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ISOXSUPRINE; A POSSIBLE INTERACTION WITH CHOLINERGIC 

NEURONES IN THE RAT BRAIN.

by Stephen Whitworth Davies.

The origins of the cholinergic innervation of the rat neocorkex 

were studied by means of neurotoxic amino acid lesions and neuro­

chemical analysis. A crude topographical pattern of projections from 

the cholinergic perikarya within the magnocellular nuclei of the basal 

forebrain to the allocortex were determined. The more rostrally 

located cells of the medial septal complex project to the hippocampus, 

whilst the more caudally located neurones of the nucleus basalis 

project to the ipsilateral parietal cortex and the amygdala. No evid­

ence for a cholinergic projection to the cortex from the medial septum 

was found. The neurochemical specificity and neuroanatomical 

selectivity of ibotenic acid lesions of the ventral globus pallidus were 

studied using both neurochemical and histological techniques. 

Similarities between the degeneration produced by these lesions and 

the neurodegenerative disorder Alzheimer's dementia are discussed, 

in respect of a possible 'animal model' for this disorder.

The effects of isoxsuprine, a drug reported to alleviate the 

symptoms of senile dementia, on the uptake of oxygen in vitro , 
and [ ^n] 2 -deoxyglucose in vivo into discrete areas of rat brain 

were studied. In vivo pretreatment with isoxsuprine was found to 

stimulate oxygen uptake into rat brain cortex slices. No significant 

effect on [ Hj 2-deoxyglucose uptake could be determined. The effects 

of isoxsuprine pretreatment oncholine acetyltransferase activity and 

high affinity choline uptake were also studied.

These results are again discussed in terms of the currently 

available pharmacotherapy for Alzheimer's dementia. 
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INTRODUCTION
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I.l. Aims of this project

The overall aims of this thesis were twofold. Firstly to develop 

an animal model of Alzheimer's dementia. This might provide some 

insight into the nature of the neuroanatomical pathways affected, 

and might also provide some clues for possible pharmacotherapy. 

Secondly, to investigate some actions of drugs currently prescribed 

in dementia, primarily isoxsuprine, in relation to their possible 

action on central nervous system cholinergic pathways.

The tremendous increase in research into central nervous system 

cholinergic neurochemistry during the last three years, has to some 

extent pre-empted some of the results presented in this thesis. 

For this reason references up to 1980 relating to the development 

of this project are cited in this section. All results are however 

discussed in terms of the currently available information.

I. 2. Animal Models of Neurodegenerative Diseases

The immense increase in our knowledge of the basic neurochemical 

changes occurring in neurodegenerative disorders over the last 

5-10 years has prompted the development of a variety of 'animal 

models' which closely reflect these observed changes. The value 

of these models, which are mostly dependent on the use of specific 

lesions within the central nervous system (CNS), is that they may 

provide an insight into the nature of the pathways affected and might 

also provide clues for possible pharmacotherapy.

a) Parkinson's Disease.

One of the first neurodegenerative disorders to be characterised 

in this way was Parkinson's disease (for recent reviews see Marsden, 

1980; Schultz, 1982). It has been known for many years that a pro­

found destruction of the substantia nigra (SN) is the basic anatomical 

substrate of the idiopathic parkinsonian syndrome (Blocq and Marin- 

esco, 1893), but this was only correlated with the later discovery 

of a drastic reduction of the dopamine (DA) content of the striatum 

of parkinsonian patients (Hornykiewicz, 1966), when the existence 
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of a pathway was reported which originated in the SN, terminated 

in the striatum, and utilised DA as its neurotransmitter (Ungerstedt, 

1971).

Parkinson's disease is clinically defined by: rigidity of the limbs, 

trunk and face tremor; abnormal body posture; and an inability to 

initiate voluntary motor activity (akinesia). This condition is there­

fore, believed to be associated with a degeneration of dopaminergic 

neurones predominantly in the nigrostriatal pathway, and a decrease 

in the amount of dopamine- and melanin-containing cell bodies in 

the zOna compacta of the substantia nigra (Hornykiewicz, 1971).

In 1968 Ungerstedt (Ungerstedt, 1968) described a technique where­

by 6-hydroxydopamine could be stereotoxically injected into the 

substantia nigra of rats. 6-Wydroxydopamine is a neurotoxin which 

can cause selective degeneration of catecholamine containing 

neurones with little effect on other neuronal types (Uretsky and 

Iversen, 1970; Sachs and Jonsson, 1975; for review see Jonsson, 

1980).

Ungerstedt showed that in animals which had received a unilateral 

injection of 6-hydroxydopamine,(f) amphetamine administration 

caused the animals to rotate towards the lesioned side (ipsilateral 

circling). The injection of L-dopa or apomorphine, however, 

induced contralateral rotation (away froynthe lesioned side), (Unger­

stedt, 1968, 1971). This animal rotational model proved to be an 

invaluable system for testing drugs of potential use in Parkinson's 

disease since there exists ah obvious similarity between the changes 

found in this condition - characteristically a degeneration of the 

nigrostriatal dopaminergic pathway - and that of the rat which had 

developed a degeneration of the analogous system on one side. 

Drugs which preferentially activate the denervated dopamine recep­

tors, directly acting agonists, will therefore have potential as 

therapeutic agents in Parkinsonism (Hejti and Melamed, 1980).

Quite apart from the use of Ungerstedt's model to mimic the 

main features of human Parkinson's disease and to select promising 
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new drug therapies, it has also been enmployed to investigate funda­

mental phenomena such as the concept of central denervation 

supersensitivity (Ungerstedt et al. , 1975), and the organisation of 

outflow pathways in the basal ganglia (Marsden, 1980).

Bilateral 6-hydroxydopamine lesions of the nigro-striatal 

dopamine systems in rodents should produce a syndrome close to 

Parkinson's disease in man. In fact, such rats rapidly become 

severely disabled by gross akinesia and more importantly by an 

inability to drink or feed, such that they die within a few days unless 

tube fed. When these animals are kept alive, provided there is a 

near complete destruction of both ascending dopaminergic pathways, 

they do not exhibit normal feeding or movement and are seriously 

cataleptic. However, such animals whilst immobile on land, 

swim if forced under water, a performance reminiscent of the 

kinesia paradoxica of the human patient with Parkinson's disease.

b) Huntington's Disease

A more recently developed animal model for a long established 

neurodegenerative disease is that for the inherited neurological dis­

order, Huntington's chorea (for recent reviews see Marsden, 1980; 

McGeer and McGeer, 1982; and Spokes, 1981). Huntington's chorea 

is transmitted as an autosomal dominant with complete penetrance 

and is a rare disorder occurring in only 1 in 10,000 people. 

Clinically, the disease is defined by a combination of physical and 

mental changes which may appear independently or concurrently. 

The physical symptoms usually include jerky, uncontrollable move­

ments that affect the head, face, trunk and limbs, greatly impeding 

speech, swallowing, walking, writing and other voluntary motor 

activities. The other hallmark of Huntington's chorea is dementia 

which is of a sub-cortical type. This is manifested by emotional 

and personality changes, impairment of recent memory, defective 

ability to manipulate acquired knowledge, and slowing of information 

processing. In contrast to the cortical dementias, the most common 

form of which is Alzheimer's disease, apraxia, aphasia and agnosias 

do not develop. Additional psychiatric features include anxiety, 

depression, mania and schizophrenia-like psychoses (Spokes, 1981).
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The most striking pathological changes in Huntington's disease 

occur in the caudate-putamen where there is marked atrophy and 

severe loss of neurones accompanied by a patchy loss within the 

cerebral cortex.

The direct injection of nanomolar amounts of the neurotoxic 
amino acid.^kainic acid, into the caudate putamen in rats reproduces 

many of the morphological, biochemical and pharmacological feat­

ures of Huntington's disease (Coyle and Schwarcz, 1976; McGeer 

and McGeer, 1976). After intrastriatal injections of kainic acid in 

the rat there is a generalised degeneration of the neuronal cell 

bodies in the injected region. There is preservation of the bundles 

of myelinated axons p9,88ing through the neostriatum from the cortex. 

Terminal boutons also survive though many do not remain attached 

to their sites of synpatic specialisation. Electron microscopic 

studies have shown that the cell body is involved first, with dend­

ritic elements being affected within 10 hours, smaller axons within 

24 -48 hours and terminal boutons at 72 hours (Hattori and McGeer, 

1977). i^ggg page 149 for discussion of kainate toxicity).

The main biochemical findings in Huntington's disease and the 

kainic acid model are remarkably similar (Table l).and can be 

interpreted in terms of the present understanding of the neuro- 

anatomy of the basal ganglia (Figure 1). In both Huntington's 

disease and the kainic acid model there is a severe loss of neo- 

striatal neurones which have as their transmitters y-aminobutyric 

acid (GABA), acetylcholine (Ach), substance P, and enkephalin. 

Losses in angiotensin-converting enzyme are also reported in both 

conditions. However, in both the rat model and in the disease, the 

myelinated axons of the internal capsule, the dopaminergic neurones 

of the substantia nigra, and the nerve endings of these dopamin­

ergic neurones seem to be relatively intact. Serotonin levels are 

also normal, indicating preservation of this system, although 

serotonin receptors are decreased.

GABA levels and glutamic acid decarboxylase (GAD) activity 

are decreased in the substantia nigra which is indicative of the loss of



Table i . Biochemical similarities between Huntington's disease 

and the kainic acid 'model'. The main neurochemical 

findings in Huntington's disease and the kainic acid 

'model' are remarkably similar and can be interpretted 

in terms of our current understanding regarding the 

neuroanatomy of the basal ganglia (see Fig. 1). Table 

taken from McGeer and McGeer (1982).
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TABLE 1.

Biochemical changes Huntington's KA 'model'

In neostriatum:

Presynaptic GABA indices^

"Y-Hyd roxybutyrate levels

GABA transaminase activity 

Presynaptic acetylcholine indices 

Presynaptic dopamine indices^ 

Presynaptic serotonin indices^ 

Presyn. noradrenaline indices^ 

Angiotensin converting enzyme 

Enkephalin levels

markedly reduced 

increased

Normal decreased 

markedly decreased 

normal or elevated 

normal or elevated 

normal or elevated 

reduced 

decreased

Binding sites ' receptors' for

Serotonin decreased

Dopamine decreased

Acetylcholine (muscarinic) decreased

Benzodiazepines decreased

Kainic acid decreased

GABA decreased

Noradrenaline (P-adrenergic) normal

In substantia nigra

GABA indices

Substance P levels

Dopamine indices

decreased

decreased

normal

^Including levels, uptake, release, turnover and/or activity of 

specific synthetic enzymes.

^At 1 month following kainic acid injections; no decrease in 

more acute preparations. 
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descending (striato-nigral) GABA pathways. Similarly, there is a 

decrease in substance P in the substantia nigra again signifying the 

loss of descending pathways following degeneration of the cell bodies 

in the striatum.

Quantitative data differ somewhat fromlaboratory to laboratory, 

not only in kainic acid lesioned animals but in human post-mortem 

tissue as well (McGeer and McGeer, 1982). Quantitative compari­

sons are therefore difficult, but qualitatively there would appear to 

be marked biochemical similarities between Huntington's disease (HD) 

and the kainic acid 'model'. The biochemical effects observed are 

in accord with morphological studies showing that neostriatal neur­

ones degenerate whilst afferent systems are spared (Figure 1).

Following bilateral injections of kainic acid into the striatum, 

rats do not display choreiform niovements: they do, however, dis­

play a variety of abnormal behavioural symptoms (Mason, 1981). 

This has been interpreted as the 'rodent' correlates of choreic move­

ments in humans (McGeer and McGeer, 1982; Mason, 1981). The 

assertion that the kainic acid model provides a good behavioural 

model of Huntington's chorea (Mason, 1981) is disputed by Pisa 

(Pisa, 1981, 1982), who suggests that until a more comprehensive 

description of the human neuropathology is developed identifying 

rodent behaviour analagous to human abnormalities,occurring in 

Huntington's disease,remains difficult.

Cholinergic agonists and dopaminergic antagonists appear to 

alleviate the symptoms of HD, whilst the opposite pharmacotherapy 

usually intensifies the chorea of Huntington's disease patients 

(Barbeau, 1973; De Silva, 1977; Klawans and Weiner, 1976).

Investigations using rats with bilateral injections of kainic 

acid in the striatum (Sanberg, Pisa and Fibiger, 1981) suggest a 

close analogy between the pharmacological effects of these com- 

pounds in both choreic patients and lesioned rats. The kainic acid- 

induced lesions potentiated the locomotor response to both the dopa­

minergic agonist d-amphetamine, and the cholinergic antagonist, 

scopolamine, attenuated the cataleptic response to the dopaminergic
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Figure 1. Schematic diagram of some of the neurones 

projecting to and from, or passing through 

the neostriatum. Only those neurones de­

picted with dashed lines would be destroyed 

by neostriatal injections of kainic acid. 

Adapted from McGeer and McGeer (1982), 

and Spokes (198 1).
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antagonist, haloperidol, and potentiated the cataleptic and convuls­

ive responses to the cholinergic agonist pilocarpine.

Description of the foregoing animal models of neurodegener- 

ative disorders highlighting the similarities between morphological, 

biochemical and pharmacological factors, has illustrated how the 

use of selective neurotoxins can further our understanding of both 

the biochemical pathology and the potential pharmacotherapy of CNS 

disorders.

In the remaining sections of this introduction I will consider 

the neurochemical changes found to occur in post-mortem studies on 

Alzheimer-dementia brain.

c) Alzheimer's dementia

Alzheimer's dementia (AD) is a neurodegeherative disorder 

characterised by a general deterioration of thought and memory pro­

cesses. It is quite distinct in both symptomology and pathology, 

from the sub-cortical dementias such as Huntington's disease (see 

previous section). AD is characterised neuropathologically by the 

presence of numerous senile plaques and neurofibrillary tangles 

in such areas as the cerebral cortex, hippocampus and amygdaloid 

nucleus (Tomlinson et al. , 1970). These pathological features are 

quantitatively related to the severity of the dementia assessed clinic­

ally (Blessed et al. , 1968).

Over the past ten to fifteen years there has been a considerable 

effort devoted to studying neurotransmitter systems in human post­

mortem brains, with a view to identifying specific deficits associated 

with Alzheimer's dementia. In November 1981 there already existed 

oyer 200 references to neurochemical studies on post-mortem tissue. 

These findings have been summarised in several reviews (Terry 

and Davies, 1980; Davies, 1979; McGeer, 1981; Bowen, 1981). Whilst 

the number of studies on various transmitter systems is consider­

able, and the variety of conclusions equally diverse, more recent 

studies have suggested a far simpler chemical pathology.
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Present evidence suggests that certain neurochemical anoma­

lies in AD may not be closely related to the disease process itself. 

Thus, changes in activities associated with the noradrenergic or 

GABA systems, for example, do not correlate signficiantly with the 

extent of plaque formation. Furthermore, abnormalities in the 

levels of several neuropeptides (e.g. somatostatin, cholecystokinin 

and vasoactive intestinal polypeptide) are apparently confined to 

more advanced stages of the disease (Perry and Perry, 1982). 

The cholinergic abnormality (decreases in all presynaptic cholin­

ergic markers), however, is apparent in earlier stages and correl­

ates significantly with both histological and clinical measurements 

of the severity of the disease (Perry etal. , 1978; McGeer, 1981).

The current concept of Alzheimer's dementia is thus one of a 

fairly selective, early, involvement of the cholinergic system within 

specific areas of the CNS (McGeer, 1981; Perry, 1980; Rossor et 

al. , 1982). Whilst several animal models can replicate the neuro- 

pathological changes seen in AD, no model as yet displays any neuro­

chemical selectivity for the cholinergic system. This study, there­

fore, is an attempt to develop an 'animal model' of Alzhiemer's 

dementia which will exhibit some specificity for the cholinergic 

system accompanied by a selectivity for defined pathways within the 

CNS. The methods used are essentially similar to those developed 

for the previously described neurodegenerative diseases.

1.3. The Pharmacotherapy of Dementia

It was once thought that senile dementia was the result of im­

paired cerebral perfusion, which was caused by the narrowing of 

cerebral arterioles (Branconnier and Cole, 1976). Drugs which 

dilated these vessels were expected to improve cerebral blood flow 

with consequent clinical improvement. However, this logic now 

appears suspect. In Alzheimer's dementia the reduced cerebral 

blood flow is the consequence rather than the cause of the disease 

(Branconnier and Cole, 1976) and an increased flow is unlikely to 

modify primary neuronal degeneration. The rationale for the use 

of vasodilators in senile dementia has therefore changed from an



-12-

attempt to increase cerebral blood flow, to one to improve cerebral 

metabolism. Thus many drugs have been claimed to arrest intel­

lectual decline and improve the behavioural disturbances associated 

with senile dementia, and are termed 'cerebral activating'drugs. 

Despite this classification, their mode of action remains totally 

unclear. Part of this study is therefore an attempt to examine the 

possible metabolic properties of isoxsuprine, previously thought to 

be a drug with primarily vasodilator properties (Yesavage, 1979) 

but demonstrating some indications of clinical improvement in demen 

ted patients (Yesavage, 1979). This study also attempts to integrate 

the possible metabolic actions of these compounds with the decreases 

in cholinergic transmission observed inpatients with Alzheimer's 

dementia, /ggg Appendix I for detailed pharmacological properties).



CHAPTER II

MATERIALS AND METHODS
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II. 1. Materials

The following Radiochemicals were purchased from Amersham 

International:
r 1
Ll - Cj Acetyl-coenzyme A, 56.6 mCi/mmol;
[1 -^^c] Acetylcholine Chloride, 26.5 mCi/mmol; 

[Methyl-^nicholine Chloride, 77 Ci/mmol;

L'Cc-^H] Glutamic Acid, 34 Ci/mmol;

D-'Ez -S^Il] Aspartic Acid, 12.5 Ci/mmol;

4-Amino-n-E2,3 -^II] Butyric Acid (GABA), 70 Ci/mmol; 

[31Hl7,8 Hj Noradrenaline hydrochloride, 17 Ci/mmol; and 
2-Deoxy-D-[l -^II] Glucose, 25 Ci/mmol.

