ... ... ... ... ... 

0-90 minutes 

lSD below x ... ... " ... " ... ... ... 

25 percentile ... ... " ... " ... ... ... 

12-5 II ... ... " ... " ... ... ... 

6-25 II ... ... " ... " ... ... ... 

Figure 18 



Atropine Sulphate Mecrunylamine Hydrochloride 

5.0pg ACh 0.5;ilCSF 0.5plCSF 0.5.Nj 1.0~ 5.0"""3 0.5~ 1.0AJ!} 5.0"""3 
and eserine 

30-90 mins Followed by 5.qug ACh and Eserine 

x 74.53 67.66 74.07 49.20 69.13 20.27 69.40 133.70* 64.17 
SD 46.36 

i - SD 28.18 
median 65.45 77.30 74.25 60.90 75.80 11.90 35.60 118.40 83.00 
25%ile 41.55 
12.5% ile 28.95 
6.25% ile 10.65 

O-LQ. mins 

-x 48.22 4.66 40.28 17.97 21.13 43.63 41.87 14.57 56.6 
SD 27.55 

x - SD 20.67 
median 45.30 0 30.20 24.3 7.2 48. 4 4. 7 14.9 30. 40 
25%ile 31.84 
12.5% 11e 17.45 
6.25% i1e 16.00 

0-,2,Q mins 

-x 122.75 72.26 114.34 67 .1 7 90.27 63.90 111.27 148.33 120 .77 
SD 

x - SD 
median 116.25 85.95 120.80 60.90 83.00 48. 90 142.50 118. 40 121 . 40 
25% ile 
12.5% i1e 

5% ile Q4.-~ . > .• . .• '~.i, .>.', , 

n~~( 3) 1. ~ ili) ... ~:~~ ,:, . .... - - .f6Cf2L : __ 16(.t2) , __ ,_1'2(1 tt .. _~~,".;.. 3.12) 
Table :2£: 

lies beyond 1 SD above the mean, which is 120.89). 

Cn = no., of nigral sites examined. Figures in parentheses iridicate 

no. of rats tested.) 



0-30 minutes pos t-injection: none (t hough CSF alone , predic tabl y , 
meets the cri terion) • 

30-90 minutes post-injection: none 

0-90 minutes post-injection: Atropine 0.5pg 
A tropine 5. Opg 

It is not possible to state with certainty that any significant 

effect has occurred as a result of cholinergic receptor antagonism. 

It is however interesting to note that two different doses of atropine 

fall outside the expected range of t he scores. Why t he third dos e 

of atropine did not have this effect is no t clear ; the mos t we can 

say about this dose (1.0pg) is t hat in the first 30 minutes following 

administration of 5.0pg ACh and eserine, 1.0pg atropine antagonised 

the response sufficiently to cause the mean amount of feeding t o 

fall beyond the 6.25 percentile, though not more than 1 SD from tlJe 

mean. 

Mecamylamine had no such antagonistic effects . In the fir st 30 

minutes following cholinergic s timulation, 1.9ug mecamylamine appears 

to cause a fall in feeding greater than 1 SD but not t he 6. 25 percentile 

point. It is of more interest to no te that in the subsequent hour , 

this dose appears to actually potentiate feeding: the mean f alls more 

than one SD above the mean of cholinergic-induced feeding (1.0pg 

mecamylamine, i = 133.70; 5.0,Pg .ACh and eserine, x + 1 SD = 120.89 

cms.). This might represent a rebound effect from the suppression of 

feeding observed in the previous 30 minutes . (Indeed, the total (0-90 

minutes feeding elicited by this dose shows no difference at all t o 

the baseline.) 

Only two other noteworthy points emerge from this data . First, 
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the latency of feeding in the first 30 minutes folJm"ing chOlinergiC 

s timulation appears to be unaffected by receptor blocking agents, 

(Table 34). No dose of atropine induced feeding ''lith a latency 

'beyond the range of the mean ± SD of baseline (5.0jUg ACh and eserine) 

f eeding, although two doses of mecamylamine appear to be borderline. 

(5.0pg ACh and eserine, mean + SD = 23.51 minut es; 0.5pg mecamyl-

amine, 24.00 minutes; 1.0pg mecamylamine 23. 33 minutes) Statis-

tically significant differences can be shown between t he three base-

line conditions, as would be expected. 
2 

(ANOVA: Xr = 7.63, df = 2, 

p < .05; Wilcoxon Tests: 5.0pg ACh and eserine va. CSF, N = 16, 

T = 21, P « .01 ,; 5.0pg ACh and eserine preceded by O.~ CSF vs. 

CSF, N = 12, T = 12, p < .Q25; both ACh and eserine conditions 

compared, N = 11, T = 15, not significant; all tests 1-t ailed.) 

Duration of feeding was not tested, but mean (iSE) and median values 

appear in Table 34. Secondly, the antagonists alone, in the 15 minutes 

preceding administration of cholinergics, appear to have a variable 

effect on food intake, (Table 33), but no value lies outside the 

mean ± SD range of the CSF pre-injection, which s erves hel'e as a 

control. 

Figure 19 shows representative frontal sections of the brain, 

indicating the injection sites investigated. As is apparent by the 

clustering together of these Sites, no consistent relationship between 

the behavioural responses, drugs tested and anatomical site could be 

discerned, using the techniques outlined in Experiment 3. 

Conclusions 

This experiment has very little to offer in terms of hard-and-

fast conclusions. The demonstration that 5.0pg ACh and eserine elicits 
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Figure 19. Representative frontal sections of the rat brain, modified 

from the atlas of Konig and Klippell (1963) indicating the placement 

of effective injection sites (~) in Experiment 5. The sections 

are arranged from anterior (A) to posterior (F); the distance of 

each from the inter-aural line (zero reference point) is, in microns; 

A 3290, B 3180, C 2970, D 2790, E 2580, F 2420. Sites at which 

cholinergic-induced feeding was exam..i.ned following pre-treatment with 

mecamylamine are shovm on the left, those pre-treated l.i th atropine 

on the right. (Abbreviations: cc, Cl"US cerebri; d, n. Dark

schewitsch; E~, Fasciculus medialis prosencephali; FR, Fasciculus 

retroflexus; HI, Hippocampus; H1, Forel's field H1; H2, Forel' s 

field H2; i, n. interstitialis; 1M, Lemnisclm medialis; SNC, 

substantia nigra pars compacta; SNR, substantia nigra zona reticulata; 

zi, zona incerta.) 
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feeding behaviour in the first 30 minut es following microinjection bas 

been repeated. As in Experiment 3, no drinking was found to be 

associated with this response. Unlike experiment 3, the feeding 

observed in ninety minutes following microinjection was not signi

ficant. 

The most convincing demonstra tion of this Bxperiment i s probably 

the validation of the pre-injection technique. Microinjec t ion of 

0.5f1 CSF into the substantia nigra 15 minutes before microinjection 

of 5.0pg ACh and eserine at the same site never affected the choliner

gically induced response to a statistically significant degree, 

suggesting that repeated injections of this nature may be an 

appropriate method for examining such problems as receptor character-

isation. 

In terms of the purpose of this study, only tentative conclusions 

can be advanced. The observation that, on the criteria adopted, only 

doses of atropine affected the cholinergic response might be taken 

as suggesting the presence of muscarinic receptors mediating the 

cholinergic feeding, while on the other hand, the failure of mecamyl

amine might suggest an absence of nicotinic receptors. Previous 

localisation of muscarinic receptor binding to the substa~tia nigra 

might support this claim (De Mantis, 1979). However, the failure 

of an intermediate dose of atropine to have any effect, and the 

curious effects of 1.0pg mecamylamine in inducing 'see-saw' effects 

within the 90 minute observation period tend to cast doubt over these 

suggestions. 
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Chapter 9: General Discussion 

i. Summary of the Main E;perimental Findings 

a. 0.25 mg/kg d-amphetamine caused a statistically significant increase 

in feeding when systemically administered. Higher doses (1.00 and 

4.00 mg/kg) caused a statistically significant decrease in feeding, 

but a significant increase in locomotion, rearing and stereotyped 

behaviours. Drinking, wood-chip gnawing and grooming were not 

potentiated by any dose of d-amphetamine used (0.125 - 4.000 mg/kg), 

although all were reduced by the highest dose (4.000 mg/kg) which 

elicited stereotyped sniffing and rearing. 

b. Intra-striatal microinjections of d-amphetamine elicited dose

dependent feeding. 0.7 and 0.6)lg had no effect on food intake , while 

2'0)lg caused a statistically significant increase in the amount of 

food consumed. However, the mean (jpE) latency of feeding was 52.78 ± 

9.04 minutes. (Latency of feeding following saline control: 87.50 ~ 

6.72 minutes (mean + SE)). Neither drinking nor locomotor activity was 

affected by intra-striatal d-amphetamine. Stereotyped behaviours were 

not observed. 

c. An inverted U-shaped function with respect to feeding was found 

following cholinergic stimulation of the substantia nigra by solutions 

of artificial CSF containing equal quantities of ACh and eserine (2.5, 

5.0 and lO'0}l8 of each). Feeding appeared to be most strongly 

stimulated by S.Opg ACh and eserine within the first 30 minutes 

following microinjection. There was no significant cholinergic stimulation 



of feeding in t he 30-90 minute period following micr oinjection, but 

the early potentiation was sufficient to show a statistically signi

ficant effect when intake was measured over 90 minutes following micro

injection. Drinking was not similarly potentiated. A statistically 

significant correlation between the intensity of drug-induced f eeding 

and distance from the pars compacta was also found, indicating that 

the response became weaker with increasing distance from this area . 

d. Microinjections of eserine sulphate alone into the substantia 

nigra were also found to be capable of potentiating feeding behaviour. 

In the first 30 minutes following microinjection a similar pattern of 

responding was seen as following ACh and eserine stimulation - feeding 

following an inverted U-shaped function with no drinking occurring. 

In the subsequent hour (30-90 minutes post-injection) 10.0)Ug signi

ficantly potentiated feeding. Both 5.0 and 10.0;Ug eserine sulphate 

potentiated feeding over 90 minutes following microinjection. 
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e. An attempt to characterise cholingeric receptors which might be 

mediating the feeding response was made. The technique of pre-injecting 

substances onto a site to be tested later appears to have been 

successful (in that 0.5pl CSF, pre-injected into substantia nigra 

did not affect the feeding response to subsequent microinjections of 

5.0;Ug ACh and eserine). Few conclusive data were generated, it 

might be suggested that muscarinic rather than nicotinic receptors 

mediate the cholinergically induced feeding. 

f. The latency of feeding following administration of 5.0jUg ACh and 

eserine was 15.00 ± 1.00 minutes (mean ± SE); that of 5.0)Ug eserine 



sulphate 14.11 ± 1.65 minutes (mean ± SE). The duration of the 

response (measured only wi thin the first 30 minutes following micro

injection), was, for 5.0)Ug ACh and eserine, 13.89 ± 0.96 minutes 

(mean + SE) and for 5.0)Ug eserine sulphate, 11.44 ± 2.26 minutes 

(mean + SE). The only difference observed between ACh and eserine 

and eserine sulphate alone occurred at the highest level, where 

10.0 pg eserine sulphate had a greater stimulant effect on feeding 

(especially in the 30-90 minutes following microinjection) than 

10.0pg ACh and eserine (see Figure 17). 
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g. While feeding was apparently potentiated by cholin~rgic stimulation 

of substantia nigra, drinking remained unaffected. No relationship 

between the amount of food eaten and water drunk appears to exist, 

either in the same period or in a later period. 

These data may be interpreted in the following manner. The 

effects of peripherally applied d-amphetamine appear to be rate 

dependent. Feeding is potentiated at low doses, but is depressed 

at high doses which potentiate rearing, locomotion and stereotyped 

behaviours. This is in agreement with the change in behaviour patterning 

and shortening of the duration of an act once initiated observed by 

Norton (1973) following d-amphetamine administration (0.25 - 1.00 ms/kg) 

and is also compatible with the general hypothesis of amphetamine 

action formulated by Lyon and Robbins (1975). 

It has been suggested that low, peripherally applied doses of 

(+) amphetamine stimulate striatal DA turnover (but not concentration) 

(Costa et. ale 1972). As similar doses have been observed to elicit 

eating in satiated rats, it might be possible to suggest that the 
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feeding and increase in striatal DA turnover are in some way related. 

This possibility was examined in Experiment 2. A statistically 

significant increase in the amount of food consumed in 100 minutes 

following microinjection was found following administration of 2.0JUg 

d-amphetamine, but not 0.7 or 6.0jUg. While this appears to confirm 

the prediction of a striatal involvement with the d-amphetamine f eeding 

response, the fact that feeding only occurred at a very long latency 

casts doubts over the interpretation of this experiment. Several 

behavioural and/or phy~iological explanations of this effect may be 

forwarded. (See pp. 123-125).In the light of this latency effect, the 

value of this study in examining the involvement of striatal DA with 

feeding is reduced. 

It has been suggested that cholinergic substances within the 
n'gr"o-

substantia nigra stimulatehstriatal DA neurones. The DA neurones contain 

and release AChE (Butcher and Marchand, 1978; Greenfield et. al., 1980) 

which, it might be suggested, serves to inactivate a cholinergic input. 

Indeed,ACh (Jacobowitz and Goldberg, 1977) CAT (Kuczenski et. ale 1975) 

and muscarinic cholinergic receptors (De Montis et al., 1979) are all 

present within substantia nigra. Stereotyped behaviours have been 

observed following nigral stimulation by high doses of carbachol (Winn 

and Redgrave, 1979) suggesting an excitation of nigro-striatal DA 

neurones. The observations of experiments 3 and 4 - that low-level 

cholinergic stimulation could elicit feeding behaviour - might be 

thought to suggest that low-level nigro-striatal activation can support 

feeding. That feeding could be elicited by blockade of nigral AChE 

by eserine sulphate might suggest that endogenous ACh can fulfill the 

role of nigro-striatal stimulation. Differences between ACh and eserine 

stimulation and eserine alone emerged only at the higher doses, 



suggesting that the higher levels of exogenous ACh had a depressant 

effect on responding. This might be achieved behaviourally or physio

logically. That the lOvler doses of ACh had no additive effect vi i th 

"Ii th stimulation achieved by eserine might be explained by hypo

thesising that either responding was constrained by a ceiling effect 
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or that additional exogenous ACh was physiologically ineffective, having 

possibly been metabolised. 

The failure of the receptor blocking experiment is disappointing, 

as it is of interest to lmow l'lhether cholingeric receptors mediate 

these effects of ACh within substantia nigra. The results of the 

experiment might suggest either that atropine inhibits responding in 

the later periods of testing or that atropine had little blocking effect 

However, the low values of n. and poor design make the drawing of 

conclusions virtually impossible. While this particular experiment 

revealed no conclusive evidence for the presence of a cholinergic 

receptor on the DA neurones, other studies have been able to provide 

such evidence. Cross and Waddington (1980) show that 3
H

QNB (muscarinic 

receptor) binding in substantia nigra is reduced by approximate~ 

30% following 6-0HDA lesions, 3HGABA binding being unaffected. This 

might be interpreted as suggesting that (i) muscarinic receptors 

exist on the DA neurones, (ii) there is no direct striato-nigral GABA 

feedback on to the DA neurones, and (iii) as binding of 3HQNB fell by 

only 30%, another population of non-DA associated muscarinic receptors 

presumably exists. This is consistent with the data of De Mantis et al. 

(1979) which suggests the presence of muscarinic receptors on zona 

reticulata neurones projecting to the thalamus and/or superior colliculus. 

It is also of interest to note that low doses of carbachol -a synthetiC 

cholinergic with muscarinic receptor agonist properties - also appear 



to stimulate feeding when injected into the substantia nigra ( vlinn 

and Redgrave, 1979). 

The data in this thesis might thus be said to provide the 

following information: 
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i. confirmation that low doses of d-amphetamine elicit eating. (This 

is the first study to examine the entire range of d-amphetamine 

s timula t ed behaviour.) 

ii. experiment 2 attempted to examine whether or not striatal DA 

stimulation could elicit feeding. While the amount of food consumed 

was potentiated dose-dependently the long latency of feeding makes 

interpretation of the data difficult. 

iii. experiments 3 and 4 attempt to show that feeding can be elicited 

by low level cholinergic stimulation of the substantia nigra. There 

are indications in the 1i terature that cholinergic stimulation of the 

pars compacta might stimulate nigro-striatal DA neurones. As d

amphetamine-like behaviour was elicited, it might be suggested that 

this DA stimulation vias achieved. If so, this represents an important 

advance in our understanding of the regulation of para compacta DA 

neurones, and a novel method for achieving intra-cranial stimulation 

of nigro-striatal DA neurones. 



ii. Dopamine and Feeding: Involvement of t he Striatum and Striatal 

Efferents 

It is well kno .. m that the nigro-striatal pathway liberates DA 

f r om terminals i n the striatum. It is, moreover, known t hat lesions 

either of, or within, the striatum (Sorenson and Ellison, 1970; 

Srulberg and Fibiger, 1979), or of t he nigro-striat a l pathway (Unger

stedt, 1971d) either at the level of the LH (Anand and Brobeck, 1951) 

or its source in the substantia nigra (Marshall et. a1., 1974), can 

induce a syndrome of aphagia and possibily adipsia. However, it has 

been argued that adipsia is not genuinely induced by LH or nigro

striatal lesion, but is instead either a test artifact or a con

sequence of additional zona incerta damage (Rowland et. al., 1979). 

Striatal lesions are also known to abolish the stereo typic effects 

of d-amphetamine (Creese and Iversen, 1975; Kelly et. al., 1975). 

If the consequences of striatal, or nigro-striatal pathway lesions 

are aphagia and an attenutation of d-amphetamine-induced stereotypy, 

it might be expected that potentiation of DA release from these 

fibres should result in both feediIlg and stereotyped behaviour. More

over, it has been suggested that d-amphetamine acts to stimulate activity 

and that this activity will first of all be manifest as an increase 

in complex behaviour, amenable to performance at a moderate rate, and 

possibly including long inter-response intervals. As the dosage is 

increased behaviour will become ~less complex: the manifest activity 

has to be capable of ever-increasing rates of performance and ever

shorter inter-response times as the level of CNS activity generated 

by the drug increases. 