Di-isopropyl fluorophosphate (DPF) was from Aldrich Chemical 

Corporation. The neurotoxic amino acids used in this study were 

from the following sources, NMDA (Tocris Chemicals), NMDLA 

(Sigma) and Kainic acid (Sigma). The generous gift of ([^ Ibotenic 

acid by Dr P. J. Roberts and Dr R. J. Walker is gratefully acknow­

ledged.

All remaining chemicals were purchased from either Sigma 

orBDH.

II. 2. Methods

II. 2. 1. Animals and stereotaxic surgery

Male albino Wistar rats weighing 200 -220 grams at the time 

of surgery were used throughout this study. All animals were fasted 

overnight before Operation.

Animals were anaesthetised with sodium pentobarbitone (60 

mg/Kg i.p.) and placed in a stereotaxic frame (David Kopf). An 

incision was made along the midline of the rat's head and the 

skull was cleared of connective tissue. A hole was drilled into 

the skull for the introduction of a Hamilton 25 gauge (0. 5 mm) 

needle connected to a 5 pl Hamilton syringe mounted in a syringe 

holder in the stereotaxic frame. A volume of 1 pl of phosphate buf­

fered saline (50 mM) containing a given neurotoxic amino acid 
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(with pH adjusted to 7.4) was injected at a rate of 0. 1 pl/min; the 

needle being left in place for a further 15 minutes to ensure that 

all ejected fluid had been absorbed by the brain tissue, thus minim­

ising diffusion of the neurotoxin up the cannula tract to the overlying 

cortex.

The co-ordinates routinely used for ventro medial globus pal- 

lidus lesions were; AP 5.9, ML 2.9, DV -1.8: and for the boundary 

between the medial septal nucleus and vertical limb of the nucleus 

of the diagonal band; AP 8. 9, ML 0. 5, DV -1.0; (co-ordinates 

from Konig and Klippel, 1963).

The bore hole was carefully sealed with sterile bone wax 

(Allen and Hanbury) and the animals injected (i. m.) with the anti­

biotic Ampiclox (ampicillin/cloxacillin, Beechams Research Labs) 

to protect against infection.

Electrolytic lesions were performed according to the Methods 

of Mustapha (1982) . Bilateral lesions were induced in the globus 

pallidus using the method of electrolytic coagulation. Male Wistar 

rats were anaesthetised with sodium pentobarbitone (60 mg/Kg i.p.) 

and were immobilised in a stereotaxic frame. Lesioning electrodes 

(Clark Electromedical) 0.35 mm in diameter were used to induce 

the lesion. The electrodes were insulated to within 0. 5 mm of the 

tip. An anodal D. C. current of 1 mA was passed for 10-15 seconds 

at one of several sites, the stereotaxic frame acting as the cathode. 

In control animals the electrode was lowered into the brain just 

dorsal to the pallidum but no current was passed.

IL2.2. Cortical dissection

In preliminary studies the cortex was divided into three sec­

tions (Kelly and Moore, 1978): anterior, middle, and posterior 

regions (Figure 2). Later studies used a more selective dissection 

of the middle cortex, the limbic cortex within the longitudinal fis­

sure (fissura longitudinalis cerebri) and the pyriform cortex below 

the rhipal fissure (fissura rhinalis) were removed, leaving fronto­

parietal cortex corresponding to areas 1-4, 6-8, and 40 of the 

atlas of Krieg (Krieg, 1946). See Figure 3.
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To measure enzyme activity at the site of direct cortical 

kainate injection, a circle of cortical tissue of 3 mm radius aiound 

the injection site was obtained using a stainless steel punch: the 

subjacent white matter being cut away. All dissections were per­

formed on a glass plate chilled on ice and were performed immed­

iately after decapitation of the rats,

II. 2.3. Enzyme Assays

a) Choline acetyltransferase (CAT EC.2.3.16) was assayed by 

the method of Fonnum (Fonnun, 1975a, b). The formation of 
[^^C]-acetyl choline from labelled acetyl-COA as substrate (Fig. 

4) was found to be linear with protein concentration (Fig. 5) and 

time (Fig. 5); the enzyme exhibiting maximal activity in the pres­
ence of 100 - 300 mM Na^, Cl ion concentration (Fig. 7b) 

(Rossier et al. , 1977; Hersh, 1980).

b) Acetylcholinesterase (AChE; EC. 3.1.1.7) was assayed by 

a modification of the method of Fonnum (Fonnum, 1975b) and was 
r 14 1 essentially similar to the method for CAT (Fig. 6). [ Cj - 

Acetylcholine is enzymatically hydrolysed to [ ^^c] acetate and 

choline which are then separated by liquid phase cation exhange. 

A low ionic concentration and inclusion of 0. 1 mM ethopropazine 

minimise spontaneous and butyl-cholinesterase induced hydrolysis 

respectively. The assay was found to be linear with increasing 

protein concentration (over a very wide range) and time (Fig. 7a 

and 8). It was inhibited by both low temperature and the inclusion 

of 1 mM physostigmine.

c) L-Glutamic Acid Decarboxylase (GAD, EC. 4. 1. 1. 15) was 

assayed by the method of Kanazawa, Iversen and Kelly (Kanazawa 

et al. , 1976). Where a combined CAT and GAD assay was per­

formed the tissue was homogenised in 10 mM EDTA, 0.5% Triton 

X-100 (pH 7.4). While Triton X-100 has been shown to inhibit 

non-GAD dependent decarboxylation of glutamate (MacDonnell, 1975) 

no significant difference between tissue homogenates in this buffer 

and in de-ionised water were observed (results not shown). Simi- 
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Figure 4. CHOLINE ACETYLTRANSFERASE ASSAY

HOMOGENISE TISSUE (10% W/V) in 10 mM EDTA (pH 7.4), 0.5% 

TRITONX-100.

10 plHOMOGENATE 

and 25 plBUFFER*

INCUBATEFOR 
15 MINSAT 37°C 

V

RINSE INTO SCINTILLATION VIALS KEPT ON ICE WITH 2 x 1.25 
mis Na PHOSPHATE BUFFER (50 mM, pH 7.4 and 4°C). ADD

2 mis ACETONITRILE (METHYL CYANIDE) CONTAINING 10 mg 

Na TETRAPHENYL BORON.

SHAKE LIGHTLY 

FOR 1 MIN.

ADD 10 mis TOLUENE/BUTYLPBD, COUNT FOR [ C] WHEN 

UPPER (ORGANIC) LAYER IS CLEAR.

*CHOLINE CHLORIDE (8 mM), EDTA (20 mM), PHYSOSTIGMINE 

(0. 1 mM), SODIUM CHLORIDE (300 mM) and acetyl [ 1 - C] CO­

ENZYME A (diluted with non-radioactive CoA from 55.4 to 2. 1 

mCi/mmol to give 0.26 mM) all dissolved in 50 mM SODIUM PHOS­

PHATE BUFFER pH 7.4. (All Final Concentrations)

Radioachemical assay for choline acetyltransferase (EC. 2. 3. 1.6). 

Labelled acetylcholine is isolated by liquid cation exchange using 

sodium tetraphenyl boron in methyl cyanide (acetonitrile).
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Figure 5a. The correlation between CAT activity and different 

amounts (mgs tissue) of rat fronto-parietal cortex 

homogenates. The incubation was carried out in a 
total volume of 35 pls at 37°C for 15 mins.

■ • A y 14 • / ■
Figure 5b. Synthesis of C C] acetylcholine determined for 

various incubation times. The acetyl-CoA was 

made up from a mixture of labelled and unlabelled 

acetyl-CoA at a final concentration of 0.26 mM,
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Figure 6. ACETYLCHOLINESTERASE ASSAY

HOMOGENISE TISSUE (1% W/V) IN 10 mM EDTA 0.5% TRITION 

X-100(pH7.4).

10 pl HOMOGENATE 

and 25 pl BUFFER*

INCUI37lTriC AT 37°C 

]r()Itl51V[INS

RINSE INTTC) SCINTILLATION VIALS KEPT ON ICE WITH 2 x 1 .25 

mis ICE COLD SODIUM PHOSPHATE BUFFER (20 mM pH 7.4) 

ADD 2 mis ACETONITRILE (METHYL CYANIDE) CONTAINING 

10 mg SODIUM TETRAPHENYL BORON.

SHAKE LIGHTLY 

FOR 1 MIN

ADD 10 mis TOLUENE AND FREEZE AT .18°C FOR 2 HOURS.

POUR OFF ORGANIC LAYER AND WASH FROZEN AQUEOUS PHASE 

WITH 2 mis TOLUENE AT .18°C. ADD 15 mis TRITOSCINT AND 

COUNT FOR [ C] .

* SODIUM PHOSPHATE (20 mM): ETHOPRQPAZINE (0.1 mM): 
[1 -^^c] ACETYLCHOLINE (O. 7 mM and 2.65 mCi/mmol).

Radiochemical assay for acetylcholinesterase (EC. 3.1.1.7). 

Differentiation between acetylcholinesterase and butylcholinesterase 

is achieved by inclusion of ethopropazine (0. 1 mM), a reversible 

competitive inhibitor of butylcholinesterase. (Inhibition ratio 

butylcholinestera8e:acetylcholinestera8e = 2800:1).
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Figure 7a, Synthesis of [ Cj acetate determined for various 
incubation times at 37°C. fl- ^^C] acetylcholine 

at a final substrate concentration of 0. 7 mM,

Figure 7b. Effects of increasing NaCl concentration on choline 

acetyltransferase activity. Incubation buffer con­

tains: choline chloride (8 mM); EDTA (20 mM);
14 physostigmine (0. 1 mM); and acetyl [1 - C] Co­

enzyme A (diluted with non-radioactive CoA from 

55. 4 to 2. 1 mCi/mmol to give 0.26 mM). All dis­

solved in 50 mM sodium phosphate buffer (pH 7.4), 

plus varying concentrations of sodium chloride from 

0 - 400 mM.



-25-

CHOLINEACETYLTRANSFERASE

62.

0 100 200 300 too
INaCU mM.



-^26 —

Figure 8. The correlation between acetylcholinesterase 

activity and different amounts (mgs tissue) of rat 

cortex homogenate. The incubation was carried 
out in a total volume of 35 p.1 at 37°C for 15 mins.
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larly whilst antioxidants have been shown to inhibit GAD (Charing- 

ton et al. , 1981), dithiothrietol at 1 tnM has no inhibitory effect 
(Charington et al. , 1981). In this method [^H] - GABA is separated 

from the substrate [ ^H ]-glutamate by an anion exchange resin 

column, eluted with de-ionised/distilled water (Fig. 9). The assay 

was found to be linear with both time and protein concentration 

(Fig. 10).

II. 2.4. High Affinity Neurotransmitter Uptake

a) High affinity choline uptake (HACU).

Although neuronal tissue can accumulate acetylcholine when 

external concentrations are in the micromolar range this occurs 

only in the presence of acetylcholinesterase (AChE) inhibitors and 

is not specific to cholinergic neurones (Kuhar and Simon, 1974). 

However the existence of a unique high affinity transport system for 

choline, the immediate precursor of acetylcholine, is well established 

and found to be associated with acetylcholine formation both in 

central (Yamamura and Snyder, 1973) and peripheral (Pert and 

Snyder, 1974) neuronal tissue.

The uptake of choline was measured both into cerebral cortex 

slices and into synaptosomes prepared from parietal cortex. The 

methods and results for the synaptosomal preparation will be pres­

ented. A crude Pg pellet was obtained by centrifugation in sucrose 
at 4°C (Fig. 11) and synaptosomal uptake determined as presented 

in Figure 11. Uptake was determined at 37°C in quadruplicate 

samples, a parallel series being routinely incubated at 0°C (in 

quadruplicate) as blanks. Filter blanks were also measured under 

identical experimental conditions (see Fig. 12).

The sodium-independent uptake of choline into synaptosomes 

was not determined using this method, because exclusion of sodium 

(replaced by sucrose) from the incubation and washing buffers sig- 
r 3 1 

nificantly increased the blank values for L Hj choline binding to 

Nitrocellulose filters. Inclusion of Hemicholinium-3 (HC-3, Aldrich 

Chemical Co.), 1 pM, in the incubation buffer was found to inhibit
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Figure 9. L-GLUTAMATE DECARBOXYLASE ASSAY

HOMOGENISE TISSUE (10% W/V) INDE-IONISED WATER AT 4°C.

5^JllHOMOGENATE 

SulBUFFER*

INCUBATEFOR 
15 MINS AT 37°C

ADD 0.4 mis ICE COLD DE-IONISED WATER. PLACE ON DOWEX 

l -XB RESIN (100 .200 MESH) ACETATE FORM. WASH THROUGH 

WITH 1.2 mis DE-IONISED WATER. ADD 10 mis TRITOSCINT 
AND COUNT FOR [^H].

* 200 mM POTASSIUM PHOSPHATE BUFFER CONTAINING 1 mM 

DITHIOTHREITOL, ImMPYRIDOXAL PHOSPHATE, 50 mM 

SODIUM GLUTAMATE and 50 nCi/ml [ H] GLUTAlvIATE(pH6.4).

L-glutamate decarboxylase assay (EC. 4. 1. 1. 15).

Radioactive GABA is separated from radioactive glutamate by 

means of an anion exchange resin column. 99. 5 + 0. 02% 

added [ H j L-glutamate retained on column. Blanks 19% of 

controlvalue.
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Figure 10. The correlation of GAD activity with incubation 
time at 37°C and with differing amounts (p-g tissue) 

of rat cortex homogenates. Incubation was carried 

out in a total volume of 10 {rl at 37 C for 15 mins. 

The glutamate was made up from a mixture of 

labelled and unlabelled glutamate at a final concen­

tration of 50 mM.
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Figure 11. High Affinity Choline Uptake

A P2 synaptosomal preparation and incubation 

conditions essentially similar to those of Simon 
et al (1976) were used. ( Methyl-^HJ -choline 

chloride, 0.06 pM final concentration, is 20% 

K^ for the high affinity uptake reported in rat 

cerebral cortex (K^ 0. 3 pM; V^^g^^ 25 -mol/ 

4 pniUA/ mg prbtbih^^

sodium free Krebs Ringer phosphate gave greatly 

increased retention of choline by millipore filters. 
Blanks were therefore incubated in KRP at 0°C. 

Filter blanks were routinely 5. 4 ^ 0. 64% control 

values. Uptake in parietal cortex was 6.48 + 

0. 45 pmoi/4 mins/mg protein (n = 5).
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Figure 11. HIGIiAF%INITY gJOLIN^^

HOMOGENISE TISSUE (LOOSE FITTING TEFLON-GLASS HOMO- 

GENISER, 0. 5 mM CLEARANCE) IN 20 VOLUMES OF 0. 32 M 

SUCROSE

CENTRIFUGE AT

1000g FOR 10 MINS

DISCARD P^ PELLET S

17, 000g for 2 0 mins

RESUSPEND P PELLET IN S

ORIGINAL VOLUME SUCROSE 

900 nl BUFFER* 

and 10 111 [METHYL- Hj CHOLINE CHLORIDE 

(0. 06|jiMand8.3Ci/mmol)

PREINCUBATE AT 

37°C FOR 5 MINS

100 111 SYNAPTOSOMES

INCUBATE FOR

4 MINS AT 37°C
T 

RAPIDLY FILTER ON MILLIPORE FILTERS WASHING

WITH 3 X 4 mis BUFFER. ADD 1 ml CELLUSOLVE and

8 mis CELLOSCINT AND COUNT FOR [ H] .

*KREBS RINGER PHOSPHATE (pH 7.4)

NaCl (126 mM), KCl (4. 75 mM), CaCl (1.27 mM), Na^HPO^ (15.8 mM)

MgCL (1.42 mM), GLUCOSE (2 mg/ml), PHYSOSTIGMINE (0.5 mM): 

gassed with 95% 0 :5% CO^.
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Figure 12. The correlation of high affinity choline uptake 

with incubation time and with differing amounts 

of synaptosomes (fronto-parietal cortex). Uptake 

is linear until 6 mins and up to 300 pls synapto­
somes. Uptake at 0°C is 9% of control values.
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Figure 13. WASHED P_ PREPARATION

HOMOGENISE TISSUE IN 10 VOLS. 0. 32 M SUCROSE

- ADD FURTHER 50 VOLS. TO DILUTE ENDOGENOUS

17000g for

20 ruins

P PELLET

RESUSPEND P PELLET IN SMALL VOLUME 0. 32 M

SUCROSE.
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the uptake of choline by 80 -85%; this is in accord with published 

results (Guyenet et al. , 1973).

b) y-amino Butyric Acid (GABA) Uptake

The uptake of [ H^-GABA into a washed P2 preparation of 

parietal cortex was determined in the presence of 50 pM P -alanine 

to inhibit glial uptake of GABA (Iversen and Kelly, 1975; Schon and 

Kelly, 1975). Incubations were performed at 37 C in quadruplicate 

with both 0 C and filter blanks being measured in parallel (Figs. 13 

and 14). The inclusion of 50 pM p-alanine was found to inhibit 

the uptake of GABA into striatal synaptosomes by 20% (preliminary 

experi^ments and Foster, 1983). This compares with the results 

of Early et al. (1981) who have shown that inclusion of 100 pM P- 
alanine inhibits 2^H]GABA (0. 12 pM) uptake into whole rat brain 

synaptosomes by 17, 0 + 8, 5%. The removal of glial uptake of 
3

[ H] GABA thus provides a more sensitive assessment of changes 

in the neuronal uptake of this amino acid.

c) Noradrenaline Uptake

E 1+3 -L-noradrenaline uptake was determined in a washed 

P- preparation of parietal cortex (Fig. 15) in thepresence of 1 pM 
nialamide. Incubation were performed at 37°C in quadruplicate; 

blanks were determined at 0 C and in the presence of 10 pM imi- 

pramine. Filter blanks were also measured under identical cond­
itions. The purity of the 1-7,8 -[^H] -noradrenaline hydrochloride 

was assessed by TLC on cellulose Avicel plates (20 x 20 cm) eluted 

with n-butanol:acetic acid:water (12:3:5), The radioactivity ran 

as a single peak with an R, value identical to that of noradrenaline 

run under identical conditions and observed under ultra violet 

light.

d) Excitatory Amino Acid uptake

It seems probable that the acidic amino acids aspartate and 

glutamate (Asp and Glu) are important transmitters in the CNS, 

particularly in cortical neurones (reviews by Fonnum et al, , 1979; 

Johnson, 1978). Since the two amino acids occupy a central posi-
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Flgure 14. [ ^n] AMINO ACID UPTAKE

2 mis KREBS  BICARBONATE BUFFER (pH 7.4) AND*

2 0 pl P PREPARATION GASSED WITH 95% O, 5% CO .