The results of Experiment One show this trend quite clearly, (see 
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Table 9). At the lowest levels of stimulation feeding is observed, 

but as the dosage increases this gives way initially to wood-chip 

gnawing, (though this is neither statistically significant nor 

frequently observed), grooming, general locomotor activity, rearing 

on to the hind legs and finally, stereotyped sniffing. It is of 

parti cular interest that the initial behaviour potentiated by d-amphe

tamine should be feeding. This has been observed previously. Blundell 

and Latham (1978) found that 0.125 mg/kg potentiated eating even when 

measured over 24 hours. Total food intake increased by 20%: aver age 

meal size and the rate of eating both i ncreased slightly, but Blundell 

and Latham concluded that the number of meals taken was t he primary 

cause of the increase in intake. More interesting still is the 

observation by Costa et. ,al. (1972) that 0.3 mg/kg (+) amphetamine 

should affect the turnover of striatal DA leaving the turnover of 

tel-diencephalic NA unaffected. This enables us to gather together 

these separate lines of evidence which may suggest that low level 

stimulation of DA. neurotransmission within the striatum potentiates 

feeding behaviour. These are (i) lesions of the nigro-striatal 

pathway induce aphagia (and possible adipsia), (ii) low levels 

of d-amphetamine potentiate feeding behaviour, and (iii) low levels 

of d-amphetamine influence the activity of striatal DA at doses 

which stimulate eating. 

This picture is completed by adding that low levels of d-amphe

tamine microinjected into the striatum apparently potentiate food intake, 

as was found in Experiment 2. Other studies have previously shown 

that higher doses of d-amphetamine administered intra-stria tally induce 

locomotion and have no effect on the food intake of deprived animals 

(Neill and Grossman, 1973; 1-10pg d-amphetamine, crystal implantation) 

or induce stereotyped sniffing (Costall et. al., 1972b; 25-40~g 
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d-amphetamine injected i ll O.gfo saline solution). As les ions within 

the striatum prevent the expression of amphetamine stereotypy, the 

demonstra tion by Costall et; a1. of stimulation-induced stereotypy 

is not surprising. However, the suggestion of Neill and Grosslnal1 's 

work - that a complete spectrum of runphetamine effects including 

locomotor activity can be elicited by striatal stimulation - runs 

counter to the accepted hypothesis of n. accumbens mediation of 

locomotor activity. A singl e study investigating a complete range 

of doses microinjected at various striatal and accumbens sites would 

clearly aid our understanding of the issue. 

There hav;e also been suggestions recently that the reverse is 

also true, for n. accumbens involvement in the mediation of oral 

behaviour and feeding have been suggested. J"ones and Mogenson (1979) 

report that spiroperidol injections into the n. accumbens but not the 

caudate n. attenuate oral-motor performance. This does indeed run 

counter to the traditional "striatum-oral stereotypy, n. accumbens -

locomotor activity" scheme. However, Jones and Mogenson only looked 

at changes in lap volume and tongue extension in water-deprived rats, 

and the generalisation from this to oral-motor perf ormance per ~ is 

too large. The studies reported here seem to suggest that stimulation 

of nigro-striatal systems will not necessarily induce drinking, but 

this is not to say that these pathways are not involved in oral-motor 

performance: feeding and drinking, both oral behaviours, appear 

dissociable. 

A more recent paper however, suggests that food deprivation 

increases DA utilisation in the n. accumbens, posterior hypothalamus 

and the amygdala, but not in the corpus striatum (Heffner, Hartman 
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and seiden, 1980). This, quite clearly, is not consistent with t he 

predictions expected from the current data. That n. ac cumb ens , 

hypothalamic or amygdala DA utilisation should change in response to 

food deprivation is not the primary point of concern ; that striatal 

DA should not change, however, is. The prediction made using t he 

present data concerning changes in striatal DA during f ood depri

vation might be as follows: 

i. Costa et. ale (1972) suggest that low level systemic d-amphe

tamine potentiates DA turnover in the striatum but does not affect 

DA concentration. 

ii. Experiment 1 demonstrates that a similar dose of d-amphetamine 

potentiates feeding in satiat ed animals. 

iii. We might therefore hypothesise that as low level amphetamine 

administration and food deprivation have the same behavioural effects 

(i.e. feeding) they might have equivalent. neurochemical effects (i.e. 

an increased turnover of DA but no effect on concentration within the 

striatum). 

Therefore, using the measures of Heffner et. al., (1980) we 

might predict an increase in the level of DOPAC (a DA metabolite) 

in the striatum, but no change in DA levels. Heffner et. al.in fact 

report no change in either striatal DA or DOPAC during deprivation. 

It is possible that the failure to observe changes in DOPAC is an 

artifact of the method used. Heffner et. ale report t hat they adopted 

the dissection method of Heffner and Seiden (1980), which involved:

(i) decapitation and brain removal, (ii) placing the brain in an 

aluminium cutting block kept cold on ice, (iii) sectioning the brain, 

(iv) dissecting out from the sections relevant brain areas, and (iv) 
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storing the tissue "frozen in liquid nitrogen f or up to one weelc 

prior to assay". Importantly, no estimate of the time taken to 

perform all of these operations is given. Moleman et. al., (1977) 

report that DOPAC levels in the striatum change very rapidly following 

decapitation. They claim that: "The results presented show that no 

gross changes in DA, EVA and DOPAC concentrations occur from 2t to 

5 min. after decapitation ••••• However, when the period was ext ended 

beyond 5 minutes, considerable post-mortem effects were observed for 

DOPAC. Remarkably, striatal DOPAC levels sharply i ncreased when the 

striata were 'incubated' at OOC for more than 5 min •••• , while 

they decreased when the brain was 'incubated' as a whole." 

That Heffner et. ale dissected at approximately OOC is probably 

correct; an aluminium block resting on ice would not actually freeze 

tissue, merely cool it. The critical question now becomes one of 

time, and as no indication of speed is given it might be surmised t hat 

the authors did not consider this an important variable, but instead 

took care in accurately dissecting out various brain regions, as 

Heffner and Seiden (1980) describe. It thus becomes quite possible 

that the whole brain was incubated at OOC for more than 5 min, leading 

to a decrease in striatal DOPAC levels. The level w~~ch Heffner et. 

ale (1980) subsequently report might thus be considered too low; as 

it was not significantly different to control levels, an increase 

would tend towards fulfilment of our prediction, though whether this 

would actually be so we cannot say. 

Whilethe results presented in this thesis in no way preclude the 

involvement of any brain region other than the striatum 

in the control or regulation of feeding behaviOur, it does predict that, 
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specifically, the striatum is involved . While the work of Heffner 

Imrtman and Seiden appears t o cast doubt on thi s , we cannot accuratel y 

judge it without full det ails of the DOPAC estimation used. There 

would appear to be a strong suggestion of a methodological error, which , 

if so, might well l ead to an accurate fulfilment of our predictions 

for striatal DA and DOPAC levels during food deprivation. 

Moreover, the involvement of the n . accumbens with feeding has 

been investigated by Koob et. ale (1978), who found that 60HDA 

lesions of this structure did not affect feeding behaviour when measured 

either in the home cage over 12 hours, or in prolonged tests in photo

cell cages. Amphetamine anorexia was similarly unaffected by n . 

accumbens lesions. However, these authors did observe an increase in 

the intake of dry food pellets or wet mash in food-deprived animals 

but ascribed this hyperphagia to an inability to switch fr om one 

behaviour to another. A general conclusion of this study might thus 

be that the n. accumbens is not involved in the normal regulation of 

food intake, contrary to the suggestions of Heffner, Hartman and 

Seiden (1 980 ) • 

While we can claim that feeding is mediated by the low level 

activation of striatal DA, other studies have investigated the role 

of systems efferent to the DA terminals in mediating DA-stimulated 

behaviour. Figure 20 is a diagram of some supposed striatal efferent 

and afferent projections, showing details of how various "dopaminergic" 

behaviou~ may be elicited from several different points in the system. 

If DA is released ·in the striatum, one of t he consequences appears 

to be an increase of activity in the striato-nigral GABA projection. 

This is thought to be brought about, in part at least, by modif ication 
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Figure 20 . A schematic representation of some substantia nigra 

ffild striatal projections showing some hypothesised nelITochemical 

consequences of dopaminergic stimulation wi thin the striatum. The 

following outlines some behavioural evidence supporting these neuro

chemical hypotheses . 

1. DAlesion: aphagia (Joyce , 1980 ; Ungerstedt,1971 d). Agonists : 

low doses enhance feeding (this thesis), higher doses i nduce stereo

typed behaviours (Cost all et~ , al., 1972b ; Ernst and Smelik, 1966 ). 

Unilateral DA stimulation elicits contralateral rotation (see Pycock , 

1980 ) • 

2. Intra- striatal atropine induces stereotyped behaviour (Zambo 

et. a1., 1979). 

3. Bilateral muscimo1 microinjections : low doses enhance feeding 

(Redgrave, 1980 unpublished observations); hig..her l evels of GABA 

stimulation enhance and induce stereotyped behaviolITs (Koob et . al ., 

1978). Unilateral muscimol induces contralatera l rotation (Arnt and 

Scheel-KrUger, 1979). 

4. Electrolytic lesion : aphagia (Shum\vay and Lindholm, 1978). Bi

lateral muscimol elicits catalepsy while unilateral muscimo1 elicits 

ipsilateral r otation (Di Chiara et . a1., 1979b). 

5. Kainic acid lesions (deep and intermediate colli cular layers ): 

aphagia (Pope and Dean, 1979). Picr otoxin induces stereotyped 

gnawing (Dean et . a1., 1980). 

6. Cholinergic stimulation: low doses elicit feeding behaviour 

(this thesis, and Winn and Redgrave , 1979); higher doses elicit 

stereotyped behaviour (Winn and Redgrave, 1979; Decsi et . al., 1978; 

Sme1ik 8..>J.d Ernst, 1966). 

7. Unilat eral carbachol injections induce ipsilateral rotation (De 

Montis et. al., 1979). 
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of the activity of cholinergic inter-neurones within the striatum, 

which are inhibited by nigro-striatal DA. The exact rel ationships 

between DA-ergic, cholinergic and GABA-ergic neurones is not clear ; 

several possible formulations have been presented by Bartholini 

(1980). Once within the substantia nigra, the GABA-ergic striato

nigral pathway synapses in the zona reticulata 0 11 neurones which project 

t o t he ventro-medial thalamus (Somogyi et . al., 1979). These neurones 

are believed to be branched, axons also ascending t o deep and inter

mediate layers of the superior colliculus (Bentivoglio et . al ., 1979; 

Anderson and Yoshida, 1980). Both of these projections - thalamic 

and tectal - are thought to be GABA-ergic. As the GABA rel eased from 

striato-nigral neurones is believed to have inhibitory properties , 

activation of this pathway should result in inhibition of activity 

in the zona reticulata efferents. These too are believed to utilise 

GABA to exert inhibitory contr ol in the thalamus and tectum, which 

should, as a consequence of inhibition of the inhibitory pathways , 

show an increase in activity. This appears to be the case witllin the 

superior colliculus. While Ilot themselves commenting upon it, Brown 

and Wolfson (1978) clearly show t hat apomorphine increases met abolic 

activity in the superior colliculus, (see Figure 1, p. 189), which 

is exactly the consequence of striatal DA stimulat ion predicted by 

the model we are presenting. 

The striato-nigral GABA projection also appears to i nteract with 

the DA neurones of pars compacta. DA-sensitive adenylate cyclase has 

been localised to pre-synaptic elements of neurones arising in the 

globus pallidus and striatum; moreover, DA has been shown to selectivel y 

stimulate the release of GABA f rom descending nigral afferents, 

and not substance P (Reubi et. al., 1978) which would seem to indicate 
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an interaction between GABA and DA. Arbuthnott (1978) has shown 

that this relationship is not one of simple GABA- ergic feedback, 

for lesions which cause a fall in both GABA and GAD content of the 

substantia nigra do not alter DA turnover in the striatum. GABA does 

however appear able to inhibit the release of SF f rom peptidergic 

striato-nigral fibres (Jessell, 1977). 

Although the precise localisation of cholinergic neurones within 

the nigra remains a mystery, ACh does appear to be active here. 

We have already discussed at length cholinergic-dopaminergic inter

actions within the nigra, and we have seen that ACh also appears to 

have a role within .the zona reticulata, controlling posture in 

a manner opposite to GABA (De Montis et . al ., 1979) . As these GABA 

neurones appear to control posture by inhibiting zona reticulata 

efferent neurones, it might be presumed that cholinergic neurones 

have an excitatory influence on these. 

Behavioural observations wlrich provide evidence supporting this 

model of striatal output include: 

a. DA liberated from nigro-striatal neurones ,inhibits cholinergic 

inter-neurones. Atropine, a muscarinic receptor antagonist, induces 

stereotyped behaviour when injected directly into the striatum (Zambo 

et. al., 1979); this is consistent with the hypothesis that a corollary 

of striatal DA stimulation is cholinergic inactivation. Scopolamine, 

another anti-muscarinic, suppressed the food intake of deprived rats 

when injected into the striatum (Neill and Grossman, 1973). This 

might, according to the authors, be a consequence of the dose being 

high enough to elicit stereotyped behaviour, for they observe that "it 
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appears ••••• likely that they drug interfered with motor functions ••• 

essential to the ingestion of dry foods". 

b. DA activity in the striatum leads to an increase i n the activity 

of GABA-ergic striato-nigral neurones. Animals are thought to 

turn away from the side of highest striatal DA activity following a 

unilateral mrulipulation - a positive correlation has been found 

between the rate of turning and striatal DA depletion (Thornburg and 

Moore, 1975). Therefore, animals should also turn away from the side 

of highest striato-nigral GABA activity, if striatal DA activation 

does lead to increased striato-nigral tlctivat±on. This has been found 

to be so: ~uscimol, a GABA agonist induced strong contralateral 

rotation, resistant to DA receptor blockade, when injected into the 

zona reticulata (Arnt a'ld Scheel-Y.rU'ger, 1979). These authors fOlL'rlU. 

ipsilateral body-posturing as a result of pars compacta muscimol 

injections, but this was converted to ipsilateral rotation by sub

cutaneously administered apomorplline: as Arnt and Scheel-Kruger 

observe, the result suggests "that the interaction between DA and 

nigral GABA is extremely complex". Intra-nigral and intra-thalamic 

injections of tetanus toxin -which is reported to block GABA release -

are both reported to elicit a very powerful ipsilateral rotation 

(McGeer eta al., 1980). James and Collingridge (1979) also found 

ipsilateral rotation as a result of tetanus toxin injections into 

caudal substantia nigra (i.e. zona reticulata) but contrala t er a l 

rotation if the GABA antagonist was injected into r ostral substantia 

nigra (i.e. the area of the pars compacta) suggesting dual GABA effects 

wit11in the substantia nigra. Stereotyped behaviour has also been 

elicited by potentiation of GABA transmission in the substantia nigra 

(Koob eta al., 1978; Matsui and Kamioka, 1978). Perhaps the most 
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striking result of all how ever, is that extremely low doses of nus

cirnol (0.05ng) bilaterally microinjected i nto the subs t antiae nigrae , 

zona reticulata, elicit feeding behaviour, while hi gher dos es 

(0.25, 0.50ng) induce stereotyped behaviour (Redgrave, 1980, 

unpublished). This is contras ted by findings which show that injections 

of the GABA agonist bicuculline into "the origin of the nigros t r i a t a l 

DA neurones" suppresses intake of a liquid diet (Kelly et. al., 1977). 

Adjacent VTA inj ections have no such effect. This would seem to 

match the rotational data of James and Collingridge (1979) ru1d it 

would thus appear that zona reticulata GABA activation might support 

the same range of behaviour as s triatal DA activation. 

c. nA activity leads to a decrease in GABA release from nigro-thalamic 

and nigro-tectal neurones . That this mi@1t be so i s indicated by 

results which show' first, that GABA antagonis ts applied to the superior 

colliculus elicit gnawing (Dean et. al~, 1980) strikingly similar to 

that seen following intra-striatal apomorphine implantation (Erns t 

and Smelik, 1966), while GABA agonists applied to the ventro-medial 

thalamus induce ipsilateral asymmetry when applied unilaterally (Di 

Chiara et. al., 1979b). Lesions of the VM thalamus hnve also been 

found to induce aphagia. (Shumway and Lindholm, 1978). 'rhis might be 

expected if we consider that excitation (i.e. the absence of GABA 

inhibition) might be the consequence of either striatal DA or zona 

reticulata GAB! stimulation. As either of these can induce feeding, 

so might VM thalamic excitation, and consequently, a lesion might 

result in aphagia. (This however, i s rather speculative: aphagia 

might well result from a wide variety of causes not linked to the 

present model.) 

It would thus appear that behavioural data can make at least 
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two contributions; first, it enables us to examine the functional 

effects of neurotransmitter activation which allows us to construct 

and validate a model of nigral and striatal connections ; and second, 

it shows us that behaviour characteristic of dopaminergic activity, 

wr~ch might indeed be the initial product of specific DA s timulation, 

can also be mediated by efferent ,non-dopaminergic, systems. 

It is apparent that when peripherally applied drugs arc used 

other neuroanatomical structures and neurochemical systems will be 

activated; mesolimbic and nigro-striatal DA neurones appear to be 

activated by high doses of peripherally applied d-amphetamine, lild 

serotonergic systems are also implicated in the very high dose effects 

of this drug (Lees et. al., 1979). Such features of systemic admin

istration of drugs provide one reason for using intra-cranial techniques 

in exandJLLng the involvement of particular neuroanatomical systems ill 

eliciting particular behaviours. However, a question still to be 

answered is, how far do different parts of t he model presented contri

bute to any particular observed behaviour? A great deal of evidence 

suggests that the behaviours supported by stimulation of the nigro

striatal DA system (feeding at low' doses, through to stereotypy at 

high doses) can be elicited by the appropriate stimulation of other 

striatal afferents and efferents. Feeding may be induced by stimulation 

of pars compacta cholinergic systems, striatal DA neurones . or zona 

reticulata GAB! neuxones; aphagia may be induced by nigro-striatal, 

striatal, superior colliculus or VM thalamic l esions. Stereotyped 

bellaviour is elicited by intra-nigral carbachol, intra-striatal 

d-amphetamine, intra-nigral GAB! potentiation and by intra-collicular 

picrotoxin. 
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These data s11ggest that the appropriate stimulation of points 

along a nellTonal chain stretching from the pars compacta to the 

thalamus and tectum elicit behaviollT in a similar dose-responsive 

manner. The observation of stereotypy following intra- striatal 

microinjection of d-amphetamine by Costall, Naylor and Olley (1 972b) 

is particularly interesting, in that while these authors observed 

characteristic DA stereotypies, they did not observe high dose 

gnawing and biting. The authors comment on this, and the implication 

for the present discussion is clearly that structures other than 

striatal efferents are necessary for the expression of high-dose 

stereotypi::: behaviours. How-ever, Fray et. a1. (1980) in a very 

thorough exandnation of d-amphetamine and apomorphine stereotypies 

show that peripherally applied d-amphetamine in doses from 0.5 mg/kg 

to 15.0 mg/kg does not elicit gnawing;incontrast, high doses of 

apomorphine (1.0 and 5.0 mg/kg) do induce gnawing. On the basis of 

this evidence, striatal stimulation by d-amphetamine would not be 

expected to induce gnawing and biting. 