*KREBS RINCER BICARBONATE (pH 7.4)

112. 54 mM NaCl: 4. 75 mM KCl; 2.57 mM CaCl: 1.19 mM KH PO :

1.90 mM MgSO. 7H_O: 25.0 mM NaHCO : 11.54 mM GLUCOSE: 

gassed with 95% 0^:5% CO^.

GAMMA^AMIN2.BUTYRlC ACIDJJPT^jg

GABA UPTAKE IN THE PRESENCE OF 50 pM p-ALANINE.

PREINCUBATE AT 
37°C FOR2MINS

V 
ADD [^n] AMINO ACID TO GIVE FINAL CONCENTRATION

OFl.OpM

INCUBATE FOR 

3 MINS AT 37°C

V 
RAPIDLY FILTER THROUGH WHATMAN GF/C FILTERS, 

WASHING WITH 10 mis KREBS BICARBONATE BUFFER. 

DISSOLVE IN 0. 5 mis PROTOSOLVE FOR 3 HOURS. ADD

8 mis TRITOSCINT AND 0.25 mlS GLACIAL ACETIC ACID, 
AND COUNT FOR [ ^H] .
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Figure 15. Pn] NORADRENALINE UPTAKE

2 mis KREBS RINGER BICARBONATE BUFFER  

(pH 7.4) CONTAINING 1 pM NIALAMIDE (and

*

10 pM IMIPRAMINE for controls) IN 10 ml. 

CONICAL FLASKS. GASSED WITH 95% O and 

5% CO .

*c.f. AMINO ACID UPTAKE.

f 20 111 SYNAPTOSOMES (5 mgs ORIGINAL TISSUE)

2 mln PREINCUBATION 

AT 37°C

10 pCi Pn] NORADRENALINE (containing 1 mg/ml 

ASCORBIC ACID) TO GIVE A FINAL CONCENTRA-

RAPIDLY FILTER ON WHATMAN GF/C FILTERS 

WASHING WITH 10 mis KRB. DISSOLVE IN

0. 5 mis PROTOSOLVE FOR 3 HOURS. ADD 0.25 

mis GLACIAL ACETIC ACID AND 8 mis TRITO- 
SCINT AND COUNT FOR [^u] .

TION OF 50 nM.

4 min INCUBATION

AT 37°C
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tion in general metabolism, it has been difficult to separate the trans­

mitter pool from the metabolic pool of these amino acids. Study of 

the high affinity uptake has therefore proved to be an important tool 

in this area.

The uptakes of [^H ] L-glutamate and of [11] -D-aspartate 

were determined in a washed P2 preparation of parietal cortex 
(Fig. 13). Incubations at 37^C were in quadruplicate with blanks 

being determined at 0 C. Filter blanks were also measured.

II. 2.5. Neurotransmitter Levels

Noradrenaline, dopamine and GABA were isolated using 

Sephadex G-10 columns according to the method of Earley and Leo­

nard (1978). Noradrenaline and dopamine were subsequently assayed 

by a fluorometric method (Earley and Leonard, 1978; Welch and 

Welch, 1969). GABA was assayed by the fluorometric method of 

Uchida and O'Brien (1965).

II. 2.6. P^otebi E^timatmn

Protein content was established using the Folin phenol reagents 

described by Lowry et al. (Lowry et al. , 1951). Bovine serum 

albumen was used as a standard.

II. 2.7. [^H ] -2-Deoxyglucose uptake

Sokoloff and his colleagues have described a procedure for 

the measurement of cerebral glucose uptake on a regional basis 

(Sokoloff et al. , 1977). The technique uses 2-deoxyglucose (2DG), 

ananalogueof glucose which is taken up by brain cells at a rate pro­

portional to glucose uptake. It is then phosphorylated in an analo­
gous manner to gluc(&, but 2DG-6-phosphate is relatively stable 

metabolically and is sequestered inside the cell for several hours 

(Sokoloff et al., 1977).

Most previous studies have used E^'^c) 2-deoxyglucose and 

have determined brain levels of the 2DG-6-phosphate autoradiograph- 

ically. This technique is appropriate for the gross manipulations 
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that had been reported, but autoradiography is difficult to quantify, 

especially without elaborate equipment, and very little quantitative 

data have been reported. For the more subtle changes we antici­

pated following long-term drug treatments, we needed a procedure 
more readily quantifiable. Thus we chose to analyse the [^H] 

content in brain regions by scintillation counting of hand dissected 

brain regions. This procedure has been observed to produce results 

qualitatively similar to those obtained by autoradiography (Delanoy 

and Dunn, 1978; Meibach et al. , 1980).

Animals received an injection of 15 pCi (0. 15 ml) [^nl -2- 

deoxyglucose in physiological saline 30 minutes before sacrifice. 
After 30 minutes, plasma levels of [^H] are negligible (Fig. 16). 

The animals were decapitated and the brains rapidly removed and 

dissected on a glass plate. Discrete brain areas were dissected 

free, blotted dry and weighed. They were then solubilised in 
'protosolve' (14% sodium hydroxide in methanol) at 60°C for two 

hours after which time radioactivity was counted by conventional 

means.

II. 2.8. Oxygen uptake by hand cut cerebral cortex slices

Oxygen uptake was measured in hand cut slices of fronto­

parietal cortex (Krieg, 1946) by methods essentially similar to those 

reviewed by Bradford (1973).

Slices of cortex (12.64 + 0.44 mgs. dry weight per flask; 

mean f S. E. , N = 100) were placed in 3 mis Krebs Ringer phos­

phate buffer (NaCl, 141 mM; KCl, 4.2 mM; CaCl^, 3.0 mM; 

MgSO^, 1.41 mM; Sodium phosphate buffer,. 18.34 mM, pH 7.4, 

gassed in 95% O , 5% CO ) in Warburg Manometer flasks. These 

single side-arm flasks contained 3 mis KRF in the outer well, 

0,2 mis 10% KOH within the centre well and 0,2 mis 200 mM suc­

cinate in the side arm. Flasks were placed in a Gilson GR14 dif­

ferential constant pressure respirometer, and preincubated for 
10 mins at 25. 0°C, shaking at 80 cpm (amplitude 40 mm). After 

preincubation the contents of the side arm were added, to give a
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Figure 16. Time course for E^hZ 2-deoxygiucose in conscious rats 

(200 -250 g, cf). I0|j.Ci E ^hJ 2-deoxygiucose was injected 

via an indwelling right internal jugular vein cannula.

Blood is sampled via left indwelling carotid artery (100 pl 

samples). Results are means + S. E. of three independent 

determinations.
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final concentration of succinate of 12.5 mM, and the flasks incubated 

for a further 5 mins.

Following this pre-incubation period of 15 minutes, the exter­

nal valves of the respirometer were closed, and the rattof oxygen 

uptake measured at 5 minute intervals for a further 60 minutes. 

The slices were removed from the flasks, blotted and dried over­

night in an oven, their dry weights being determined.

II. 2.9. Histological procedures

a) Kluver Barrera stain: Animals were perfused transcardially 

with Heidenhain's 'Susa' solution. The brains were removed, fixed, 

and wax embedded. 10 -20 pm sections were stained by Kluver Bar­

rera stain (luxol fast blue and cresyl fast violet). The extent of 

the lesion being assessed as the area of distinct degeneration of 

neuronal perikarya with surrounding glial cell proliferation. For 

the demonstration of the site of delivery of the neurotoxic amino acids, 

animals had 0. 1 pl of pontamine sky blue stereotaxically injected in 

an identical manner to that for the amino acids. The animals were 

anaesthetised, perfused transcarkally with neutral buffered formyl 

saline (pH 7.4), and the brains removed and sectioned on a freezing 

sledge microtome. Sections (20 -40 pm) were stained with Neutral 

Red according to the method of Schmued et al. (1982).

b) Acetylcholinesterase Stain: The pharmacological procedure 

of Butcher (1975) was used to visualise acetylcholinesterase positive 

neuronal perikarya. Rats were pretreated with di-isopropyl phos- 

phorofluoridate (DFP, Aldrich: 1.5 mg/Kg. i.m. inarachis oil) 

six hours before sacrifice by transcaridal perfusion (Mesulam, 1982). 

The brains were sectioned and stained for acetylcholinesterase by 

the method of Karnovsky and Roots (1964; El Badawi and Schenk, 

1967). Ethopropazine (0. 1 mM) was included in the medium to inhibit 

pseudocholinesterases (EC. 3. 1.1.8).

c) Histofluorescence of catecholamine containing neurones:

The introduction of the formalde­

hyde histofluorescence method by Falck and Hillarp twenty years 
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ago (Falck et al. , 1962; Falck, 1962) made possible, for the first 

time, microscopical studies on monoamine neurotransmitters in 

their intraneuronal storage sties. In addition to high sensitivity 

in the detection of mono-amine-containing cell systems, the method 

has a high specificity. Catecholamines first undergo a cyclisation 

reaction yielding low fluorescent tetrahydroisoquinolines, which 

are then transformed to strongly fluorescent dihydroisoquinolines 

(Bjorklund et al. , 1975). Since the original discovery of Falck and 

Hillarp continuous methodological development has been carried 

out to improve the sensitivity of the histofluorescence method and 

to make it more versatile. Currently the most sensitive of these 

techniques is the aluminium formaldehyde (ALFA) procedure (Loren 

etal. , 1980; Lindvalletal. , 1981).

Under sodium pentabarbitone anaesthesia, animals were per­

fused transcardially with 250 ml of 2% glyoxylic acid, 0.5% para­

formaldehyde, 100% aluminium sulphate in Tyrodes buffer (pH 5. O) 

at 120 mm Hg pressure. Following decapitation the brains were 

plunged into isopentane cooled in liquid nitrogen, and left immersed 

for several minutes. The tissues were then removed to the cold 
stage (-80°C) of an Edwards-Pearse tissue dryer and freeze-dried 

for three days, after which time they were exposed to paraformalde­

hyde vapour at 80 C for one hour and processed for histofluores­

cence examination according to the methods of Loren et al. (Loren 

et al., 1976).



CHAPTER III

RESULTS
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III. 1. Kainic Acid Injections into the Corpus Striatum

The efficacy of the kainic acid (Lot 69C-0010; Sigma Chern. 

Corp.) was determined by direct unilateral stereotaxic injection into 

the corpus striatum. Neurochemical marker enzymes for intrinsic 

striatal neurones, L-glutamic acid decarboxylase (GAD) and choline 

acetyltransferase (CAT), were significantly reduced when determined 

four days post-leSion (see Table 2 and legend for details). The res­

ults of this pilot study therefore established both the neurotoxicity 

of the kainic acid (a factor of considerable variability, Moore et al. , 

1982; and see Sanberg et al. , 1981) and the sensitivity of the assays 

for both CAT and GAD.

III. 2. Amino Acid Injections into the Ventral Globus Pallidus

Taken in combination the original neurochemical findings of 

Kelly and Moore (1976) and the more recent histochemical investiga­

tions of Lehmann etal. (1979, 1980) suggest the existence of a mono­

synaptic cholinergic pathway originating in the ventral globus pallidus 

and terminating diffusely within the neocortex. We confirmed these 

findings of Kelly and Moore, by placing bilateral electrolytic lesions 

within the globus pallidus ( ME-fwops PP\QE_ for details) and assay­

ing for choline acetyltransferase activity in the neocortex, and hippo­

campus after 28 days (Table 3). These results confirm the presence 

of cholinergic fibres innervating the cortex but not the hippocampus, 

within the globus pallidus. They do not, however, give any indications 

as to the origins of this pathway. The suggestion that the cholinergic 

cell bodies of this pathway, reside within the ventral boundaries of 

the globus pallidus (Lehmann et al. , 1979, 1980), was investigated 

by direct injection of kainic acid into this area. The injection of 

0. 5 pg of kainic acid was found to produce a small decrease in CAT 

activity primarily within the medial cortex, with a smaller decrease 

in frontal cortical areas (Table 4).

Histological verification of the lesion site (cresyl fast violet/ 

luxol fast blue) revealed the need for some adjustment of the stereo­

taxic co-ordinates. We therefore decided to investigate the relative 



-47 -

CORPUS STRIATUM

CHOLINE ACETYLTRANSFERASE 

(ntnols/mgtissue/hour)

IPSILATERAL CONTRALATERAL

10.41 +0.26*** 22.54 + 0.10 54

L-GLUTAMATE DECARBOXYLASE

(nmols/mg tissue/hour)

IPSILATERAL CONTRALATERAL

17.89 + 0. 34*** 29.78 + 1.07 40

Table 2. Choline acetyltraneferaae and L-glutamate decarboxylase 

activitiea assayed in the corpus striatum of rats unilat­

erally lesioned 2 days previously with 1 pg/ Lil kainic acid 

(AP 7. 9; ML 2.6; DV +0, 5. From Konig and Klippel, 

1963). Results are mean+S.E. of triplicate determina­

tions from 5 animals.

Analysis was by Student's unpaired t-test, *** p < 0.001.
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Table 3. Choline acetyltransferase activity within various areas of 

allocortex following bilateral lesions of the globus pal- 

lidus. Results are means + S. E, of triplicate determin­

ations within 6 animals (controls) and 4 animals (bilat­

erally lesioned). Analysis was by Student's unpaired 

t-test, ** p < 0,01. CAT activity within the frontal 

and medial cortex if 59% and 49% of control levels res­

pectively.

CORTICAL AREA LESIONED CONTROL

Hippocampus 4. 69 + 0. 19 4.89 i 0.34

Frontal cortex 2.89 + 0. 32** 4.86f0.31

Medial cortex 2.32 f 0.17** 4. 65 f 0.23

Posterior cortex 4. 65 + 0. 04 4.48 + 0. 37
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(nmols/iYig tissue/hour)

CHOLINE ACETYLTRANSFERASE %

CONTRALATERAL IPSILATERAL

FRONTAL CORTEX 4. 80 f 0.26 4.43 + 0.26 8

MEDIAL CORTEX 4.56 + 0.39 3.49 + 0.16 24

POSTERIOR CORTEX 4.49 1 0.24 4.41 + 0.24 2

KAINIC ACID (2. 5 nmols. (0. 5ng)/pil) LESION AT AP 5. 90;

ML2.90;DV-1.80.

Table 4. Regional neocortical choline acetyltransferase activity 

following unilateral kainic acid lesions of the ventral 

globus pallidus, cortical dissection according to Kelly 

and Moore (1978); lesion coordinates AP 5. 90; ML 

2.90;DV -1.80 (Konig and Klippel, 1963) with 2. 5 nmols 

(0. 5 |ig) kainic acid in 1 pl. Results are mean and S. E. 

of triplicate determinations from 5 animals.
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sensitivity of these cholinergic cells to a variety of neurotoxic amino 

acids with differing properties. Kainic acid (1.0 pg), ibotenic acid 

(20 pg), and N-methyl-DL-aspartic acid (NMDLA; 60 pg) were injected 

into the ventral globus pallidus (modified co-ordinates) in a volume 

of 1 pl, and the enzymes CAT and GAD assayed in a homogenate of 

the modified middle cortex dissection (c.f. methods) 8-10 days later.

All three amino acids produced a significant decrease in CAT 

within the parietal cortex (Fig. 17) whilst having no effect on the 

activity of GAD (see Fig. 18), a marker for intrinsic GABA-containing 

neurones (Emsonand Lindvall, 1979). The neurotoxicity of these 

three amino acids for cholinergic neurones within the globus pallidus 

is in general agreement with their potency in the striatum (Schwarcz 

et al. , 1978) but not in the medial septum (Malthe-S^&renssen et al., 

1980). Thus kainic acid » ibotenic acid > NMDLA in terms of neuro­

toxicity to cholinergic cells in the ventral globus pallidus.

On initial inspection there appears to be a correlation between 

the extent of the reduction in CAT, with the cortical levels of GAD. 

However when the decrease in cortical cholinergic markers (CAT) is 

compared with either the absolute GAD activity (ipsilateral and contra­

lateral cortex), or the change in GAD activity (ipsilateral versus 

contralateral side) there is no significant correlation between changes 

in cortical GABAergic neurones and loss of ascending cholinergic 

fibres (see Figs. 19 and 20). The histological verification (cresyl 

violet/luxol fast blue histology from blocks fixed in Heidenhain's 

susa solution) of the lesion sites within the 18 rats used in the neuro­

chemical studies is presented in Figures 21, 22 and 23.

Having established the neurotoxic potency of ibotenic acid, 

relative to NMDLA and kainic acid, within this population of cells, 

further studies concentrated on the neurochemical and neuroanatomical 

specificity of ibotenic acid lesions, in preference to kainic acid les­

ions (for reasons, see discussion). For all further studies investig- 

ating changes in neurochemical parameters (neurotransmitter levels, 

related enzymes and synaptosomal uptake) following lesions of the 

cholinergic nuclei of the basal forebrain, a survival time of 8 - 10



-51 -

a 
a 
G;^
ro

-a.:. a 
a

a A 
a
a

CD 
a

a 
y
A 
a 

*8 
a
a

3 
0 
a
u 
a 
a w

: 0

a 
a

<8

be 
.1
6' 
hi

o

a 
a 
A

A4-) ro
A 
o

o
CD 
B* 
o 
A 
bO 
a
.a

o

* 
*

00 
s 
A 
O 
u

o 
*il
u 
a

a 
0)

> 
ro 
a 
a

o

i*

A 
a

a 
a 

to

g 
• H 
g 
A 
a
a

* 
*

a

.5;
0 
a
a 
co 
a A 
a
to ve 
a A

u 
a
u

4) ■u 
a 
u

a

a
co 
1^ 
p.
be

CD
0)

v
a 
g^ 
a

4)

o

M

ro 
a 
a a

a

co

a 
o 
id
m 
a

<ti

a 
a 
3

/G'

a 
A
a
bo

a a 
>
a

O

be
a 
A 
a 
a

m 
a

ro



52-

C\|



-53-



-54-

KA
IN

IC
AC

ID
 

IB
O

TE
N

IC
AC

ID
 

N
M

D
LA

10
 pg

. 
20

 pg
. 

60
 pg

.



-55-

^ CORTICAL CAT ACTIVITY ( nmols.mg.hr.)

Figure 19. Correlation between total GAD activity (contralateral + 

ipsilateral, + 2) against decrease in CAT activity 

(contralateral - ipsilateral) within the parietal cortex 

of animals with a lesion of the nucleus basalis. Data 

obtained from figures 17 and 18. Correlation coeffic­

ient is -0. 2 93.

nmols.mg.hr
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Figure 20. Correlation of % loss in CAT with % loss in GAD within 

the parietal cortex of animals lesioned within the nucleus 

basalis. Data obtained from figures 17 and 18. 

Correlation coefficient is -0. 116.
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Figures 21, 22 and 23:

Extent of kainic acid (1 p-g), ibotenic acid (20 ng) and N-noethyl- 

DL-aspartic acid (60 ng) induced degeneration of the ventral globus 

pallidus. Shaded areas indicate area of distinct neuronal degener­

ation with marked glial cell proliferation. Results were determined 

in cresyl violet/luxol fast blue stained, wax embedded sections, 

cut from forebrain blocks fixed in Heidenhain's SUSA solution. All 

groups (n = 6 per group) correspond to the neurochemical results 

presented in figures 17 -20 where a 20 -85% decrease in cortical 

choline acetyltransferase was demonstrated with no loss of intrinsic 

cortical GABAergic neurones. Sections correspond to those of 

Konig and Klippel (1963).
Scale bar represents 1 mm.
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Figure 2 1.
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Figure 22.



60-

60 0/jg N-METHYL-DL- 
ASPARTIC ACID

Figure 2 3.
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days was chosen. The choice of this interval is prompted by:- 

i) The physical state of the animals. Lesions of the globus pal­

lidas have been reported to have profound effects on food intake and 

forelimb dexterity (Labuszewski et al. , 1981) and on appetite (Har ing 

and Davis, 1983). A recovery time which allowed animals to return 

to a steady weight increase was therefore chosen (Fig. 24).

ii) The time course for the degeneration of the cholinergic pathway. 

This was investigated (Table 5) by assaying CAT activity at various 

time intervals after lesions. The time course was found to be similar 

to that previously described for dopamine-p -hydroxylase activity 

after transection of the locus coeruleus - neocortex projection and is 

compatible with the process of anter^ograde axonal degeneration 

(Reis and Ross, 1973). Data presented for neurochemical markers 

within the neocortex following neurotoxin lesions of the ventral globus 

pallidus are expressed as 'units activity/mg tissue/unit time'. The 

justification for this is that these basal forebrain lesions were found 

not to alter either the wet weight of the parietal cortex slab or the 

protein content (Table 6). The data from this type of experiment, or 

from retrograde degeneration studies, are thus not as difficult to 

quantify as those from areas receiving direct neurotoxin injections 

e. g. kainic acid lesions of the striatum. The marked oedema and 

gliosis which take place in areas of brain lesioned with kainic acid 

can significantly alter wet weight, protein content, and the ratio bet­

ween these frequently used references (Coyle, 1981). Data presented 

for such experiments are therefore expressed in both forms.

The specificity of ventral globus pallidus lesions for cortical 

cholinergic pathways was investigated since there exists some confus­

ion as to the origins of the cholinergic pathways innervating the hippo­

campus, amygdala and cortex (Burton et al. , 1981; Emson et al., 

1979).

Ibotenic acid lesions of the ventral globus pallidus were found 

to produce decreases in CAT both within the parietal cortex and the 

amygdala (Fig. 25) but not within either the temporal or septal 

hippocampus. Conversely, ibotenic acid lesions of the medial septum
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Table 5.

DAYS POST CAT nmols* mg tissue* hr»

LESION LESIONED CONTRALATERAL

0 5.47 f 0.2 3 5. 36 f 0. 34 -

1 2.78 + 0.34 5.37 + 0.40 48

5 2.61 + 0.28 5.90 + 0.42 56

10 2.26 + 0.24 5. 14 + 0.22 56

20 1.7 5 + 0.32 6. 17 + 0.5 6 72

Correlation between choline acetyl transferase activity 

within the ipsilateral and contralateral parietal cortex 

and time, after unilateral lesion of the ventral globus 

pallidus (nucleus basalis) with 20 pg ibotenic acid. 

Results are mean f S. E, of triplicate determinations 

in 6 animals.
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FRONTO-PARIETAL CORTEX 

(Areas 1-4, 6-8 and 40 of Krieg, 1946)

TISSUE WET WEIGHT

mgs.

IPSILATERAL CONTRALATERAL

101.84f 2. 07 104.77 + 2. 52

PROTEIN CONTENT 

(fig/mg tissue)

IPSILATERAL CONTRALATERAL

140.07 + 1.23 140. 13 + 0.89

Table 6. Effect of unilateral lesions of the ventral globus 

pallidus (20 ng ibotenic acid) on the wet weight and 

protein content of the parietal cortex determined 

8-10 days later. Results are mean + S. E. from 

20 animals. Protein determinations are in triplicate.
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(including the nucleus of the diagonal band) produced significant de­

creases in both areas of the hippocampus but not in the cortex or 

amygdala (Fig. 26). These results clearly differentiate the origins 

of the cholinergic innervation of these three areas (Davies and Horn, 

1982) and are supported by the parallel decreases in acetylcholin­

esterase in the amygdala and parietal cortex following lesions of the 

ventral globus pallidus (Fig. 27).

III. 3. Neurochemical Specificity of Ibotenic Acid Lesions of the 

Ventral Globus Pallidus

a) Intrinsic Cortical Neuronal Cells,

Intrinsic cells in the neocortex include neurones that utilise 

GABA (Emson and Lindvall, 1979) and probably glutamate (Emson 

andLindvall, 1979) asneurotransmitters. In order to substantiate 

the preliminary findings for the stability of GAD activity after ibotenic 

acid lesions (Fig. 18) and to extend these to glutamatergic neurones, 

we measured the high affinity uptake of GABA and glutamate as well 

as endogenous GABA levels in lesioned animals. No significant dif­

ference was found for either GABA levels, GAD activity, or GABA 

uptake between the lesioned and non-lesioned sides (Table 7). Deter­

mination of the high affinity uptake of L-glutamate and D-aspartate, 

however, revealed a significant decrease in the uptake of L-glutamate 

on the lesioned side. The uptake of D-aspartate, a non-metabolised 

glutamate analogue transported by the same uptake process, remained 

unchanged (Fig,. 28). We therefore measured the uptake of both 

D-aspartate and L-glutamate into the same synaptosomal preparation 

for a group of five lesioned rats (Table 8). In these experiments no 

differences between lesioned and control sides were found for the 

uptake of either amino acid (Table 8). Indeed the ratio between 

aspartate to glutamate uptake was unchanged and of a similar magni­

tude to that reported by Storm-Mathisen (Storm-Mathisen and Woxen 

Opsahl, 1978). No reason for the discrepancy between the two sets 

of results can be found. However, since no histological analysis 

of the lesion site was performed on these groups of animals it is 

possible that a more extensive lesion was produced in the former
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1 PARIETAL CORTEXGABAergic Marker . ______ . ______

CONTRALATERAL IPSILATERAL

L-GlutamateDecarb-

oxylaee 22.83+1.07 24.85+1.06

nmol8.mgti88ue.hr

y-Amihobutyric acid 

level8 5.00+0.38 5.35+0.38

nmole, mg tieeue

y-Aminobutyricacid 

uptake 14.99+1.11 12.07+0.85

pmole.mg tieeue.min

Table 7. L-glutamate decarboxylase activity, high affinity GABA 

uptake and GABA levels within the parietal cortex follow­

ing ibotenic acid lesions of the nucleus basalis. Results 

for GAD activity and GABA levels are means + S. E. of 
triplicate determinations within 6 animals. C^H] GABA 

uptake results are means + S, E, of quadruplicate deter­
minations in 5 animals. Uptake of 1 p,M I^H] GABA 

was determined in the presence of 50 nM p-alanine. 

Uptake in sham operated animals is 12. 58 + 0. 89, 

contralateral and 12.89 + 0,62 ipsilateral (n = 5). 
Uptake at 4^C represented 9. 5% of values at 37°C with 

filter blanks (GF/C) representing 3% of control values.

nmol8.mgti88ue.hr
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EXCITATORY AMINO ACID UPTAKE

CONTROL LESION

[ H] L-GLUTAMATE 2 6.5 3 f 2.8 9 21. 17 f 1.92 NS 

(pmols/mg/min)

[^H] D-ASPARTATE 35.56 + 1.76 30.37 + 2.76 NS 

(pmoles/mg/min)

D-ASPARTATE/

L-GLUTAIvlATE RATIO 1.38 + 0.01 1.44 + 0. 07 NS

Table 8. L-gliitamate and D-aspartate uptake into a washed P. 

synaptosomal preparation from parietal cortex, fol­

lowing unilateral ibotenic acid lesions of the ventral 

globus pallidus (nucleus basalis). Results are means 

+ S. E. from 5 rats determined in quadruplicate. 

D-aspartatezL-glutamate ratio is similar to that 

determined in septum, mamillary body and in hippo­

campus (CAI oriens plus radiatum) by Storm-Mathisen and 

Woxen Opsahl (1978).
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group. This would, however, then raise the possibility of an ascend­

ing glutamatergic cortical innervation.

It is interesting to note that differences between the uptake of 

glutamate and aspartate after lesions have been reported previously 

(Biziere and Coyle, 1979).

Based on the findings for GABA-containing neurones (uptake 

and GAD levels) and for the later experiments on glutamatergic neur­

ones (L-glutamate and D-aspartate uptake) it is apparent that ibotenic 

acid lesions of the globus pallidus have no direct effect on intrinsic 

cortical cells.

b) Ascending Cortical Innervation.

The parietal cortex receives a noradrenergic innervation from 

fibres originating within the cells of the locus coeruleus (Coyle, 

1982). These fibres, contained in the median forebrain bundle, 

pass within close proximity to the ventral globus pallidus (the site 

of injection of ibotenic acid) (Konig and Klippel, 1963). Neurotoxic 

amino acid induced lesions are believed to destroy neuronal peri- 

karya whilst leaving axons of passage undamaged (Peterson and Moore, 

1980; Coyle et al., 1978) although this has been disputed (Mason and 

Fibiger, 1979:Meibachetal. , I978; Friedleetal. , 1978). Wethere- 

fore investigated the selectivity of ibotenic acid lesions of the ventral 

globus pallidus by measuring the uptake and levels of noradrenaline 

within the parietal cortex. No significant differences between the 

control and lesibned sides were found for either parameter (Table 9)'

These findings are supported by the results of catecholamine 

histofluorescence within the median forebrain bundle in the vicinity 

of the globus pallidus lesion. No differences in either the intensity 

or extent of fluorescence was found on either the lesioned or control 

sides (Figs. 29, 30, 31).

c) Cholinergic Innervation.

In an attempt to extend our understanding of the cholinergic 

innervation of the parietal cortex we investigated the effects of 

1) ibotenic acid lesions of the parietal cortex and 2) unilateral fronto­

parietal cortex ablation.
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NORADRENALINE LEVELS

IPSILATERAL CONTRALATERAL

555.64+124.66 577.97^144.40 NS

[ H] NORADRENALINE UPTAKE 

(fmol./mg. tiBsue/min.)

IPSILATERAL CONTRALATERAL

17.20+0.28 17.21+0.38 NS

Table 9, Noradrenaline levels and noradrenaline uptake within 

the parietal cortex after lesions of the nucleus basalis. 

Results are means + S.E. from 6 animals, triplicate 

determinations for levels, and 4 animals quadruplicate 

determinations for uptake. Inclusion of 10 pM imi- 

pramine reduced uptake to 15% of control values. 

Levels of noradrenaline uptake within the control 

cortex (68.84 + 1.52 fmol/mg ti88ue/4 minutes) are in 

accord with published data for this area (60 + 6. 0, 

Johnson et al. , 1981).
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Figures 29-31:

Histofluorescence of catecholamine containing fibres within the 

median forebrain bundle, 8-10 days following a unilateral ibo- 

tenic acid lesion of the ventral globus pallidus. Figure 29 demon 

strates location of sections presented in Figures 30 and 31.

Lesion is on the right hand side in all sections. Scale bar 

represents 1 mm.
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Figure 29.
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Injection of 20 |ig of ibotenic acid into the parietal cortex resulted 

in a significant decrease in GAD activity measured four days later 

(Table 10). The decrease was significant if GAD activity was eaqiressed 

as either 'per mg of tissue' or as 'per mg of protein'. A small reduc­

tion in CAT activity was found if the results were eaqiressed as 'per 

mg tissue'; this decrease was not apparent when results were expressed 

as 'per mg protein'. These findings therefore suggest that any intrin­

sic cortical cholinergic cells are a very small percentage of the total 

cortical cholinergic innervation, if indeed they exist at all.

Destruction of cortical cholinergic nerve endings was achieved 

by aspiration of the fronto-parietal cortex (see Fig. 32). Analysis 

of GABAergic and cholinergic markers in the striatum and ventral 

globus pallidus 28 days later reveal possible retrograde degeneration 

of ascending pathways. Measurement of GAD in both the striatum 

and ventral globus pallidus (see Fig. 33 for dissection) showed no 

significant differences between GAD activity on the control and lesioned 

side within the two structures (Table 11).

CAT activity, however, is decreased both in the striatum and 

the globus pallidus on the lesioned side (Table 11). The decrease in 

the striatum is not significant if the results are expressed 'per mg 

protein " (156.44 f3« 15, control; 141.56 + 6. 65, lesion), whilst those 

in the ventral globus pallidus remain significant (60. 92 jk 1.89, con­

trol; 38.64 + 0'86, lesion). The results for GAD activity remain 

unchanged for striatum (2 10. 4 + 7. 34, control; 209. 4 + 4. 16, lesion) 

and for the ventral globus pallidus (210.0 + 12.29, control; 208 + 

10.57, lesion) when expressed 'per mg protein'.

These experiments therefore corroborate the results from 

experiments using amino acid lesions of cholinergic perikarya within 

the ventral globus pallidus in that a direct pallido-cortical cholinergic 

pathway has been demonstrated neurochemically by means of both 

retrograde and anterograde degeneration studies.

These findings are further supported by the acetylcholinesterase 

histochemistry in lesioned animals (Figs. 34 -40) where a group of 

magnocellular acetylcholinesterase-positive cells can be seen within 

the ventro-medial globus pallidus (arrowed) on the control, but not
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LESION CONTROL

CAT

(nmols/mg tissue/hour)

3.92 f0.15 4. 64 f 0.20*

GAD

(nmols/mg tissue/hour)

8.50 f 0.21 22. 96 f 0. 65 ***

PROTEIN

(p.g/mg tissue)

125.9 142.8

LESION CONTROL

CAT 31.14 f 1.19 32.49 fl.401^8

(nmols/mg protein/hour)

GAD 67. 51fl. 67 160, 78 f4. 55***

(nmols/mgprotein/hour)

Table 10. Choline acetyltransferase and L-glutamate decarboxylase 

activities in parietal cortex one week after unilateral 

ibotenic acid lesions of the parietal cortex. The lesion 

was produced by the injection of 20 p,g ibotenic acid in 

1 p.1 sodium phosphate buffered sterile saline (pH 7.4). 

Results are means f S. E. of triplicate determinations 

in six animals, and are expressed either per mg tissue 

or per mg protein. Analysis is by Student's unpaired 

t-test, *** p < 0. 001, * p < 0. 5.
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Figure 32. Rats (200 -250 g Wistar) were anaesthetised with pento­

barbitone (60 mg/kg i.p.) and the cortical surface exposed 

by the use of a hand-held drill. Frontal and part of the 

parietal cortex tissue from the righthand side of the brain 

were removed lateral to the sagital, and anterior to the 

coronal sutures. Cortical grey rnatter was removed by 

suction under vacuum to expose the underlying white matter. 

The wound ivas packed with 'Sterispon' before closure and 

the animal left for 28 days before sacrifice. All rats were 

injected with 'Ampliclox (50 mg i. m.) to prevent infection.
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thelesioned, side (Figg. 34 -36). Acetylcholinesterase positive 

fibres and terminals are also absent from the parietal cortex (Figs. 

37 - 39) but not from either the piriform or limbic cortex on the les- 

ioned side (Fig. 37).

A quantitative evaluation of the loss of acetylcholinesterase 

staining fibres from the various cortical laminae of Area 2 of the 

parietal cortex (area postcentralis caudalis, Kriegs 1946) was deter­

mined by scanning micro-densitometry of 40 pm acetylcholinesterase 

stained sections, from an ibotenic acid lesioned rat. The results 

are presented in Figure 40, and show a significant loss of acetyl­

cholinesterase positive staining from laminae 11- VI.

III. 4. Metabolic Changes Resulting from Ibotenic Acid Lesions of 

the Ventral Globus Pallidus

[^H ]-2-deoxyglucose uptake studies in four animals revealed 

decreases in uptake within the medial cortex, amygdala and striatum, 

and to a lesser extent in the frontal cortex. These areas corres­

pond to those already investigated neurochemically and to where a 

decrease in innervation has been demonstrated. No decrease in 
[^H ]-2 -deoxyglucose uptake into the hippocampus was found. Dis­

section of the corpus striatum in these studies includes by definition 
a substantial proportion of the globus pallidus. Decreased [ nl - 

2-deoxyglucose uptake in this area,therefore reflect^ neuronal degen­

eration in the direct area of injection (see Fig. 41). Similar studies 

performed in animals lesioned with kainic acid (1 pg) or NMD LA 

(60 pg), showed no differences either quantitatively or qualitatively 

in the uptake of 2-deoxyglucose (results hot shown) within the areas 

studied.