Morelli et.. a1., (1980) claim to show that kainic acid lesions 

of the substantia nigra abolish only the high-dose stereo typic effects 

of apomorphine, a finding which might be used to suggest that intact 

striatal efferent nellTones are necessary for the expression of such 

high-dose stereo~ies as gnawing and biting. However, as no control 

data is presented, it is difficult to accllTately assess the value of 

these results. 

We might therefore claim that in general the available data 

show' that characteristic DA-induced behaviours may also be demonstrated 

by the appropriate stimulation or inhibition of nigro-striatal pathway 
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afferents and efferents. ~loreover, a range of dose- dependent behaviours 

appear to be elicited by s timulation of several of these afferent 

and efferent systems . 

iii. Dopamine-Acetylcholine Interactions Within the Substantia Nigra 

The main point of interest of this thesis has been the activity 

of ACh wi thin t he substantia nigra. Previous studies have clearly 

indicated the possibility of an ACh-DA interaction here . Observations 

that pars compactta DA cell dendrites contained AChE and released it 

under physiological stimulation clearl y suggest the presence of a 

cholinergic system. Why else liberat e AChE, if not to inactivate a 

cholinergic input? Electrophysiological studies generally suggest a 

cholinergic-dopaminergic interaction here, although clearer character 

i sation than this is difficult to gauge from such studies, f or the 

reasons already discussed, (.see Chapter 4, Section iiib), while 

behavioural studies have indicated that a cholinergic system excites 

nigro-striatal DA cells to elicit stereotyped behaviour (Winn and 

Redgrave, 1979; Decsi, Nagy and Zambo, 1978; Smelik and Ernst, 

1966). 

It is the behavioural approach which the present studies have 

used in an attempt to evaluate, functionally , whether or not nigro

striatal DA cells of the pars compacta are activated by a cholinergic 

system. To do this we have first of all attempted to establish that, 

striatal DA stimulation , at a low level, potentiates feeding behaviour; 

while a survey of the literature also reveals that the behavioural 

effects of striatal DA stimulation can be achieved by the appropriate 
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stimulation or inhibition of striatal eff erent neurones (Figure 20). 

Experiment 3 reveals that cholinergic stimulation of the subs tantia 

nigra, at levels which did not i nduce behavioural stereotypy, al so 

stimulated f eeding behaviour. Moreover, this response became weaker 

wit h increasiIlg distance from the par s compacta regIon , from where 

maximal responding to cholinergic stimulation was el i ci ted. A strikingly 

similar response was elicited by inhibition of AChE activity, which 

suggests that endogenous ACh can also induce feeding. Data i s also 

presented which might be taken as suggesting that muscarinic 

cholinergic receptors mediate this respoIlSe. 

We can therefore claim that a cholinergic system is active 

within substantia nigra. Several points suggest that this activity 

is directed towards stimulating pars compacta DA neurones. 

i. While the pres ence of AChE is a poor indicator of t he point of 

cholinoception, identification of the point of AChE rel ease i s 

most probably not. The accepted function of AChE i s t o inactiva t e 

ACh by hydrolysation: we might therefore assume t hat if AChE i s 

released into extra-neuronal spaces, then ACh is mos t probably also 

present. As AChE is both stored within and released from pars 

compacta DA cell dendrites, it might realistically be assumed that 

ACh is normally also present within that area and binds to cholinergic 

receptors in an area within or proximal to the pars compacta, over 

which the DA cells have some control. 

It has been demonstrated that cholinergic stimulat ion within 

the region of the pars compacta elicits feeding as does sys temic or 

intra-stria tally administered d-amphetamine; inhibition of AChE act ivity 
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can also achieve the same result, and cholinergic r eceptor blockade 

appears able to block the response. These results suggest that ACh 

has a functional role withirl substantia nigra, and facilitates t he 

same behaviour as stimulation of DA release from striatal terminals. 

Moreover, it has been shown t hat low, non-sedative doses of halo

peridol (0.4 mg/kg) can inhibit the feeding elicited by low doses of 

carbachol injected into the substantia nigra, or the stereotypy 

elicited by higher doses, strongly suggesting that t he choliner

gically-induced feeding is DA-dependent. 

ii. The presenceofa cholinergic system within the substantia nigra 

zona reticulata has already been discussed. It i s thought unlikely 

that it is this sytem which is responsible for the observed feeding 

behaviour. A consequence of DA stimulation wi thin the striatum 

appears to be activation of the striato-nigral GAB! pathway, and 

consequent release of this inhibitory neurotraIlSmitter within the 

zona reticulata. Thus, potentiation of GAB! activity (by blockade of 

degradative enzymes) or mimicry of GABA activity (using muscimol) 

can elicit stereotyped behaviour (ICoob et: a1., 1978), contralateral 

rotation (Amt and Scheel-Kruger, 1979) aIld, at very low levels of 

stimulation, feeding (Redgrave, 1980, unpublished). Injections of 

carbachol into the zona reticulata elicit ipsilateral rotation 

(De Montis eta al., 1979; James and Massey, 1978) - quite the 

reverse of GAB! stimulation - and indicate that cholinergic activity 

here is excitatory (as in the pars compacta, if judged by the data 

presented here), and acts in a IDaIlller opposite to GAB! (which is 

inhibitory). This GAB! activity LS believed to be a reflection of 

striatal D! activity, and as such, we may conclude that stimulation of 

excitatory cholinergic neurotransmission in the zona reticulate is 
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antagonistic to the effects of DA stimulation. As low-level 

striatal DA s timulation or low-level zona r eticulata GABA activity 

are thought to potentiate eating, ACh activity here should inhibit 

feeding. 

iv. Whether there are two anatomically distinct populations of 

cholinergic neurones is not clear. Results suggest however, that 

cholinergic neurones exert an excitatory influence in both the pars 

compacta and zona reticulata, but that the functional effects of this 

are different, compacta stimulation potentiating the effects of striatal 

DA and reticulata stimulation causing an inhibition of s triatal effects 

relayed via efferent neurones. 

In the preceding section we saw how the effects of striatal DA 

activation may be mediated not solely within the striatmn but also 

by striatal efferents. The studies reported here using cholinergic 

stimulation would seem to indicate that "dopaminergic" behaviour 

cannot only be mimicked by the appropriate stimulation of efferent 

neurones, but also by stimulation of afferent systems. More questions 

must now be answered. As we noted in the introduction (Chapter 4, 

section iib), ACh has proved difficult to localise within the 

substantia nigra. That it is in fact present has been demonstrated 

(Jacobowitz and Goldberg, 1977), while localisation of AChE and mus

carinic receptors, and demonstrations of a behavioural function 

confirm that it is active. Kuczenski et. al e (1975) have observed 

nigral CAT to be associated with cell bodies, while McGeer et. ale 

(1973) found no changes in CAT levels following hemitransections 

anterior or posterior to subst antia nigra. These results suggest 

that ACh might be the neurotransmitter of the inter-neurones observed 

173. 



by Gulley illld Wood (1971). Only the results of Nagy et . al. (1 977) 

fail to conform to this hypothesis, i n t ha t t hey observed no change 

in nigral CAT content following Kainic acid les ions, suggesting t hat 

it was contained neither in inter -neurones nor efferent f ibres . If, 

as seems more likely on the basis of the evidence t o dat e, ACh i s 

released from inter-neurones rather than efferent neurones, which 

neurones are afferent to them? The only nigral ef fer ent system 

with any cholinergic property appears to be that from t he striatum, 

which some authors claim contains AChE (Olivier et. al., 1970; 

Kaiya et. al., 1979), although other authors dispute this (Lehmann 

et. al., 1979). If these neurones do contain AChE, it might sUGgest 

a complex GABA-ACh interaction wit hin the zona reticulata. However, 

the question of afferents to ACh inter-neurones - i f in f act tlley 

exist at all - must remain for the time being, open. 

In respect of the nigro-striatal DA neurones, a picture seems 

to be emerging of cholinergic interaction within both the striatum 

and the substantia nigra. As has been previously noted (Chapter 4, 

section i), nigro-striatal neurones synapse witlrin the striatum upon 

a dense population of cholinergic inter-neurones; mos t evidence 

suggests that DA inhibits these. We also noted that two classes of 

pre-synaptic cholinergic receptors have been found on the terminals 

of nigro-striatal neurones: excitatory nicotinic and inhibitory 

muscarinic cholinergic receptors (De Belleroche and Bradford, 1978). 

Pre-synaptic regulation of DA release by ACh appears to be dependent 

on the rate of firing of the DA neurones, t he activating effects of 

ACh on DA release not being present when the nigro-striatal neurones 

were already activated (Giorguieff-Chesselet et. al., 1979). In t he 

substantia nigra, an excitatory cholinergic influence on pars 



compacta DA neurones has been suggested . 

Clinically, these findings might prove to be of importance. Post

mortem studies of the brains of Parkinsonian patients have r eveal ed 

that this disease is associated with large redudions (to 1CY}0 of 

contr ol) in striatal and substantia nigra DA l evels (Ehringer and 

Hornykiewicz, 1960; Hornykiewicz, 1966). In an attempt to restore 

DA function, L-DOPA, a pre-cursor of the neurotr~smitter has been 

administered (Yahr, 1978). However, while treatment may be initially 

effective, a gradual decline in the efficacy of the drug almost 

always occurs, sometimes leading to a Parkinsonirul state worse than 

that initially encountered. In addition, dis t urbing side-effects 

often become apparent during the treatment. 