III. 5. Afferent Connections of the Ventral GlobUs Pallidus

The ventral globus pallidus, or ventral pallidum of Heimer 

and Wilson (1975; Heimer et al. , 1982) is known to receive an affer­

ent projection from the nucleus accumbens (Williams et al. , 1977; 

Nauta et al. ,.. 1978; Troiano and Siegel, 1978). It has been suggested 

that this projection uses GABA as its transmitter (Walaas and Fonnum,
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Figures 34 - 39:

Acetylcholinesterase histochemistry after in vivo pretreatment 

with an irreversible cholinesterase inhibitor, di-isopropylfluoro 

phosphate (DFP).
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Figure 35. High power magnification of ventral globus pallidus 

from lesioned side of previous section (Fig. 34). 

Note almost total absence of any acetylcholinesterase 

positive perikarya within the globus pallidus.

Scale bar represents 200 pM.
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Figure 36. High power magnification of ventral globus pallidus 

from control side of previous section (Fig. 34).

Large (35 -40 [im), intensely acetylcholinesterase­

positive perikarya can be seen on the boundary 

between the ventral globus pallidus and the internal 

capsule. Scale bar represents 200 pM.
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Figure 38. High power magnification of parietal cortex of rat brain 

from the side ipsilateral to an ibotenic acid lesion of 

the nucleus basalis. Almost complete loss of acetyl- 

cholinesterase-positive fibres and terminals is noted 

on the lesioned side, apart from a dark staining band 

within cortical layer V (asterisk). No loss of staining 

is seen within the dorso-lateral striatum. Scale bar 

represents 200 pM.
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Figure 39. High power magnification of parietal cortex from control 

side. Scale bar represents 200 pM.
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1979a), although the same group also propose GABA as a transmitter 

contained exclusively within neuronal systems intrinsic to the nucleus 

accumbens (Walaas and Fonnum, 1979b). This suggestion of a GABA 

containing pathway between the nucleus accumbens and the ventral 

pallidum, and the possibility of a cholinergic pathway from the ventral 

pallidum to the nucleus accumbens was investigated.

Bilateral lesions were induced within the globus pallidus using 

the method of electrolytic coagulation. CAT and GAD were assayed 

within the nucleus accumbens 28 days later. Unilateral lesions of 

the nucleus accumbens were performed using 2 pg kainic acid injected 
in a volume of 1 pl (co-ordinates AP 9.2, ML 2.4atanangle of 12° 

from the vertical, DV -0.5, Konig and Klippel, 1963; Musta^&a, 

1982) and CAT and GAD activity assayed within the ventral globus 

pallidus (see Tables 12 and 13) eight days later. Electrolytic lesions 

of the globus pallidus produces a 20% decrease in GAD activity within 

the nucleus accumbens. No change in CAT activity within this nuc­

leus was observed. Kainic acid lesions of the nucleus accumbens 

produce a 45% decrease in GAD activity in the globus pallidus, again 

no change in CAT activity is seen. The existence of a GABAergic 

projection from the nucleus accumbens to the ventral pallidum was 

thus confirmed, but no evidence for any cholinergic link between 

these two structures within the basal ganglia was provided by these 

studies.

111. 6. The Actions of Neurotoxic Amino Acids on Cholinergic Neurones

The neurotoxic action of kainic acid has been studied in consid­

erable detail in the corpus striatum. Decortication, which causes 

degeneration of the cortico-striatal glutamatergic pathway (Divac et 

al., 1977; Kim et al., 1977; Rowlands and Roberts, 1980), protects 

against the neurotoxic action of kainic acid injected into the adult 

striatum (Biziere and Coyle, 1978, 1979; McGeer et al. , 1978). This 

lesion (decortication) does not confer immediate protection, but 

becomes effective over the successive 24 -48 hours (Biziere and 

Coyle, 1979). Lesions of areas of the cerebral cortex that do not 

project to the head of the striatum, as well as lesions of the substantia
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nigra or thalamus, do not confer protection against kainate neuro­

toxicity (Coyle, 1983). In order to extend these observations to the 

two other amino acids used to produce lesions of the ventral globus 

pallidus, namely NMDA and ibotenic acid, their neurotoxic actions 

in the decorticate and intact adult striatum were investigated.

Animals received either a fronto-parietal cortex ablation (Biz- 

iere and Coyle, 1979), or a sham operation, 4 days prior to intra- 

striatal injection of the amino acids. This procedure was found to 

produce no substantial change in CAT and GAD activity (intrinsic 

markers within the striatum) (Table 14) but did however produce a 

46% decrease in high affinity amino acid uptake (L-Glu and D-Asp) 

within the decorticate striatum (see Table 14). The results compare 

favourably with those of Biziere and Coyle (1979) who found a 48% 

reduction in the uptake of L-glutamate following decortication (control 

side 11.20 f 1. 0 pmols. mg tissue, minute). No indication of any 

differential effects between the uptake of D-Aspartate or L-Glutamate 

were observed however (uptake ratio of D-AspartatetL-Glutamate, 

1.46 + 0. 09 and 1.21 +0.13 for control and lesioned sides respect­

ively, uptake ratios not significantly different by Student's t-test). 

A difference between the uptake of L-Glutamate and L-Aspartate with­

in the striatum following decortication has been reported (Biziere 

and Coyle, 1979).

Following intra striatal injection of 1 pg kainic acid, 20 pg ibo­

tenic acid and 30 pg N-methyl-D-aspartic acid (and not 60 pg NMDLA 

as had been used in previous experiments) CAT and GAD activity 

were assayed in the ipsilateral and contralateral striatum (8-10 

days after injection). Whilst decortication Clearly protects against 

kainic acid induced neurotoxicity (Table 15) towards both cholinergic 

and GABAergic neurones, in agreementiwith previous reports (Biziere 

and Coyle, 1978, 1979; McGeer et al. , 1978), no such protective 

effect towards either ibotenic acid or NMDA toxicity was found (Table 

15). To extend this study of the relative sensitivities of cholinergic 

neurones to these three amino acids, we examined the effects of 

injections of kainic acid, ibotenic acid and NMDA (1 pg, 20 pg and 

30 pg respectively) into the medial septal complex (vertical limb
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Table 14. Neurochemical markers for cholinergic and GABAergic 

interneurones and glutamatergic terminals within the 

control (left) and lesioned (tight) corpus striatum, 

28 days after removal of the right fronto parietal 

cortex by aspiration. Results are means + S. E. of 

triplicate determinations in 6 animals for enzyme 

assays and quadruplicate determinations in 5 animals 

for amino-acid uptake. Cortical ablation is found to 

produce a 41% decrease in L-glutamate uptake (51% 

decrease in D-aspartate uptake) whilst having no signif- 

cant effect on intrinsic neuronal markers (CAT and 

GAD). Analysis is by Student's unpaired t-test, 

p < 0.001.

Neurochemical Marker CONTROL

STRIATUM

DECORTICATE

STRIATUM

Choline acetyltransferase 

(nmbles/mg protein/hr)

156.40 + 3. 15 141.50 + 6.65

NS

L-glutamate decarboxylase 

(nmoles/mg protein/hr)

210.40 + 7. 34 209.40 + 4.16

NS

L-glutamate uptake 

(pmol/mg tissue/min)

13.46 f 0.79 7. 93 + 0.49
* * *

D-aspartate uptake 

(pmol/mg tissue/min)

19. 39 + 0. 31 9.42 + 0. 72

*+*

D ASP:L GLU RATIO 1.46 + 0.09 1.21 + 0. 13

NS
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of the nucleus of the diagonal band of Broca and the medial septal 

nucleus). The medial septal complex is the major source of the chol­

inergic innervation of the hippocampus (Storm-Mathissen, 1978; 

Fonnum and Walaas, 1978).8 - 10 days after a unilateral lesion of the 

medial septal complex (AP 9.0, ML 0.0, DV - 2.3, Konig and Klippel, 

1963)^ CAT and GAD activity were assayed within the septal and 

temporal halves of the hippocampus. The results are presented in 

Table 16 and show that in contrast to the two areas previously studied 

(corpus striatum and ventral pallidum), kainic acid is relatively far 

less potent as a toxin than either NMDA or ibotenic acid. GABA- 

ergic interneurones within the hippocampus are unaffected by any 

lesion of the medial septum (Table 16). This finding confirms the 

specificity of the lesion, since the GABA containing cells of the hippo­

campal formation are amongst the most sensitive to 'distant' lesions 

produced by neurotoxic amino acids (Malthe-Sf6renssen et al. , 1980). 

The results for this series of experiments on the regional differences 

in amino acid toxicity are summarised in Figs. 42, 43 and 44. This 

clearly shows that the cholinergic perikarya of the medial septal 

complex and the decorticate striatum exhibit a similar profile of 

sensitivity to these three neurotoxic amino acids. Whilst the cholin­

ergic cells within the ventral globus pallidus exhibit a sensitivity 

far more similar to that of the intact striatum.

III. 7. Post Lesion Adaptation in Cholinergic Neurones

In addition to the previously determined presynaptic cholinergic 

markers(cl(^9-ine acetyltransferase and acetylcholinesterase) the high 

affinity uptake of choline (HACU) was also determined. That the up­

take of choline into cholinergic neurones is related to the neuronal 

activity within these cells is demonstrated by the reduction (67.6%) 

in HACU 30 minutes after administration of pentobarbital (60 mg/ 

Kg i.p.)' (Table 17). A reduction in uptake of a similar magnitude 

has been shown by Simon et al. (1976) to occur in synaptosomes pre­

pared from the cerebral cortex but not from the striatum. These 

findings are in agreement with those of Trabucchi et al. (Trabucchi 

et al. , 1975) who found that pentobarbital does not alter acetylcholine
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turnover in rat striatum but decreases turnover in rat cerebral cortex. 

Addition of pentobarbital in vitro to the incubation does not decrease 

HACU (Simon et al. , 1976).

Results for HACU, CAT and AChE activity assayed in the pari­

etal cortex at various time intervals after lesion of the ventral globus 

pallidus are presented in Tables 18 -20 and summarised in Figure 

45. A significant decrease in both CAT activity and HACU occurs 

after 1 day, whilst AChE activity is not significantly reduced until

10 days post-lesion. At 10 weeks post-lesion both CAT and AChE 

remain significantly reduced; HACU, however, is no longer signifi­

cantly reduced on the lesioned side. The results for the high affinity 
3 

uptake of choline have been expressed as 'f.molL H] choline taken up 
3 

perp, mol [ H ] acetylcholine synthesised' and suggest a significant 

increase in the amount of choline taken up per remaining cholinergic 

neurone (Cooper and Schmidt, 1980); see Table 21.

III. 8. The Actions of Isoxsuprine on Metabolism and Acetylcholine 

Synthesis in the Cerebral Cortex

a) Oxygen uptake in cerebral cortex slices in vitro .

Investigations carried out within the Department of Physiology 

at Southampton University during 1979 (Horn and Williams, unpublished 

observations), suggested that chronic pretreatment of rats with isox­

suprine HCl causes a significant increase in oxygen uptake in hand- 

cut cerebral cortex slices. This effect reaches its maxima at 8 - 10 

days and constitutes an approximate 30% increase in either basal 

or succinate stimulated oxygen uptake (Williams, unpublished 

observations). The inclusion of 1, 10 or 100 pm isoxsuprine in the 

in vitro incubation was found to have no effect on the rate of oxygen 

uptake in slices from untreated animals. 1 mM isoxsuprine, however, 

produced a 60% inhibition of uptake (Results not shown). The original 

experiments of Williams and Horn were repeated investigating the 

effects of pretreatment for 8-10 days with either 0. 02 mg B. I. D„ or 

0.2 mg B. I. D. isoxsuprine, injected intraperitoneally. The results 

(see Fig. 22) show a maximal 357o increase in succinate stimulated 

oxygen uptake with 0.2 mg isoxsuprine. The lower dose (O. 02mg 
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HIGH AFFINITY CHOLINE UPTAKE 

(fmol/ mg/ min)

CONTROLS

81.00+5.6 80.25+2.80

Na PENTOBARBITONE PRETREATED 

(60 mg/kg I.P, for 30 mins)

27.17+1.30 25.14+1.67 ***

Table 17. The effects of in vivo sodium pentobarbitone (60 mg/kg 

30 mins) on the high affinity uptake of choline (0. 06 p-m) 

into synaptosomes prepared from the rat brain parietal 

cortex. Results are mean + S. E. of quadruplicate 

determinations in 6 animals. Analysis is by Student's 

t-test, *** p <0.001.
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CHOLINE ACETYLTRANSFERASE

(NMOLS/ MG/HOUR)

CONTROL LESION

CONTROLS 5. 36 f 0.35 5. 47 + 0.23 NS

1 DAY 5. 37 + 0.40 2.78 + 0.23 **

10 DAYS 5. 14 + 0.22 2.26 + 0.24 ***

10 WEEKS 6.21 + 0. 57 1.78 + 0.32 ***

Table 18. Time course of changes in choline acetyltransferase 

within the parietal cortex after ibotenic acid lesion 

of the nucleus basalis. Results are means f S, E. of 

triplicate determinations from 6 animals.

*** p < 0.001, ** p < 0,01; analysis by Student's 

unpaired t-test.
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ACETYLCHOLINESTERASE

(NMOLS/MG/HOUR)

CONTROL LESION

CONTROLS 269.98 + 22.03 276. 58 + 18. 96

1 DAY 283.43 + 24.67 236.68 + 12.77

10 DAYS 248.79 +24.63 141.34 + 23.80 **

10 WEEKS 260. 00 + 15. 98 137.44 + 23.30 **

Table 19. Time course of changes in acetylcholinesterase within 

the parietal cortex after ibotenic acid lesions of the 

nucleus basalis. Results are means f S. E. of tripli­

cate determinations from 6 animals. Analysis by 

Student's unpaired t-test, ** p < 0.01.
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HIGH AFFINITY CHOLINE UPTAKE 

(FMOLS/MG/MIN)

CONTROL LESION

CONTROLS 80.25 + 2.80 81.00 + 5. 68 NS

1 DAY 78. 89 ± 5.23 39. 13 + 1.87 ***

10 DAYS 80. 72 + 4.22 57.28 + 1.55 ***

10 WEEKS 96.86 + 2.84 95.10 + 8.86 NS

Table 20. Time course of changes in high affinity choline uptake 

'within the parietal cortex after ibotenic acid lesions 

of the nucleus basalis. Results are means + S. E. of 

quadruplicate determinations from 6 animals. Analysis 

is by Student's unpaired t-test, *** p < 0.001.
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HIGH AFFINITY CHOLINE UPTAKE

(fmol choline taken up/pmol Acetylcholine synthesised)

CONTROL LESION

CONTROLS 0. 90 + 0, 09 0. 89 ± 0. 10

1 DAY 0.88 + 0. 12 0.85 + 0.16

10 DAYS 0. 98 ± 0. 08 1.52 + 0.18 **

10 WEEKS 0.94 + 0.12 3.20 + 0.48 ***

Table 21. High affinity choline uptake expressed 'per cholinergic 

neurone' (Cooper and Schmidt, 1980). Statistical 

analysis of the results for HACU and CAT have been 

performed more correctly using the methods of 

Colquhoun (D. Colquhoun, Lectures in Biostatistics, 

publ. Oxford University Press, 1971) analysing the 

variance of the ratio of two variables in terms of 

the coefficients of variation. The uptake per cholin­

ergic neurone remains significant at both 10 days and 

10 weeks post-lesion when analysed by Student's 

unpaired t-test. Original data is that presented in 

Tables 18 and 20.
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OXYGEN UPTAKE
(p.1 O_ uptake/nng. dry weight, hr at 25°C)

Isoxsuprine

pretreatment

regime

(LP., B. I. D.)

sham

injected

isoxsuprine 

pretreated

%

change

0. 02 mg 3. 55 f 0. 08 (20) 4. 00 + 0. 12 (30)
* *

13%

0.2 0 mg 3.45 + 0. 10 (30) 4.65 f 0.25 (30)

* * *

35%

Table 22. In vitro oxygen uptake by cerebral cortex slices follow­

ing in vivo isoxsuprine pretreatment. Results are 

means + S. E. , no. of experiments are given in paren­

theses and were performed in triplicate. Analysis by 

Student's unpaired t-test, *** p < 0.001, ** p < 0.01.
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isoxsuprine) produces a 13% increase in uptake. These results con­

firm the preliminary findings of Williams and Horn, showing a 30 - 

35% increase in oxygen uptake into cerebral slices under optimal 

conditions (0.2 mg B. I. D. for 8-10 days). Williams has previously 

shown that increasing the dose from 0,2 to 2.0 mg B. I. D. produces 

no additional increase in uptake (unpublished observations).

The effect of this pretreatment regime (0.2 mg B, I.D., 8-10 

days) on the rate of oxygen uptake into hand cut rat brain cerebellar 

cortex slices was investigated. Isoxsuprine pretreatment caused a 

20% increase in uptake (control 5. 10 f 0.4 pl O^/mg dry weight/hour; 

pretreated 6. 12 + 0.2 pl O /mg dry weight/hour, not significantly 

different by Student's unpaired t-test) although this was not significantly 

different to sham injected control values. In an attempt to extend our 

understanding of this effect, to include several regions within the rat 
central nervous system, we investigated the in vivo uptake of [ Hl - 

2-deoxyglucose.

b) [ y] -2-deoxyglucose uptake into the CNS in vivo.

f 14 1
The L CJ deoxyglucose technique developed by Sokoloff et al. 

(Sokoloff, 1977; Sokoloff et al. , 1974, 1977) has become widely accep­

ted among neuroscientists. In several recent studies, however, 
[ c] deoxyglucose has been substituted by f^H] deoxyglucose, with 

brain regions being dissected and counted in a liquid scintillation 

counter (Delanoy and Dunn, 1978; Glick et al. , 1979; Reinstein et al. , 

1979; Meibach et al. , 1980). Further modifications employing dif­

ferent routes of administration of the label have also been reported 

(Delanoy and Dunn, 1978; Reinstein et al. , 1979; Meibach et al. , 

198 0). It has been suggested that the combination of peripheral admin­
istration of [ n] -2-deoxyglucose with the microdissection technique 

provides a readily quantifiable method for the sensitive determination 

of subtle changes in metabolic rate (Delanoy and Dunn, 1978). The 
13 1 

effect of isoxsuprine pretreatment on the uptake of I Hl deoxyglucose 

was therefore investigated. Following either subcutaneous or intra­
peritoneal injection of 10 pCi [^nl deoxyglucose, uptake was deter­

mined in cerebral cortex (fronto parietal), cerebellar cortex, hippo- 
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catnpus, corpus striatum, superior colliculus, inferior colliculus, 

thalamic nuclei, pons and hypothalamus. Whilst these two routes of 

administration gave a similar level and distribution of radioactivity 

throughout the brain regions studied, the variation between individual 

animals was sufficient to obscure any possible changes between treat­

ment groups (sham injected and isoxsuprine pretreated). In an attempt 

to minimise these intra-group variations we investigated the intra­
venous route of administration of [^n] deoxyglucose, in unanaesthe­

tised animals with minimal restraint, via an indwelling right internal 

jugular vein cannula. All animals were cannulated 2 days prior to the 
injection of [ ^H3 deoxyglucose. Using this technique the plasma levels 

of f n] were detected (see Fig. 16, page 43 ). Plasma radioactivity 

was found to reach a peak in 1 -2.5 minutes, whilst at 30 minutes 

after injection plasma levels were stable at 10% of peak levels. A 30 
minute survival period following [ H^J deoxyglucose injection was 

therefore used for all further studies. Neither chronic (8 days pre­

treatment, see Table 23) nor acute (30 minute pretreatment; results 

not shown) pretreatment with isoxsuprine (0.2 mg B.I. D.) produced 
any significant increase in [ ^u] deoxyglucose uptake in any brain area 

studied. Indeed all areas showed a small but insignificant decrease 
in f H^ deoxyglucose uptake. One possible method of minimising the 

variations in iqitake between animals is to express the results in rel­

ation to a common reference. Results are therefore expressed as 

Relative specific activity (Delanoy and Dunn, 1978) or relative to the 

plasma levels of f H] deoxyglucose (see Table 23). These data 

transformations, however, make no significant difference to the res-

iults. The sensitivity pf this modified, intravenous technique was 

assessed by determining the effects of amphetamine (5 mg/Kg i.v.) 
'land sodium pentobarbitone (60 mg/kg i.p.) on regional [ ^ul deoxy- 

glucose uptake. Administration of these two drugs, which result in 

gross behavioural changes, namely hyperexcitation and sedation res­
pectively, produced significant changes in [^H ] deoxyglucose uptake 

within several areas of the rat brain (see Table 24). The smooth 

muscle relaxant, papaverine which causes a marked vasodilation,
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produced decreases in[H ] deoxyglucose uptake in all areas studied, 

these were however statistically insignificant.

c) CAT and HACU in the cerebral cortex, the effects of choline 

and isoxsuprine.

Impairing the oxidation of pyruvate to acetyl coenzyme A leads 

to a proportional impairment of the synthesis of acetylcholine even 

though less than 1% of the acetyl coenzyme A formed is incorporated 

into acetylcholine (Blass et al. , 1980). This relationship holds both 

in vivo and in vitro . In vitro it has been demonstrated using non­

competitive or competitive inhibitors of the pyruvate dehydrogenase 

complex (PDHC), inhibitors of the tricarboxylic acid cycle; inhibitors 

of electron transport, and by reducing the concentrations of glucose 

or oxygen in the media. In vivo it has been shown in hypoglycemia, 

anaemic hypoxia, histotoxic hypoxia and hypoxic hypoxia, and in thia­

mine deficiency. Hypoxia too mild to alter significantly the levels of 

cyclic AMP or AMP, or lactate - all sensitive metabolic indicators 

of hypoxia - did reduce the synthesis of acetylcholine. Hypoxic hypoxia 

induced with 12.5% O_ in nitrogen reduced acetylcholine synthesis in 

hippocampus to less than 10% of normal, (Blass et al. , 1979). The 

actions of isoxsuprine on choline acetyltransferase activity were there­

fore studied, using the same dosing regime employed in the oxygen 

uptake studies. Pretreatment of rats for 8-10 days with isoxsuprine 

(10 mg/Kg i.p. B. I. D. for 8-10 days) produced no significant increase 

in CAT activity in either the hippocampus, striatum or cortex (see 

Table 2 5). This pretreatment schedule was also shown not to alter 

the total body weight of the animals (control 251.67 + 8. 38 g; isox­

suprine pretreated 249. 17 + 5. 58 g). A more detailed analysis of the 

effects of isoxsuprine (10 mg/Kg i.p. B.I. D. for 10 days), choline 

chloride (60 mg/Kg i.p. for 10 days) and these two treatments in com­

bination on choline acetyltransferase activity in fronto-parietal cortex 

was carried out (see Table 26). None of the pretreatment protocols 

either singularly or in combination was found to produce any change in 

CAT activity.

There is considerable experimental evidence which indicates
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CHOLINE ACETYLTRANSFERASE ACTIVITY

(nmoles/mg tissue/hour)

Hippocampus Striatum Cortex

pretreated 5. 85 + 0. 19 19.85 + 1.08 5.97 0. 39

sham injected 

controls
5. 96 + 0.23 20.41 f 1.29 5. 66 + 0. 13

Table 25. Choline acetyltransferase activity in hippocampus, 

striatum and cortex after in vivo isoxsuprine pretreat­

ment. Animals recieved 10 mg/kg isoxsuprine intra­

peritoneally for 8-10 days. Results are means + S. E. 

of sextuplicate determinations for groups of 6 animals.
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Fronto-Parietal Cortex Choline acetyltransferase activity

(nmoles/mg. tissue/hour)

Controls Isoxsuprine 

Pretreated

Choline

Pretreated

Isoxsuprine

+ Choline

Pretreatment

5.26 + 0. 34 5.70 f 0.34 5.01 f 0.31 5.56 + 0.31

Table 26. Choline acetyltransferase activity in parietal cortex 

after in vivo pretreatment with isoxsuprine and choline 

chloride, both singularly and in combination. Isoxsuprine 

preptreatment, 10 mg/kg Intraperitoneally for 10 days; 

choline pretreatment, 60 mg/kg Intraperitoneally for 10 

days. Results are means f S, E. fo triplicate determin­

ations within 6 animals in each group.
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that the regulation of the rate of synthesis of acetylcholine 

in response to altered demand is governed, at least in part, by the 

sodium dependent high-affinity uptake system for choline (HACU), 

and that this system is confined exclusively to cholinergic neurones 

(for reviews see, Kuhar and Murrin, 1978; Jope, 1979). Furthermore, 

in vivo changes in the rate of HACU are evident in in vitro synapto­

somal fractions, thus, measurement of the rate of in vitro HACU can 

be used to investigate changes in in vivo cholinergic activity (Kuhar 

and Murrin, 1978). In making these measurements, however, uptake 

values have classically been expressed on the basis of tissue protein. 

Whilst such experiments yield results which appear to reflect cholin­

ergic function, the amount of protein in the crude synaptosomal fraction, 

used for choline uptake, is not reliably related to the number of cholin­

ergic synaptosomes within a given preparation, and reflects primarily 

noncholinergic synaptosomes, glial elements, and other subcellular 

organelles. A more rational system would be to calculate choline 

uptake values on the basis of a parameter that is related to the number 

of cholinergic synaptosomes present in an area, rather than on an 

independent variable, such as total tissue protein. Such a synapto­

somal marker for cholinergic neurones is choline acetyltransferase 

since CAT activity in the CNS is confined exclusively to cholinergic 

neurones (for a review, see Rossier, 1977). The measurement of 

HACU on the basis of CAT activity has thus been suggested as a sensi­

tive index of cholinergic function (Cooper and Schmidt, 1980).

The effects of isoxsuprine pretreatment on CAT activity and 

HACU were determined (see Table 27). Since isoxsuprine pretreat­

ment has previously been shown not to alter CAT activity (see Tables 

25 and 26) any change in the HACUrCAT ratio would reflect changes 

within the rate limiting uptake system.

Again however no significant effects of in vivo isoxsuprine pre- 

treatment on either choline acetyltransferase activity, or HACU, or 

the ratio between these two variables were observed (Table 2 7).
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High Affinity Choline Uptake 

fmols/rng tissue/minute

Choline acetyltransferase 

activity

pmols/mg tissue/minute

HACUzCAT Ratio 

fmol choline taken up 

per pmol ACh synthesised

laoxsuprine CONTROLS

78. 14 f 2.39 80. 89 + 3. 70

89.83 + 5. 17 90.50 f 4.50

0.87 + 0. 075 0.89 + 0.079

Table 27. Choline acetyltransferase activity and high affinity choline 

uptake following in vivo pretreatment with isoxsuprine 

(0.2 mg. intraperitoneally, B.I.D., for 8-10 days).

Results are means f S. E. of quadruplicate determinations 

in groups of 6 animals.



CHAPTER IV

DISCUSSION
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IV.1. Neurochemical stutlies after lesions of the nucleus basalis

On the basis that acetylcholinesterase (AChE)- rich axons pro­

jecting to the neocortex appeared to originate from the pallidum, Shute 

and Lewis (1967) originally proposed the existence of a cholinergic 

pallido-neocortical projection. This suggestion was subject to question, 

however, since it was well known at that time that AChE content alone 

was not a sufficient criterion to characterise a projection as cholin­

ergic (Koelle, 1955). Furthermore, there was no anatomically recog­

nised projection from the globus pallidus to the cortex. Indeed, several 

studies had shown that chronic isolation of the cortex produced no 

decrease in cortical choline acetyltransferase (McGeer et al. , 1977; 

Ulmar, Ljungdahl and Hokfelt, 1975). Studies that had shown some 

decrease in cortical choline acetyltransferase (65% - 80% depletion) 

following similar operations (Hebb et al. , 1963; Green et al. , 1970a, b), 

have been explained on the basis of retrograde degeneration of cortical 

cholinergic perikarya (McGeer et al. , 1977), or a "secondary effect 

of denervation" (Ulmar, Ljungdahl and Hokfelt, 1975). The globus pal­

lidus was also known to have extremely low levels of AChE and choline 

acetyltransferase (McGeer et al. , 1973). Yet in 1976, Kelly and Moore 

found that pallidal lesions did indeed result in substantial decreases 

of choline acetyltransferase in large areas of neocortex.

In reporting retrograde transport of HRP injected into the cortex, 

Divac (1975) speculated that what Shute and Lewis (1967) had identified 

as neurones in the globus pallidus were actually the rat's homologue 

of the primate nucleus basalis of the substantia innominata, which also 

projects to the neocortex (Kievet and Kuypers, 1975; Mesulam and van 

Hoesen, 1976; Jones et al. , 1976; Parent and Butcher, 1976). Mesulam 

and van Hoesen (1976) demonstrated that in the primate, cortically 

injected HRP was transported to AChE-rich neurones of the nucleus 

basalis of the substantia innominata, and joined Divac (1975) in specu­

lating that these neurones were the source of a cholinergic projection 

to the neocortex. The preliminary findings presented in this thesis, 

which utilise electrolytic lesions of the globus pallidus, confirm the 

original findings of Kelly and Moore (1976) (see Table 3), whilst the 

results obtained using neurotoxic amino acids substantiate the anatom­
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ical localisation of the cholinergic perikarya whose axons innervate 

the neocortex (Lehmann et al. , 1979, 1980). Indeed, the specific 

localisation of the cell group shown to innervate the parietal cortex 

(Area postcentralis caudalis, Krieg, 1946) by means of retrograde 

fluorescent traces and acetylcholinesterase histochemistry (Bigl et 

al. , 1982), exactly matches the cell group localised in Figs. 34 and 36, 

and lesioned in these studies. A recent report, however, (Jerusal- 

insky et al. , 1983) finds that lesions placed some distance below the 

ventral pallidum produce a significant decrease (53%) in cortical 

acetylcholinesterase. The discrepancy between these obviously differ­

ent locations of the nucleus basalis cannot be reconciled with the find­

ings presented in this study. The picture of a specific neurochemical 

deficit within the cerebral cortex following amino acid lesions of the 

ventral globus pallidus is in good agreement with the results of John­

ston et al. (1979a, 1981). Whilst the neuroanatomical specificity of 

these lesions is in agreement with Hartgraves (1982), it is in disagree­

ment with those of Burton et al. (1980). These authors suggest that 

the rat has no projection from the substantia innominata to the dorsal 

cortex, and that this finding is consistent with the reported absence of 

magnocellular cell groups in the substantia innominata of the rat (Bur­

ton and Fitzgerald, 1980). This report is clearly not in accord with 

the present findings, which demonstrate,

(i) a magnocellular cell group within the pallidal/Innominata region 

(acetylcholinesterase histochemistry, Figs. 34 to 36),

(ii) the removal of which produces a selective decrease in presynaptic 

cholinergic markers within the ipsilateral parietal cortex (Tables 18, 

19 and 2 0) and

(iii) perhaps most importantly (Doty, 1983), cholinergic neurones 

within the pallidal/innominata area undergo severe retrograde degener­

ation following neocortical lesions (Table 11, and see Lehmann et al. , 

1980).

The possible existence of cholinergic perikarya within the neo­

cortex is in no way answered by the results obtained in this study (see 

Table 10). The existence of these neurones is suggested both by 
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nucleug basalis lesions (Johnston et al. , 1979a, 1981) and by the use 

of methylazoxymethanol treatment of foetal rats (Johnston et al. , 

1979b, 1980). Their presence however cannot be confirmed either by 

direct injection of kainic acid into the neocortex (Lehmann and Fibiger, 

1979) or by acetylcholinesterase histochemistry (Fibiger, 1982).

The difficulties encountered in interpreting these conflicting 

results are reviewed in detail by Fibiger (1982) and Lehmann and 

Fibiger (1979). They may in some part be resolved by the findings of 

Fckenstein and Thoenen (1983), who demonstrate the presence of 

cholinergic neurones within the neocortex using immunohistochemical 

methods, with a sensitivity greater than previously published reports 

(Sofroniew et al. , 1982). The results presented in this study are in 

accord with these histological findings (Fckenstein and Thoenen, 1983) 

in that they suggest that intrinsic cortical cholinergic cells represent 

a very small percentage of the cortical cholinergic innervation.

Wlien the distribution of cholinergic terminals within the cortex 

is studied by means of acetylcholinesterase histochemistry (see Figs. 

37, 38, 39 and 40) a laminar pattern of staining is obtained with the 

densest staining in layers IV - VI. The cortical area studied in detail 

is parietal Area 2 (Krieg, 1946) - the area postcentralis caudalis - 

which 'dominates the parietal cortex and may be taken as the prototype 

of the parietal pattern' (Krieg, 1946). The cortical laminae are deter­

mined by comparison with the studies of Krieg (1946), Kristt (1979) 

and Morrison et al. (1983). The distribution pattern obtained for 

acetylcholinesterase is similar to that obtained by Beesley and Emson 

(1975), who also studied the distribution of choline acetyltransferase, 

and obtained a fairly even distribution throughout all cortical layers. 

The distribution of acetylcholinesterase in both control and deafferent- 

ated (cholinergic) cortex is very different from that obtained by John­

ston, Young and Coyle (1981), who found an even distribution of the 

enzyme throughout all cortical layers, in both the control and denerv­

ated cortex. It is interesting to note that the cortical layers which 

show the greatest reduction in acetylcholinesterase staining, layers 

IV and VI contain the highest density of muscarinic cholinergic recep-
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tors (Wamsley et al, , 1980; Kuhar and Yamamura, 1976), whilst 

cortical layer V contains the lowest muscarinic receptor density of 

any cortical layer (Wamsley et al. , 1980) but is high in nicotinic 

receptor binding sites (Emson and Lindvall, 1979) and appears to 

retain a band of high cholinesterase staining following lesions Of the 

nucleus basalis (Figs. 39 and 40).

A similar dichotomy between intrinsic versus extrinsic cholin­

ergic innervation exists for the amygdaloid complex. McCaughran 

et al. (1980) suggest on the basis of kainic acid lesions, that the 

amygdala contains pfpopulation of cholinergic interneurones. The 

original studies of Emsoh et al. (1979), followed by the elegant histo­

chemical studies of Woolf and Butcher (1982) and Nagai et al. (1982), 

reviewed by Fibiger (1982), however, comprehensively describe 

the cholinergic innervation of the amygdala from neurones within the 

nucleus basalis/substantia innominata complex. The decreases in 

CAT and AChE (Fig. 27) within the amygdala following ibotenic acid 

lesions of the ventral globus pallidus are entirely consistent with these 

findings. The current understanding of the cholinergic innervation of 

the neocortex is best summarised in Figure 46, adapted from the 

review of Wenk et al. (1981) and exhibits a marked difference to that 

suggested by Karczmar in 1969 (Fig. 47).

Having discussed some of the initial experiments performed in 

this study, which utilise neurotoxic amino acid induced lesions, some 

comment on the nature of kainic acid and ibotenic acid neurotoxicity 

is required.

Since the introduction of kainic acid, a conformationally res­

tricted analogue of glutamate, as a tool in neurobiology (McGeer et 

al. , 1978; McGeer and McGeer, 1982), considerable discussion has 

surrounded some characteristics of the drug which are intimately 

involved in its specific lesioning qualities. Whilst some investigations 

(Meibach et al. , 1978; Butcher and Rogers, 1978; Mason and Fibiger, 

1979) have questioned the ability of kainic acid to specifically lesion 

cell bodies whilst sparing axons 'en passage', the evidence in support 

of a selective action is considerable (Peterson and Moore, 1980; 

Coyle et al. , 1978; reviewed by McGeer, 1982). Some factors that
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have been previously shown to affect the neurotoxicity of kainic acid 

are: - the dose, volume, infusion rate, and stability of the solution 

(McGeer and McGeer, 1978), the batch of kainic acid (Gottesfeld and 

Jacobowitz, 1979; Moore, 1982), the rat strain (Sanberg etal. , 

1979), and age (Gaddy et al. , 1979) and the nature and amount of 

anaesthetic (Zaczek et al. , 1978). These factors have been reviewed 

by Sanberg et al. (1981) who suggest that "those investigators that 

have questioned the specificity of kainic acid . . . . . have used from 

4 to 15 times the dose (2. 5 pg - 9. 0 pg) of often unbuffered or un­

neutralised kainic acid in at least twice the volume (1 pl) and with 

faster injection rates than those utilised in the present study".