While L-DOPA therapy did not originate by accident - it i s one 

of only few modern drugs to have been deliberately tried following 

theoretical consideration - there are questions to answer : where 

does the transformation of exogenous L-DOPA to DA take place? (Can 

it in fact occur in the area where i t is required, which is DA

depleted as a result of neuronal degeneration?) Are all of its 

therapeutic actions mediatod by DA? L-DOPA i s after all , also a 

pre-cursor of noradrenaline. In the normal brain DA appears to 

interact with cholinergic neurones both in the striatum and 

substantia nigra, and any account of Parkinson's disease must take 

account both of these and other normal mechanisms of regulating 

nigro-striatal DA activity. It is of great relevance to note that 

before L-DOPA the most connnonly used anti-Parkinsonian drug was 

atropine which enjoyed a limited success. As such a combined 

cholinergic-dopaminergic approach to Parkinson's disease might be 
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of value, in an attempt to re-establish the normal r egulation and 

function of these neurones. 

iv. What do Nigro-Striatal DA Neurones Do? 

In the previous two sections we have discussed how DA-mediated 

behaviour can be stimulated indirectly by mruripulation of neurones 

efferent to the striatum and by cholinergic activI ty within the 

substantia nigra. It is interesting to note that behaviour is repro

ducible at different points in a neuronal chain. Feeding may be 

potentiated by low-level stimulation of nigral cholinergic activity 

(pars compacta), striatal DA activity, and by GABA activity in the 

zona reticulata. stereotyped behaviours have been eli cited by lrigh-

level stimulation of all of these, as well as by striatal cholinergic 

systems, and by inhibition of superior colliculus neurones. Aphagia 

has been induced following nigro-striatal les:i_ons (Ungerstedt, 1971 d); 

destruction of DA terminals 'in the striatum (Joyce 1980; Neill et. 

al., 1975); superior colliculus lesions, (though these necessarily 

damaged the underlying tegmentum) (Pope and Dean, 1979); and by 

lesions of the VM thalamus (Shumway and Lindholm, 1978). Brook and 

Iversen (1975) note that "the more severe the •••• (stri atal) ••• 

D! depletion, t he more likely the animal is to show aphagia and 

adipsia", although these authors also note that this phenomenon does 

not always occur and that it may be associated with additional NA 

depletion. Ore recent report suggests that highly specific pars 

compacta 60HDA lesions do B2! induce aphagia (Butcher and Hodge, 1979). 

As a large body of evidence strongly suggests that severe striatal DA 

depletion leads to aphagia, it is possible that sub-total DA lesions 

might not. 
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However, is there any way in which we can classify "tlhat nigro-

striatal DA neur'ones do? Recent work has sugges ted that these 

neurones respond to sensory information. lTnilateral st~nulation of 

a forelimb paw increases DA acvitity in contral ateral substantia nigra 

and reduces DA activity in contralateral caudate nucleus ; on the 

ipsilateral side the reverse pattern is seen. The same pattern of 

activity was also seen following unilateral visual s timulation 

(Nieoullon et. a1., 1977). Tail pressure, light flash, puffs of 

air to the snout and olfactory stimulation all alter the discharge 

rate of identified pars compacta DA neurones in anaestheti sed rats 

(Chiodo et. al., 1980). Moreover, these authors identified, el ectro-

physiologically, two types of pars compacta DA neurone: Type A 

increased their discharge r ate to either tail-pinch, air puffs 01' 

olfactory stimuli, ''lhile Type B decreased discharge rates. Light 

flash increased discharge r ates of both neuronal types. 

In disctwsing their results Chiodo et. ale note that specific 

sensory stimuli are not likely to be transmitted, as both visual, 

tactile and olfactory stimulation altered discharge rates. Moreover, 

pain does not seem to be a common factor between the stimuli. These 

authors go on to suggest that such a common feature of these 

stimuli may be that, in the unanaesthetised animal, they all produce 

behavioural activation. It is thus of interest to note that stimuli 

which do not produce behavioural activation, but in fact immobilize 

animals - intense (OOOg) mechanical stimulation of the cervix - do 

'* not alter the activity pars compacta neurones (Chiodo et. al., 1979). 

" It is also pertinent to recall the studies noted previously (Chapter 

4, section iiib) which show that d-amphetamine decreases sl:rCa.I:a.L 



firing in anaesthetised animal s but i ncreases firing i n conscious , 

freely-moving rats (Hansen and McKenzie, 1979) and ca t s (Trulson 

and Jacobs, 1979) and t ha t Hansen and McKenzie were quoted as saying 

that " ••• the discrepancy between data derived from freel y- moving and 

immobilized animals suggests that striat al activation ••• may depend 

on sensory feedback from behaviour". Perhaps we could thus say 

that lligro-striatal DA neurones are important for producing behavioural 

activation and necessary f or the integration of multi sensory inputs . 

This is a concept which D.O. Hebb developed; " ••• We can now 

distinguish two quite different effects of a sensory event. One is 

the Cue Function guiding behaviour; t he other , less obvious but no 

less important, is the Arousal or Vigilance Function. Without a 

foundation of arousal, the cue function cannot exist". (Hebb, 1955 , 

p. 249.) It i s Hebbls concept of arousal - an alerting or activating 

function - which can form the basis for a unified and sensible frame

work accounting for the behavioural consequences of nigro-s triatal 

manipulation. Feeding, aphagia, sensory-motor neglect, tail-pinch 

induced feeding, Stereotypy, rotation, catalepsy and even Parkinson's 

disease can all be accommodated within such a framework ; a framework 

moreover which has the power to account for s ome previously parad9xical 

data. 

In experiments where an increase in feeding has been seen following 

d-amphetamine stimulation, animals have always been tested when not 

food-deprived, and in an environment where food was a principal 

feature~ This of course is especially so in the experiments reported 

here where spaghetti represented an Mllusual and highly palatable food. 

(See Tables 10, 13 and 19 for an indication of food intake before 
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microinjections were made. It is remarkable t hat animals consumed 

such amounts and then were able to eat in a dose-responsive f ashion 

following stimulation.) DrinJdng was consistently not observed. 

Turning behaviour was also never observed, despite the unilateral 

nature of the stimulation, which was thought to specifically activate 

ipsilateral DA systems. The present hypothesis might suggest that 

animals did not show turning because of the quality of the sensory

motor stimuli from the environment. Examination of behaviour when either 

no environmental stimuli are available - as is often the case in 

turning experiments where a "rotometer" can be used -or when stimuli 

other th~ food are available, would be a useful means of discovering 

whether or not activation of this pathway mediates specific behaviours. 

One of the paradoxical effects found when using dopaminergic 

stimulants is that when satiated rats are challenged with low doses of 

dopaminergic stimulants, their responses appear to depend on internal 

state. Eichler and Antelman have shown that apomorphine (0.20 mg/kg) 

stimulates feeding in satiated animals but inhibits feeding in deprived 

animals. Similarly, it is reported here than 0.25 mg/kg d-amphetamine 

potentiates feeding in satiated rats while Costa et. ale (1972) 

report that 0.3 mg/kg (iv) (+) amphetamine inhibits feeding in 

deprived animals. Simpson (1974) has also reported that while ~ood 

deprivation alone does not potentiate motor activity, it does potentiate 

the locomotor stimulant effects of 1.0 mg/kg d-amphetamine by an 

amount which was roughly proportional to the duration of deprivation. 

These data therefore suggest that food deprivation enhances the 

activating properties of d-amphetruaine. As such, low feeding-stimulant 

doses might be effectively enhanced when animals are deprived, giving 

rise to an effective locomotor- or stereotypy-inducing stimulus. While 
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food deprivation alone did not induce locomotor activi t y , we may assume 

that it would induce feeding behaviour - just as low doses of 

d-amphetamine would. 

The concept of behavioural aciivation mediated by nigro-striatal 

neurones might also help explain why apomorphine in very low doses 

helps restore activity following nigral 60HDA lesions (Ljungberg 

and Ungerstedt, 1976), as do other activating stimuli. Wolgin and 

Teitelbaum (1978) in summarising the results of a study investigating 

activation and the LH syndrome say that "in addition to aphagia 

and adipsia, neurological examination revealed def icits sugge'stive of 

deficient endogenous arousal, including somnolence , catal epsy, 

aklllesia and sensory neglect. Manipulations (tail-pinch and 

injection of amphetamine) that counteracted these deficits also 

restored feeding. During recovery from aphagia, feeding gradually 

became activated by sensory stimuli (Sight, feel and smell) associated 

wi th food." The suggestion here is quite clearly that nigro-

striatal damage causes aphagia and adipsia by removal of activation

mediating neurones, in exactly the same way as neuroleptics establish 

aphagia by neurochemically blocking DA receptors to prevent normal 

functioning. The recent observations that kainic acid lesions of the 

lateral hypothalamus (Grossman et. al., 1978; Stricker et. al., 

1978) establish aphagia and adipsia, independently of DA neurone 

destruction, might suggest that there is a LH syndrome and a separate 

nigro-striatal ("activation depleting") syndrome. 

The concept of nigro-striatal neurones as an activating system 
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allows for an explanation of tail-pinch induced feeding. It has 

been suggested that feeding relieves anxiety ruld stress in these 

supposedly stressful test situations. This hypothesis cannot however 

account for certain observations - for instance animals treated with 

chlordiazepoxide (CPZ), at doses which do not elicit feeding but which 

do supposedly reduce anxiety, show an increase in tail-pinch induced 

feeding (Robbins et. al., 1977). Robbins and Fray (1980) conclude 

that "eating is induced by stress but the eating does not act to 

reduce that stress. The eating response is learned in much the same 

way as eating in response to food deprivation. The activacing effects 

of stress produce increased attention to external stimuli , many of 

which are likely to be food-related." It is this concept of 

stress-elicited activation that is compatible with the activation 

mediating concept of nigro-striatal neurones. Lesion of this path-

way by 60HDA has been reported to diminish tail-pinch induced feeding 

(by shortening duration rather than increasing latency); while 

feeding was absent , vocalisations by the stressed animals were still 

present indicating that sensory aspects of the pinch were still 

present (Antelman et. al., 1975). Neuroleptic drugs have also 

been reported to affect tail-pinch induced eating; acquisition 

was most reliably affected, although there were suggestions that 

motor performance was inhibited rather than any more specific mechanism 
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(Sahakian and Robbins, 1977). 