In association with these methodological aspects relating to the 

specificity of kainic acid, two intrinsic properties of the drug severely 

hinder its use as a neurotoxin in neurochemical or neuroanatomical 

studies. These are firstly, the occurrence of neuronal loss distant 

from the injection site after intracerebral application (Wuerthele et al. , 

1978; Zaczek et al. , 1980) and secondly, the powerful epileptogenic 

action of the drug (Ben-Ari et al. , 1979; Pisa et al. , 1980). It was 

recently reported that intracerebral injections of ibotenic acid, a 

naturally occurring excitatory amino acid (Eugester, 1968), can repro­

duce the specific axon-sparing local neuronal degeneration known from 

previous work with kainic acid (Schwarcz et al. , 1979). It appeared, 

however, that ibotenic acid lesions were more circumscribed than 

those produced by kainic acid and that this compound was also far less 

convulsive than kainate (Aldinio et al., 1981). Experiments conducted 

in vivo and in vitro indicated that ibotenic acid's obvious practical 

advantages as a lesioning tool may be related to pronounced differences 

in the mechanism of action of ibotenic acid and kainic acid (Foster and 

Roberts, 1978; Kohler et al., 1979a, b; McLennan and Lodge, 1979; 

Nadler etal., 1978, 1981; Schwarcz and Fuxe, 197 9; Schwarcz and 

Kohler 1980; Kohler and Schwarcz, 1983). The present study therefore 

concentrated on using ibotenic acid as the 'axon sparing neurotoxin', 

in preference to the more commonly used kainic acid. Several observ­

ations on the nature of the ibotenic acid induced degeneration of the 

ventral globus pallidus can be made,
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(i) Cresyl violet/luxol fast blue histology reveals the circumscribed 

area of degeneration extending spherically from the tip of the 

injection cannula, a finding in concordance with that of Kohler 

and Schwarcz (1983). This is in contrast to the larger area of 

degeneration produced by kainic acid (see Figs. 21 and 22).

(ii) Ibotenic acid produces characteristic axon-sparing lesions. 

Neither catecholamine inducedhistofluorescence within the med­

ian forebrain bundle (MFB) (Figs. 29, 30 and 31), nor noradren­

aline levels and noradrenaline uptake (Table 9) within the ipsi­

lateral neocortex are significantly reduced when compared with 

control, suggesting no damage to the fine unmyelinated fibres of 

the MFB passing through, or in close proximity to, the lesion 

site. This clearly differentiates this study from those of Kelly 

and Moore (1976), Wenk et al. (198 0), Pedata et al. (1982) and 

Jerusalinsky et al. (1983), where electrolytic lesions of the 

nucleus basalis included severe damage to the ascending cate­

cholamine fibres innervating the neocortex.

(iii) No evidence of neuronal loss distant to the site of injection was 

observed. GABAergic markers within the neocortex were un­

changed (Figs. 18, 19, 20 and Table 7) as were cholinergic 

markers within the hippocampus (Fig. 2 5) following ibotenic 

acid injection into the ventral globus pallidus. Injection of ibo­

tenic acid (also kainic acid and N-methyl-D-aspartic acid) into 

the medial septum, produced no changes in GAD activity within 

the hippocampus (see Table 16). This is taken to indicate the 

absence of distant lesions with all three amino acids, since the 

GABA containing cells of the hippocampal formation are amongst 

the most sensitive to "distant lesions produced by neurotoxic 

amino acids" (Malthe-S^renssenetal., 1980).

The present study therefore supports the suggestion that ibotenic 

acid has several properties which render it a more selective lesioning 

agent than K&ifiic acid (Kohler and Schwarcz, 1983). The conclusions 

are supported by the findings of Guldin and Markowitsch (1981), who 

report that intrastriatal injections of up to 100 pg ibotenic acid, pro­

duce no evidence of distant lesions, epileptiform activity or damage 

to 'axons of passage' through the lesion site.
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The third neurotoxic acid used in this study N-tnethyl-DL- 

aspartic acid (and N-methyl-D-aspartic acid in later studies) has 

rarely been used as a neurotoxin previously (Olney, 1981; Zaczek et 

al. , 1981), and was found to be considerably less potent than either 

kainic acid or ibotenic acid (Fig. 17), and more similar to ibotenic 

acid than kainic acid in its mode of action (Figs. 42 -44). Whilst 

Zaczek et al. (1981) have reported that N-methyl-D-aspartic acid is 

a convulsant with weak neurotoxic properties, Olney (1981) has sug­

gested that N-methyl-DL-aspartic acid will induce typical neurotoxin 

type lesions whenever it is introduced, but does not induce distant les­

ions nor does it produce the temporal lobe status epilepticus associated 

with kainic acid injection^ Findings more in accord with observations 

made in this study, than with those of Zaczek et al. (1981).

The use of several neurotoxic amino acids with differing proper- 
It 

ties and possibly, differing mechanisms of action (Kohler and Schwarcz, 

198 3) to produce lesions, may further our understanding of the synaptic 

connections within a given area. Malthe-SfSressen et al. (1980) have 

suggested that the cholinergic cells within the medial septum seem to 

be resistant to kainic acid and that by inference this indicates that they 

are probably not innervated by glutamatergic fibres. This is consistent 

with the low activity for high affinity glutamate uptake within this region 

(Fonnum and Walaas, 1978; but see Fonnum et al., 1979). Cholin­

ergic cell bodies within the diagonal band were lesioned by kainic acid 

suggesting a glutamatergic input onto these cells (Malthe-S|6renssen 

et al. , 1980). The resistance of the cholinergic cells of the medial 

septum to the neurotoxic actions of kainic acid have been confirmed 

(Kohler and Schwarcz, 1983; Brunello and Cheney, 1981). Conversely, 

the cholinergic cells of the nucleus basalis/ substantia innominata are 

particularly sensitive to kainic acid (McGeer et al. , 1983) and it has 

been suggested that they receive a "massive glutamate input, perhaps 

as a feedback loop from cortical areas to which they project" (McGeer 

et al. , 1983). Studies by Campochiaro and Coyle (1978) and Lehmann 

and Fibiger (1979) on the develomental profile of kainic acid neuro­

toxicity in the striatum have further supported the role for endogenous 

glutamate in kainic acid toxicity. Campochiaro and Coyle (1978) 
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reported that kainic acid injected into the striatum of 10-21 day old 

rats preferentially depletes choline acetyltransferase, compared to 

the GABAergic marker glutamic acid decarboxylase. This preferential 

depletion of choline acetyltransferase at early postnatal times has been 

explained by the earlier formation of contact between the cortico- 

striatal glutamatergic pathway with the cholinergic neurones, than 

that with other neurones within the striatum (Leh^mnn and Fibiger, 

1979).

The comparison of the neurotoxicity of the three previously 

studied amino acids (IBO, KA, NMDA) was therefore extended to 

include the cholinergic cells of the medial septum and the striatum 

(in intact and decorticate form). The neurotoxicity of these three 

amino acids within the medial septum is remarkably similar to that 

within the decorticate striatum (Figs. 43 and 44), whilst that within 

the nucleus basalis more closely resembles that seen within the intact 

striatum (Figs. 42 and 44). The independence of ibotenic acid and N- 

methyl-D-aspartic acid neurotoxicity within the striatumfroman intact 

glutamatergic innervation has not previously been reported. The 

effects of removal of the glutamatergic innervation on the neurotoxic­

ity of ibotenic acid in the hippocampus have, however, been invest!- 

gated (Schwarcz et al. , 1979; Kohler et al. , 1979a, b), whilst the 

dependence of kainic acid neurotoxicity on this parameter is well 

established (Biziere and Coyle, 1979).

Injection of 1 pg kainic acid within the nucleus basalis was found 

to produce a 68. 5% reduction in choline acetyltransferase within the 

cortex. The injection of 20 pg ibotenic acid produced a 55.7% reduc­

tion within the same area (Fig. 42). Thus injection of 24 times the 

dose (molar ratio) produced only 83% of the reduction seen with kainic 

acid. These results support the suggestion that the cholinergic cells 

of the magnocellular nuclei of the basal forebrain exhibit a differential 

sensitivity to kainic acid. The rostrally located cells of the medial 

septum are resistant to kainic acid whilst those of the nucleus basalis 

are exquisitely sensitive to this amino acid's neurotoxic effects. The 

suggestion that this sensitivity reflects differences in the glutamat­

ergic innervation of these nuclei is also supported.
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The other afferent connection of the nucleus basalis investigated 

in this study was the nucleus accumbens - ventral pallidal pathway. 

The existence of this pathway has previously been suggested by Wil­

liams et al. (1977) and Nauta et al. (1978) although these two studies 

differ from several others (Swanson and Cowan, 1975; Conrad and 

Pfaff, 1976; Powel and Leman, 1976) in the extent to which the nucleus 

accumbens projects to the ventral pallidum (Heimer and Wilson, 1975), 

The two studies using autoradiographic techniques suggest that the 

'ventral pallidum' is the brain region within which accumbens effer­

ents terminate in greatest density.

The transmitter within this pathway may be GABA (Walaas and 

Fonnum, 1979) but is believed not to be acetylcholine (Hartgraves et 

al. , 1982). Immunohistochemical studies have indicated a heavy 

density of GAD-containing axosomatic and axodendritic synapses with 

neurones of the substantia innominata (Perez de la Mora et al. , 1981). 

These GABAergic nerve endings do not appear to be from local inter­

neurones (Perez de la Mora, 1981) but originate from cell bodies in 

the nucleus accumbens (Walaas and Fonnum, 1979). The results 

presented in this study confirm the presence of a nucleus accumbens - 

substantia innominata/nucleus basalis GABAergic pathway, using both 

retrograde and orthograde degeneration studies. The absence of any 

cholinergic link between these two nuclei is in accord with the observ­

ations of Hartgraves (1983). The recent findings of Wood and Richard 

(1982), studying turnover rates of acetylcholine in the cortex, support 

both the neurochemical and immunohistochemical evidence showing 

an inhibitory function for the accumbens - innominata pathway in the 

regulation of the Substantia innominata - cortical cholinergic projection.

The changes inpresynaptic cholinergic markers (HACU, CAT, 

AChF) seen after lesions of the nucleus basalis (Tables 18, 19 and 20) 

have recently been reported (Pedata et al. 1982; de Belleroche, 1983). 

The changes noted by Pedata (1982) follow electrolytic lesions of the 

magnocellular forebrs^in nuclei, which must involve damage to the 

fibre systems of the internal capsule and the median forebrain bundle. 

The results obtained for HACU and CAT are, however, extremely 

similar to those reported in this study (Tables 18 and 20). de Belle- 
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roche (1983) obtains similar findings for acetylcholinesterase within 

the neocortex following kainic acid lesions of the nucleus basalis 

(Table 19). The results of Jerusalinsky et al. (1983) are however 

somewhat at variance with those reported in this thesis. The location 

of their lesion site (as discussed previously) may help to explain these 

discrepancies. No differences in the extent of the decrease in CAT 

within the ipsilateral cortex was found between the rats killed 1 day, 

10 days or 10 weeks after nucleus basalis lesion, an indication that no 

reparative process takes place in the cortical cholinergic fibres des­

troyed by the lesion. Therefore the recovery in ipsilateral HACU 

activity 10 days and 10 weeks after the lesion would conceivably be 

due to an increase in the metabolic and firing activity of the residual 

cholinergic neurones. 10 weeks after the lesions there is a moderate 

increase in CAT activity (16%, not significant by Student's t-test. 

Table 18) and in HACU (21%, p < 0.01, by Student's t-test. Table 20) 

within the contralateral cortex. This increase is similar to that found 

in the contralateral hippdcampus after a septal lesion (Wieraszko et 

al. , 1977) or in the contralateral cerebral cortex following lesions of 

the ascending noradrenergic innervation (Reis and Ross, 1973). Al­

though a sprouting of ipsilateral cholinergic axons cannot be excluded 

(Lynch et al. , 1972); the present results and those of Hartgraves 

(1982) suggest that there is no contralateral projection of cholinergic 

neurones within the nucleus basalis (see Table 5). The remaining 

possibility for both the changes seen in the ipsilateral and contralat­

eral cortex, after lesions of the nucleus basalis, might be attributable 

to plastic changes within intrinsic cortical cholinergic neurones.

Functional recovery after denervating lesions in the central 

nervous system is particularly prominent if part of the lesioned pro­

jection is spared (Gage et al. , 1983). The ascending cholinergic 

innervation of the neocortex must be a system in which functional 

recovery will be prominent following lesions. This is due to the 

extended neuroanatomical distribution of its cells of origin. Maximal 

decreases in cortical CAT activity after lesions of the nucleus basalis 

are 70 -80% (Johnston et al. , 1979b, 1981). A more detailed study 

of the adaptive changes occurring within the cortex, after lesions of 
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the ascending cholinergic innervation, might determine the extent to 

which collateral sprouting, hyperactivity of remaining axons and 

development of receptor supersensitivity contribute to functional 

recovery after subtotal lesions.

IV. 2. Pharmacological Investigations

Isoxsuprine is a compound with a structural resemblance not 

only to sympathomimetic amines, but also to compounds chemically 

related to the smooth muscle relaxant papaverine (Blicke, 1944) 

(For structure and pharmacological properties see Appendix I), 

Indeed it has been shown to exhibit direct p-adrenoceptor stimulant 

effects (Lish et al. , I960; Farrar and Verity, 1976) as well as a 

papaverine like action on smooth muscle (Lish et al. , I960). Isox­

suprine has also been shown to have ar-adrenoceptor blocking actions 

(Lish et al. , I960; N. Horn, unpublished observations).

The p-adrenergic receptor stimulation produced by Isoxsuprine 

has been shown to increase intracellular levels of cyclic adenosine 

monophosphate (c. AMP) both in vitro and in vivo (Amer et al. , 1974). 

Both the stimulation of adenylate cyclase and the in vivo stimulation 

of c. AMP levels produced by isoxsuprine are blocked by a p-antagonist 

(Amer et al. , 1974). Most of the p-adrenergic receptor agonists 

available are phenolic amine derivatives, which do not effectively 

reach the brain. However clenbuterol (4-amino-3, 5-dichloro-2 

(tertbutyl-amino-methyl)benzyl alcohol) is a very lipophilic and potent 

p-receptor agonist (Engelhardt, 1976; O'Donnell, 1976), which readily 

penetrates the blood brain barrier (Ross, 1980). Isoxsuprine is a 

potent P-adrenoceptor agonist with a high lipid solubility, thirteen 

times higher than that of clenbuterol (n-octanol: Buffer partition coef­

ficients:- isoxsuprine, 56- clenbuterol, 4,3; salbutamol, 0.053; 
terbutaline, 0. 02 5, measured at 37°C, pH 7.4), DenHertOg (1976) 

has shown that isoxsuprine has significant local anaesthetic action, 

and that this action is more pronounced than that of lidocaine. Indica­

tions of its central nervous system activity are its ability to reverse 

reserpine induced hypothermia (where it is as potent as clenbuterol, 

S. Davies, unpublished observations) and its ability to inhibit spontan­
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eous locomotor activity (5. Davies, unpublished observations). Quach 

et al. (1978) have shown that noradrenaline stimulates glycogenolysis 

in mouse brain cortical slices, and that this response is mediated 

via p rather than a-adrenoceptors. These results confirm previous 

investigations linking cerebral p-receptor activation with increasing 

cyclic nucleotide levels, and increasing rates of glycogenolysis 

(Nahorski et al. , 1975; Nahorski and Rogers, 1975; Edwards et al. , 

1974). The ability of noradrenaline to stimulate cerebral glycogeno­

lysis is found throughout the rodent cerebral cortex (Morrison and 

Magistretti, 1983). The observed increases in cerebral oxygen 

consumption following chronic isoxsuprine pretreatment (see Table 22) 

are therefore consistent with isoxsuprine's action as a potent centrally 

acting p-adrenoceptor agonist. The failure of in vitro isoxsuprine 

to stimulate oxygen uptake may be due to the duration of the pre- 

incubation period which is known to be critical (Quach et al. , 1978) in 

allowing the post-mortem rise in c. AMP levels to disappear (Edwards 

et al. , 1974).

Several recent publications have advocated the use of either 

intraperitoneal (i.p.) (Meibach et al. , 1980) or subcutaneous (s.c.) 

(Delanoy and Dunn, 1978; Reinstein et al. , 1979) administration of 
[ H] 2-deoxyglucose as an improvement on the original intravenous 

L C ] method of Sokoloff (Savaki, 1980). The use of both these 

techniques in this study, however, produced considerable variation 
in [^H]2-deoxyglucose uptake between individual animals. The quant­

itative assessment of changes due to drug treatment (which produced 

a 30% increase in oxygen consumption) is therefore likely to be ex­
tremely difficult by this method. Reported changes in [ ^Ef] -2- 

deoxyglucose uptake using these methods, following severe surgical 

lesions in cortical and hippocampal areas produced only marginal 

changes (Reinstein et al. , 1979). The major practical difficulty inher­

ent in these methods is likely to be variability in activity of the injected 

bolus of radioactivity (Meibach et al., 1980). The use of chronic 

indwelling venous cannulae, in conscious animals with minimal phys­

ical restraint, was therefore employed. The advantages of this 

method are:-



-157-

i) the bolus of isotope is injected directly into the circulation, 

differences in absorption rates from peripheral injection sites are 

therefore removed, and
3ii) the measurement of plasma [ H] levels provides a means of 

standardising data within groiq)8 of animals.
3Despite these modifications, [ H] -2-deoxyglucose uptake values bet­

ween animals showed significant variation. Although many studies 

employing the 2-deoxyglucose technique attempt quantification of their 

data on the basis of deistrometry alone, or from liquid scintillation 

counting of dissected regions, it would appear from the operational 

equation that these methods cannot be employed for comparing 2- 

deoxyglucose incorporation among different animals. This is due to 

that fact that plasma glucose levels play a significant role in deter­

mining the Kp K_ and K^ rate constants (Savaki et al. , 1980). There­

fore since plasma glucose levels probably vary among animals (espec­

ially under experimental conditions) it would be incorrect to assume 

that the differences seen either in the autoradiograms or in the counts 

are relative to actual differences in 2-deoxyglucose incorporation. 