Overall we might therefore suggest that stress-induced eating 

arises as a result of an arousal property (Hebb, 1955) of the 

stimulus. This would explain both why anxiety-reducing doses of 

CPZ increase tail-pinch induced eating, and why it appears to be 

amenable tc modification through the nigro-striatal pathway. It is 

of some interest to note that "the intensity of the eating response 

is related to the level of activation in a curvilinear fashion; 

low levels increase eating and high levels inhibit eating" (Robbins 

and Fray, 1980). This is exactly what injections of cholinergic 

substances into the substantia nigra do. 

This brings us to stereotyped behaviour, which was discussed III 

the introduction (Chapter 5, section iiib). Clearly animals 

that exhibit stereotypy are in some sense activated, and as such, 

mediation of this process by nigro-striatal DA neurones is accep

table to the current hypothesis. What stereotypy seems to represent 

is the extreme of activation, where much sensory control has been 

lost. As the nervous system is so highly activated at such a constant 

level, activation never ceases but is forced into a repetitive high

rate, low inter-response time schedule, where no complex co-ordinated 

behaviour can be completed. Neurochemical stimulation CC1(l induce such 

a state, although it is doubtful that tail-pinch can. As tail-pinch 

becomes more severe, not only activation but also distress increases: 

it is quite possible that animals would be able to avoid entering a 

stereotypic state by an alternative process • . 

Of the remaining behaviours surveyed in Chapter 5, both rotation 
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and catalepsy can be accommodated within the "activation" framework. 

Catalepsy simply represents the extreme point of DA receptor 

blockade; no DA activity gives rise to no behavioural activity. 

Rotation on the other hand is a product of unilateral stimulation. 

As we previously saw, Nieoullcm et. aL. (1977) have shown that uni-

lateral sensory stimulation - either tactile or visual - influence 

nigro-striatal DA activity in a unilateral manner, which presumably 

should orient animals to a particular side. This would suggest that 

animals might, if no other environmental factors intervene, display 

an asymmetric posture; this is, in part, the formulation adopted 

by Kelly and Moore (1976), who hypotheSised that unilateral stimu-
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lation of nigro-striatal DA neurones was responsible for asymmetric 

posture while stimulation of mesol:ilnbic DA neurones supplied an ambulat ory 

component to convert asymmetric posture into rotation. While the 

first of these points is essentially in agreement with the suggestion 

derived from the data of Nieoullon et. al. (1977) (that unilateral 

stimulation of nigro-striatal DA neurones will orient animals to a 

particular side), it might however be argued that nigro-striatal neurones 

can also provide all or part of the motor component of rotation. Neill 

and Grossman (1973) have data which suggest that d-amphetamine-

induced locomotion might be stria tally mediated, as well as n . 

accumbens mediated. Whether this is so or not, it can be argued that 

unilateral nigro-striatal stimulation will orient animals asymmetri- . 

cally unless other environmental cues intervene, and it is t his which 

causes activation to take the form of rotation, which might therefore 

be. considered as asymmetric locomotion. 

The final aspect of nigro-striatal activi ty which might be 

examined in the light of the activation hypothesis is Parkinson's 



Disease, which, as has already been noted, is associated with 

degeneration of nigro-striatal neurones; as such, L-DOPA has 

been used therapeutically in an attempt to res tore depleted DA 

levels. (DA itself cannot be used because of a failure to penetrate 

beyond the blood-brain barrier.J In its most complete form, 

Parkinson's Disease induces an almost complete akinesia. Sacks 

(1976),in the book "Awakenings", presents case-histories of pat ients 

suffering from the most extreme forms of the disease, this having been 

caused by the virus encephalitis lethargica. One patient, Rolando 

P. "... would sit in his chair, with his head bowed forwards o.nd 

very little spontaneous movement, for hours on end." ''His voice 

was so soft as to be inaudible: sudden effort and excitement, however, 

rendered exclamatory speech possible for a few seconds. Thus, when 

I asked him whether his salivation disturbed him much, he exclaimed 

loudly: "You bet it does! It's one hell of a problem!" immediately 

afterwards relapsing into virtual aphonia." (Sacks, 1976, p. 148-

149. } Rolando P. was treated ,'Ii th ~OOPA, and began to show improve

ments. But, his new-found " ••• activities were an accentuation of 

phenomena already present before L-OOPA was given ••• Around 10 June 

a new symptom appeared, which could be described as a voracity, an 

oral mania, or a devouring urge. The taking of the first mouthful 

at any meal seemed to let loose an irresistible desire to grab, 

bite and devour food, as fast as possible •••• In the third week of 

June (his dose of L-DOPA remaining unchanged), symptoms of a more 

dis~uieting nature appeared, with agitation, perseveration, and 

stereotypy as their hallmarks." (Sacks, 1976, p. 152-153.) 

If we can see Parkinson's Disease as a loss of activating 

systems, the case of Rolando p. illustrates the activating effects 
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of L-DOPA therapy; moreover, Mr . p. showed a spontaneous remittrulc e 

of his akinesia i n response to ac t ivating stimuli such as music 

which would call for" ••• singing, 'conducting ', and occas ional 

dancing, and at this time ••• his symptoms are minimal" (P. 157) 

and, remarkably, Mr. P. was able to swim the length of a pool, and 

showed an amazing reduction of Parkinsonism when in t he water . 

Rolando P's tragedy, like so many other Parkinsonian patients , was 

that t he correct dose of L-DOPA could not be found, and as such he 

was caught between akinesia and hyperactivity, which soon gave way to 

stereotypies. This is a failure of the t herapy, not of his personal 

treatment; it appears that the balance for L-DOPA therapy grows ever 

finer, until a dose is found which is ineffective whil e the minutest 

amount more gives rise to the gross overactivation problems. As such, 

this is a failure o~ our understanding of DA regulation. However , 

the case of Rolando P.shows us that loss of nigro-striatal DA leads 

to inactivity and that this can be restored (poorly) by L-DOPA 

therapy, and by sensory activation. I t i s an unpleasant fact of 

Parkinson's disease that sensory information is still present; 

what is absent is the power to turn this information into action , 

and this is in accord with our hypothesis t hat nigro-striatal DA 

neurones mediate behavioural activation. 

185. 



185A 

Retrospective 

This thesis has attempted to examine two questions. The first 

of these has been, as the title states, what are "the functional effects 

of cholinergic stimulation of the substantia nigra in the rat"? The 

second ques~ion which has been addressed - what are the behavioural 

consequences of dopaminergic stimulation within the striatum - is, 

in many respects a consequence of the first, for it has been suggested 

that ACh within substantia nigra can stimulate nigro-striatal DA 

neurones. Thus the predicted consequence of cholinergic stimulation 

of substantia nigra would be a release of DA within the striatum: 

the two forms of stimulation might thus be expected to produce similar 

functional effects. 

As a first step, an examination of the behavioural effects of 

peripherally applied d-amphetamine was made, and at low doses feeding 

was observed. This declined as the dosage increased, locomotion, rearing 

and stereotyped behaviours becoming more dominant. This appears to be 

in accordance with the rate-dependent hypothesis of amphetamine action 

formulated by Lyon and Robbins (1975). Following this, an attempt 

was made to examine the role of the striatum in mediating the feeding 

response. ~nule intra-striatal d-amphetamine increased, the amount of 

food consumed in a dose-responsive fashion, the latency of responding 

calls into question the conclusions which can be drawn. A more thorough 

investigation of striatal DA stimulation including microinjection at 

various striatal sites, and using a greater range of doses, concentrations 

and volumes might be appropriate for re-examining this question. 

Cholinergic stimulation of substantia nigra appeared able to 



185B 

stimulate feeding dose-dependently. Both ACh and eserine mixtures 

and eserine alone showed the effect, though as the only di ffer ence 

between the two forms of stimulation was the depressant effect of 10 . 0 jUg 

exogenous ACh, it might be argued that both forms simply r epresent the 

facilitatory effect on feeding of eserine sulphate. However, as this 

acts to enhance activity of endogenous ACh, a true cholinergic effect 

is suggested. While it was not possible to demonstrate receptor 

blocking actions - a more careful examination of this is called for 

before meaningful conclusions can be drawn - the similar effect of 

intranigral carbachol ~ stimulating feeding (Winn and Redgrave, 1979) 

suggests that cholinergic receptors mediate the response. That it is 

DA dependent is suggested by several points: (i) behaviourally, intra

nigral cholinergic stimulation appears to facilitate similar 

activities to those mediated by DA (feeding at low doses, stereotypy 

at high doses (Winn and Redgrave, 1979» (ii) non-sedative doses of 

haloperidol abolish both the feeding and stereotypy elicited by intra

nigral carbachol (Tabs and Redgrave, 1980) (iii) cholinergic receptors 

exist on pars compacta DA neurones (Cross and Waddington, 1980), which 

also contain (Butcher and Marchand, 1978) and release AChE within the 

nigra (Greenfield et a1., 1980). 

However, clearly lacking is a direct demonstration that nigral 

ACh can cause a release of DAin the striatum. In vivo electrochemical 

detection, perfusate assay and measurement of lateral ventricular 

DA concentration following nigral injections of eserine would seem to be 

appropriate techniques for examining this critical question. While 

these, and further examination of the functional effects of striatal 

DA stimulation would seem to be of value in enhancing our understanding 

of the neurochemical and neuroanatomical processes at work, behavioural 

analysis of the feeding response might reveal more about the involvement 
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of nigro-striatal neurones in the regulation of eating. A comparison 

with food deprivation, and feeding in response to regulatory deficits, 

in conjunction with d-amphetamine or cholinergic stimulation might be 

of value, as might studies examining the consumption of less novel 

foods. A microanalysis of the structure of feeding comparing food 

deprived, normal, and cholinergic stimulated feeding might reveal 

to what extent the stimulated feeding resembles normally motivated 

behaviour. 

This thesis tackles a problem that has been l argely ignored: what 

systems within the brain stimulate nigro-striatal DA neurones at 

source? A functional approach to neuronal interactions has been 

adopted, in the hope of providing meaningful information as to how 

neurochemical and anatomical systems interact, and what the consequences 

are for behaviour. It might thus be hypothesised that low-level DA 

release may be involved in the control of feeding behaviour and that 

nigral ACh may stimulate DA neurones and facilit~te such behaviour. 

Thus, the original contribution of this thesis is that nigral ACh 

appears to have the function of stimulating nigro-striatal DA neurones. 

This is of importance in our understanding of the normal regulation 

of DA wi thin nigro-striatal neurones, and may eventually have thera

peutic value in combating the loss of nigro-striatal DA associated 

with Parkinson's disease. 
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Appendix 

i. A Note on the Terms Neurotransmitter and Neuromodulator 

The term 'Neurotransmitter' has no clear cut definition. In 

general the following definition appears to summarise the main 

features of a neurotransmitter. It i s " ••• a substance endogenous to 

neurones that (a) is released from pre-synaptic loci into the 

adjacent synaptic cleft upon depoliarsation of the pre-synaptic 

region at physiologic levels of stbnulation, (b) crosses the 

synaptic cleft via passive and/or active processes, and (c) combines 

with specialised portions of the post-synaptic membrane - the 

receptors - to induce excitatory or inhibitory post-synaptic potentials 

of characteristic amplitude and duration that can directly elicit or 

inhibit propagated electrical activity" (Butcher and Talbot, 1978b 

p. 4). 

Earlier definitions, taking ACh as the only conclusively identified 

synaptic transmitter, included a wider range of criteria, which are 

presented in Table 37. These may be summarised as: (1) a non

uniform distribution in neurones and in the nervous sys tem (2) 

presence of synthetic enzymes (3) storage in an inactive form (4) 

released upon relevant physiological stimulation (5) reacts with 

specific receptors on the post-synaptic membrane (6) presence of 

degradative enzymes (7) pharoacological agents should mimic endo

genous processes. A neurochemical fulfilling all of these criteria 

could be considered a neurotransmitter. 

While these criteria are still held to be valid by some authors, 
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___ ~F.LOREY (1961) FIDLLIS (1966) 

(not necessarily listed in order first published) 

1. Transmitter concentrated at 
nerve terminals, but it or its 
immediate precursor found every
where in the neurone. 

2. The axons and nerve endings 
contain the enzymes for synthesis 
of the transmitter. 

3. The transmitter is stored 
in a physiologically inactive, 
bound form. 

4. The transmitter is released 
from nerve terminals on arrival 
of a nerve impulse. The amount 
released is rather constant. 

5. The free transmitter diffuses 
across the synaptic gap. 

6. It reacts with specific 
receptor molecules in the sub
synaptic membrane to give the 
post-synaptic response. 

7. Specific receptor sensitivity 
is found only on sub-synaptic 
patches of the post-synaptic 
membrane. 

8. An enzyme system in the 
synaptic region inactivates the 
transmitter. 

1. The substance mus t be present 
in those neurones from which 
it is released. 

2. The neurones must possess the 
necessary enzymic mechanisms 
for the manufacture of the trans
mitter and for its release. 

3. The presence of the various pre
cursors and intermediates in the 
synthetic pathway should be 
demonstrable. 

4. During stimulation the substance 
may be detectable in extra-cellular 
fluid collected from the region of 
the activated synapses. 

5. When applied to the post
synaptic structure, the substance 
should mimic the action of the 
synaptically released transmitter. 

6. There may be systems for the 
inactivation of the transmit ter. 
These could include an enzyme sys tem 
for the inactivation of the trans
mitter and a specific uptake 
mechanism for the re-absorption of 
the transmitter into the pre- or 
post-synaptic structure. 

7. Pharmacological agents which 
interact with the synaptically 
released transmitter should inter
act with the suspected transmitter 
in an identical manner 

Table 37: Major criteria involved in the identification of a 
neurotransmitter as proposed by Florey (1961) and Phillis (1966). 
(From Davidson (1976), p. 2-3.) 



many feel that these criteria may not be of value when attempt ing 

to establish whether or not new substances have neurotransmitter 

properties. Davidson (1976) argues that "it is evident ••••• that 

at least the first six of the criteria listed by Phillis (1966 ) •• • • 

(Table 37) ••• can be traced back to concepts of synaptic trans

mission current in 1961 or earlier, when acetylcholine was tlle sol e 

molecule to have been properly identified as a synaptic transmitter . 

It does not necessarily follow that these concepts are equally 

acceptable for non-cholinergic synaps es nor that all these criteri a 

are applicable to non-cholinergic transmitter candidates •••• • " 

(Davidson 1976 p. 3). Furthermore, Davidson aruges , " •••••• the 

criteria frequently referred to as necessary for identification of 

a neurotransmitter ••••• (Table 37) •••• are in fact r'elevant only 

in the case of a chemical synaptic transmit ter at an axo-dendritic 

or an axo-somatic synapse, and may be neither sufficient nor necessary 

for identification of substances involved in other forms of chemical 

transmission between nerve cells •••• " (Davidson, 1976 p. 4). In 

particular, recent advances in our understanding of dendro-axonic 

or dendro-dendritic connectivity come to mind here. 

Werman (1966) considered that the standard criteria for 

identifying neurotransmitters were of value only if related to 

the biological function of the synapse. This view was developed 

and in 1972 Werman proposed that only two of the major criteria had 

to be satisfied: "identity of action" and "collectability of the 

transmitter". Myers (1974) discusses the concept of "identity of 

action". 

"The criterion of identical actions is the basic one upon which 
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many of the studies employing chemical stimulation are based ••••• 

One supposition inherent in the t heory t hat embodies this approach 

is that a certain group of cells displays a special sensitivity to 

the compound while ot hers are either insensitive or react to the 

artificial application of the endogenous chemical in s ome way other 

than depolarisation. 

"Without prior biochemical information about the cont ent, 

synthesis, metabolic turnover and mechanism of degradation of an 

endogenous compound the criterion of 'identity of action' can also 

be deceptive. If the criterion is considered in ~ one could 

easily promulgate, by demonstration alone, the ludicrous concept 

that formaldehyde is a transmitter substance at the nelll'o-muscular 

junction" (Myers, 1974, p. 13-14). 

Myers here appears to hit upon what seems t o be the IllOSt sensible 

way of evaluating neurotransmitter status. He says that "Werman's 

conceptualization of 'identical actions' must be regarded as a 

powerful criterion with which to examine the local synaptic action 

of a compound. The potential of this criterion is enhanced further 

not only if the substance is present naturally. but if the enzyme 

systems for its manufactur~ ,and degradation are firmly established" 

(Myers, 1974, p. 13). 

The views presented here can therefore be reconciled if we 

adopt the following scheme. Broadly, a neurotransmitter, as 

Butcher and Talbot (1978b) propose, is an endogenous substance, 

released from pre-synaptic loci, which crosses the synaptic cleft 

and combines with specific and specialised receptors on the post-
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synaptic membrane. Werman's concept of identical actions appears 

useful in identifying substances which have this property, but t he 

claims of such a substance are greatly enhanced if the 'classic' 

crit eria of Florey (1961) and Phillis (1966) can also be met. 

Though Davidson {1976) and others have argued that these are based 

on specific conceptions of cholinergic transmission, with no necessary 

relevance to other classes of neurotransmitter, it remains true that 

ACh is an undisputed neurotransmitter, and that, by and large, 

these criteria, as well as the principle of identical actions, are 

met by other substances - for instance the monoamine neurotransmitters 

dopamine, noradrenaline and serotonin, and the amino acid neuro

transmitter GABA. However, as there is no necessary relevance of 

a cholinergic system to other systems, and as our conceptions of 

chemical communication between neurones is still changing it would 

be prudent to adopt this scheme in a flexible and liberal manner, and 

not treat the term neurotransmit ter as fixed. 

Substances which are synthesised and stored in neurones and 

liberated during activation, but which do not interact with 

receptors. are not thought to be neurqtransmitters. Such substances 

may be classified as neuromodulators. These subs tances may influence 

neurotransmission either pre-synaptically, post-synaptically or 

within the synaptic cleft but do not themselves possess neuro

transmitter properties. Second Messengers may be classified as 

neuromodulators. These are substances such as adenylate cyclases 

(and other cyclic nucleotides) and certain ionophores which can 

transmit information across the lipid bilayer of the post-synaptic 

membrane. Neurotransmitters stimulate this passage by combining with 

the specialised receptor molecules present on the outer surface 

of the post-synaptic membrane. 
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