Whilst several investigators have not found any significant variation 

in any structure among the groups of animals studied, suggesting that 

possible variations in plasma glucose levels do not measurably alter 

2-deoxyglucose incorporation (Glick et al. , 1979; Meibach et al. , 

1979, 198 0) the present study did observe variation between animals 

in both groups. Meibach et al. (1979, 1980) did, however, observe 

differences in actual counts, although these were always found to be 

attributable to variability of activity in the injected bolus of isotope 

(Meibach et al. , 1980).
3 . .

The intravenous method of [ H] -2-deoxyglucose administration 

produces results consistent with published results following either 

amphetamine pretreatment (Wechsler et al., 1979) or pentobarbital 

pretreatment (Sokoloff et al,, 1977) (see Table 24). The results for 

the isoxsuprine pretreated animals show very little difference from 

sham injected controls (see Fig. 23). Any differences that are apparent 

are small reductions in the pretreated group. These cannot be ex­

plained in relation to the increases seen in the in vitro uptake studies, 
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and are more consistent with the suggestion that isoxsuprine is a more 

powerful peripheral than cerebral vasodilator and may decrease cere­

bral blood flow (Fazekas and Alman, 1964).

A number of studies indicate that graded impairments of cerebral 

carbohydrate metabolism impair the synthesis of a number of neuro­

transmitters, including particularly acetylcholine (Blass and Gibson, 

1979a., b). Thus acetylcholine synthesis has been demonstrated to be 

tightly linked to carbohydrate utilisation both in vitro and in vivo 

(Blass et al. , 1979). Despite this evidence for a direct relationship 

between decreased carbohydrate metabolism and decreased acetylcho­

line synthesis, no study, as yet, has demonstrated an increased rate 

of carbohydrate metabolism leading to an increased synthesis of 

acetylcholine (Blass et al. , 1979). When evaluating reports of bio­

chemical studies on acetylcholine synthesis in the CNS, it is worth 

noting that the majority of studies concentrate on either whole brain 

or striatal, slices or homogenates. Wecker and Dettbarn (1979) 

recently demonstrated that there may be differences between acetyl­

choline synthesis in the striatum, and in the cerebral cortex and 

hippocampus. A similar difference exists for the effects of pento­

barbitone on high affinity choline uptake (Simon et al. , 1976) and acetyl­

choline turnover (Trabucchi et al. , 1975) within these areas. Gibson 

and Peterson (1983) studied acetylcholine synthesis within the medial 

septum and the hippocampus (the cell bodies and terminals of the 

septo-hippocampal cholinergic pathway, respectively). They present 

several interesting differences between these two areas:-

1. Anoxia (0% O ) inhibits acetylcholine synthesis (-77%) and its 

Ca dependent release (-87%) from hippocampal slices, but 

has no effect on synthesis or release in septal slices.

2. Citrate incorporation into acetylcholine was higher in septum 

then in hippocampus, suggesting that citrate metabolism differs 

regionally.

3. (-) hydroxycitrate reduced acetylcholine synthesis in septum 

more than in hippocampus. 
14 _

4. ^^2 from glucose or citrate was similar in control 

and experimental conditions in the two regions.
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5. U - C glucose incorporation into acetylcholine was 1.4
14 times higher in hippocampus than in septum, although CO 

production was similar. Release of [ C] acetylcholine was 

8.3 times greater from hippocampus than from septum.

The conclusions drawn from these studies, coupled with the 

experimental results obtained with oxygen uptake after isoxsuprine 

pretreatment, prompted the studies reported in this thesis. The effects 

of isoxsuprine on CAT activity, and high affinity choline uptake, and 

the ratio between these two variables were studied. Isoxsuprine pre­

treatment was found to be without effect on any of these parameters, 

either alone or in combination with choline (choline and isoxsuprine) 

(Tables 25, 26 and 27). The combination of choline with a pharmaco­

logical agent capable of increasing acetyl CoA availability has been 

suggested as a novel rationale for the treatment of cholinergic dys­

function (Bartus et al. , 1982). Equivocal results have been obtained 

with choline precursor treatment alone (Jenden, 1979) prompting the 

suggestion that choline might function directly as a cholinergic agonist 

(Jenden, 1979: Krnjevic et al. , 1979; Ladinsky et al. , 1979). The lack 

of effect of isoxsuprine on CAT activity is not unexpected, since CAT 

is not the rate limiting step in acetylcholine synthesis (Jope, 1979). 

The lack of effect of this drug on HACU or HACUrCAT ratio (a more 

sensitive index of cholinergic function, Cooper and Schmidt, 1980) 

is, however, more surprising (Table 27).

Sodium-dependent high affinity choline uptake has been reported 

to be decreased approximately 20% under basal conditions in the hippo­

campus of aged rats (Sherman et al. , 1981). No age related differences 

were observed in either choline or acetylcholine levels, or in choline 

acetyltransferase (Sherman et al. , 1981; Bartus et al. , 1982). The 

possibility that isoxsuprine would stimulate acetylcholine synthesis in 

a partially denervated system (following nucleus basalis lesions) 

remains an interesting area for future research.
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IV. 3. The relevance of the foregoing animal studies to Alzheimer's 

demeutia

One of the most consistent neurochemical findings in the aged 

human brain is that the activity of choline acetyltransferase is markedly 

reduced in the brains of Alzheimer's disease patients, when compared 

with age-matched controls (Davies and Maloney, 1976; Perry et al. , 

1977; Davies, 1978; Yates et al. , 1979; Bowen and Davison, 1980; 

Rossor et al. , 198 0; Sims et al. , 198 0; Davies and Feisullin, 1981; 

Perry et al. , 1981; Rossor et al. , 1981). Because CAT is far from 

saturated under normal circumstances (Haubrich and Chippendale, 

1977), the functional relevance of these decreases in Alzheimer's 

disease has been questioned. Acetylcholine synthesis in biopsy samples 

from Alzheimer's patients, however, has been reported to be less 

than that in samples from age matched controls (Sims et al. , 1981; 

Bowen et al., 1982; Sims et al., 1983), Indeed the decreases in 

choline acetyltransferase seen in the Alzheimer brain are not ubiquit­

ous but are restricted to the cerebral cortex, hippocampus and amyg­

dala (Rossor et al. , 1980; Perry et al. , 1980). Several groups have 

found no significant decreases in CAT within the caudate nucleus 

(Bowen et al. , 1976; Perry et al. , 1977; Davies et al. , 1978; Rossor 

et al. , 1980) or globus pallidus (Rossor et al. , 1982) in Alzheimer's 

autopsy brain. Initially the possibility was entertained that neocortical 

cholinergic innervation might be intrinsic; that it could originate 

within the cortex itself. This possibility was especially attractive, 

with respect to Alzheimer's disease, a condition in which neocortical 

neurones are consistently involved. However this hypothesis about 

the origin of cortical cholinergic innervation had to be modified sub­

stantially in view of two observations. Firstly, damage to subcortical 

neuronal populations produced a greater loss of choline acetyltrans­

ferase than lesions which destroyed cortical neurones (Johnston et al. , 

1979, 1980; Lehmann et al. , 1980; Wenk et al., 1980; and results 

presented in this thesis) for studies in rodents, and inprimates by 

either anterograde degeneration (Struble et al. , 1982) or retrograde 

degeneration studies (Pearson et al. , 1983). Secondly, immuno­

histochemical observations indicated that cortical neurones do not 
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appear to contain appreciable amounts of CAT, so that they could not 

be expected to give rise tq cholinergic exons (Kimura et al., 1981; 

Mesulam et al, , 1983). These observations are consistent with the now 

widely accepted conclusion that the cholinergic innervation of the 

amygdala, hippocampus and cerebral cortex originate predominantly 

outside these structures, from cellular groups within the basal fore­

brain (Mesulam et al. , 1983). Since quantitative cell counts in the 

neocortex of patients with Alzheimer's disease have not demonstrated 

major reductions in numbers of neurones (Terry and Davies, 1980), 

the loss of presynaptic cholinergic markers may result from losses 

in these basal forebrain neurones. A severe loss of neurones from 

the nucleus basalis of Meynert has been reported in Alzheimer autopsy 

brain (Whitehouse etal. , 1981, 1982; Wilcocketal. , 198 3; Taglia­

vini and Pilleri, 1983; Price et al., 1982), although these cell losses 

have been questioned (Perry et al. , 1982; Candy et al. , 1983). Nagai 

et al. (1983) have recently reported a loss of immunohistochemically 

identified cholinergic neurones from the nucleus basalis of Meynert, 

in Alzheimer's autopsy brain. There was no loss of choline acetyl­

transferase containing cells from the putamen. The use of a specific 

antibody to choline acetyltransferase for identification of cholinergic 

neurones within the nucleus basalis, overcomes several of the prob­

lems inherent in morphometric analysis of cell numbers. Both acetyl­

cholinesterase and choline acetyltransferase have been shown to be 

decreased within the nucleus basalis of Meynert in Alzheimer autopsy 

brain (Rossor et al, , 1982; Candy et al. , 1983) although these results 

have similarly been challenged (Henke and Lang, 1983). The losses 

of choline acetyltransferase from the neocortex have been correlated 

with the number of cortical plaques (Perry et al. , 1978), the number 

of neurofibrillary tangles (Wilcock et al., 1982) and the extent of the 

dementia as assessed by mental test score (Perry et al. , 1978; Wil­

cock et al,, 1982, 1983). The clear correlation between neuritic 

plaques and clinical dementia, and the inverse correlation between 

plaque density and cholinergic deficit, prompted studies into the 

relationships between neuritic plaques and the cholinergic system 

(Perry et al. , 1978; Struble et al. , 1982; Price et al. , 1982). Price 
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et al. (1982) have demonstrated the presence of acetylcholinesterase 

rich neurites within neuritic plaques in aged rhesus monkey brain. 

Whilst this is no proof for the inclusion of dystrophic cholinergic term­

inals in Alzheimer's plaques, it does indicate that cholinergic term­

inals do participate in the formation of neuritic plaques within ageing 

brain. Accumulating evidence therefore suggests a significant role 

for acetylcholine containing neurones in Alzheimer's disease. More 

recent evidence strongly suggests a specific involvement of ascending 

cholinergic projections from the basal forebrain to the neocortex, 

hippocampus and amygdala; areas exhibiting the highest extent of 

pathological abnormalities (Price et al., 1982). A considerable number 

of studies have concentrated on investigating other neurotransmitter 

candidates in Alzheimer's dementia. Somatostatin immunoreactivity 

and markers for ascending noradrenergic innervation are reduced, 

but not to the extent of CAT and AChE activities (Davies et al. , 1980; 

Davies and Terry, 1981; Rossor et al,, 1980; Cross et al., 1981; 

Perry et al. , 1981). It has been suggested that both the decreases in 

noradrenergic (dopamine-p-hydroxylase) and somatostatin immuno­

reactive markers in Alzheimer's dementia are secondary to the cholin­

ergic abnormality (Perry et al. , 1981; Perry and Perry, 1982), In 

contrast, muscarinic cholinergic receptor binding sites, concentrations 

of GABA, the activity of the GABA synthesising enzyme, glutamic 

acid decarboxylase (GAD) and levels of the neuropeptides, cholecysto­

kinin (CCK), vasoactive intestinal peptide (VIP), methionine enkeph­

alin, thyroid releasing hormone (TRH), substance P, angiotensin 

converting enzyme, and neurotensin are not significantly decreased 

in Alzheimer's disease (Bowen et al. , 1976; Perry et al. , 1977; White 

et al. , 1977; Davies and Verth, 1978; Reisine et al. , 1978; Perry et 

al. , 1978; Davies, 1979: Rossor et al. , 1980; Perry et al. , 1981; 

Rossor et al, , 1982; Perry and Perry, 1982; Arregui et al. , 1982). 

In summary, these neurochemical studies suggest that while there are 

modest changes in somatostatin and noradrenergic systems, the most 

consistent and severe neurochemical deficiency in Alzheimer's disease 

is a reduction in cholinergic markers within the cortex.
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In view of thia apparently straightforward neurochemical path­

ology forming the primary deficit in Alzheimer's dementia, an 

animal model involving degeneration of ascending cholinergic path­

ways appeared feasible. A model based on the use of neurotoxic 

amino acids to lesion the nucleus basalis has recently been proposed 

(Coyle, 1982; Price et al., 1982; de Belleroche, 198 3). The results 

presented in this study for the neurochemical studies following amino 

acid lesions of the ventral globus pallidus (nucleus basalis) suggest 

that this animal modeldisplays a similar specificity for the cholinergic 

systemasthatcurrentlybelievedto occur in Alzheimer's dementia. 

The anatomical selectivity for ascending cholinergic projections is 

again compatible with current post-mortem studies on Alzheimer 

brain. Comparison of Alzheimer's dementia with the proposed animal 

model highlights several areas of interest.

Rats lesioned within the nucleus basalis either unilaterally or 

bilaterally fail to eat or drink for up to three days after lesioning. If 

these animals are not tube fed for this period they rapidly lo se weight 

and eventually die. The failure of these animals to eat normally has 

been related to deficit^ in oro-ingestive behaviour caused by globus 

pallidus lesions (Labupzewski et al. , 1981). Recent Investigations, 

however, have suggested that cholinergic neurones of the nucleus bas­

alis project to the lateral hypothalamus (Troiano and Siegel, 1978; 

Haring and Davis, 1983). An intriguing observation that implies the 

interaction of the nucleus basalis with the lateral hypothalamus is 

that dysphagia is observed in Alzheimer's disease (a characteristic 

neuropathological change in Alzheimer's disease is loss of cells from 

the cerebellar vermis, which is invariably found in a variety of mal­

nutrition states). Although this observation may be merely coincid­

ental the correlation of the loss of cholinergic nucleus basalis neurones 

with the apparent dysfunction of the lateral hypothalamus, recently 

reported as having a potential influence on food intake behaviours 

(Rolls et al. , 1976; Rolls, 1983), provides at least anecdotal evidence 

linking the functions of the nucleus basalis with those of the lateral 

hypothalamus, this hypothesis of a nucleus basalis-lateral hypothal­

amus interaction in food intake behaviour is directly supported by 
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the observation that substantia innominata and lateral hypothalamus 

neurones fire in association with the sight of food (Rolls et al. , 1977; 

De Long, 1971). A possible behavioural analogy between Alzheimer's 

dementia and the proposed 'animal model' is therefore apparent. This 

behavioural characteristic of lesions of the nucleus basalis may be 

easier to study than measures of memory, memory retrieval or cog­

nitive impairment.

In an analysis of choline acetyltransferase activity in the hippo­

campus of Alzheimer post-mortem brain, Rossor et al. (1980) have 

described a differential regional loss of enzyme activity. They des­

cribe a significant loss of CAT from the posterior hippocampus (46% 

of control values, p < 0.01) with an insignificant loss from the ant­

erior hippocampus (87% of control values). The absence of change in 

anterior hippocampal CAT with reduced activity in posterior hippo­

campus may relate to previous reports that the posterior hippocampus 

shows more profound histological changes in SDAT than the anterior 

hippocampus (Ball, 1977, 1978). Analysis of neuroanatomical studies 

in the rat suggest that there is a crude topographical projection of 

neurones within the medial septal complex (Lynch et al. , 1978; Mei- 

bach and Siegal, 1977), The cholinergic cells of the medial septum 

proper project predominantly to the anterio (dorsal) hippocampus. 

The cells of the more ventero-late rally located nucleus of the diagonal 

band project to the posterior (ventral) hippocampus (Meibach and 

Siegal, 1977). Differences between the properties of the cholinergic 

cells of the medial septum and the diagonal band have previously been 

commented upon (see page 152).

The preferential degeneration of diagonal band cholinergic cells 

in Alzheimer's dementia suggests that is is the 'kainic acid sensitive' 

cells of this area which degenerate. It is these cells which are 

believed to receive a glutamatergic innervation (Malthe-S^renssen et 

al. , 1980) as are the cells of the nucleus basalis (McGeer et al., 1983). 

These observations may have relevance to the role of endogenous 

excitotoxins in Alzheimer's dementia (Coyle, 1982; Schwarcz and 

Kohler, 1983).
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The adaptive mechanisms seen within presynaptic cholinergic 

function following lesions of the nucleus basalis are highly reminiscent 

of those seen both within idiopathic Parkinson's disease and its res­

pective experimental animal model. These changes have been reviewed 

extensively by Schultz (1982). It is generally accepted that a deple­

tion of striatal dopamine is a pathological substrate of idiopathic Park­

inson's disease. Furthermore, an experimental depletion of dopamine 

in the striatum of mammals is widely regarded as a valid model of 

Parkinsonism. The immediate neurochemical effect of a lesion of the 

nigrostriatal dopamine system consists of an increase in dopamine 

synthesis. This is probably due to decreased end-product inhibition 

of the synthetic enzyme tyrosine hydroxylase, after the arrest of 

impulse flow. Increased amounts of dopamine enter the extraneuronal 

space while the membranes disintegrate during the death of neurones. 

Two or three days after the lesion the dopamine terminals, and dopa­

mine itself, disappear from the striatum and the degeneration has 

reached its final state. Striatal dopamine content never recovers 

afterwards.

Shortly after the lesion, probably during the actual degeneration, 

compensatory reactions begin to occur. Even with minor striatal 

dopamine depletions nigro-striatal dopamine neurones increase the 

metabolic activity in their terminals, as evidenced by increased synth- 

esis.metabolism and turnover (Schultz, 1982). Increased dopamine 

turnover within the Parkinsonsian striatum is marked by a significant 

increase in the homovanillic acid to dopamine (HVA:DA) ratio (Horny- 

kiewicz, 1983). Although a similar process appears to occur in the 

cerebral cortex following lesions of the nucleus basalis in the rat, no 

evidence exists for its occurrence in the Alzheimer brain. In a recent 

study, however, Sims et al. (1983) have shown a smaller decrease in 

high affinity choline uptake (43%) than in choline acetyltransferase 

activity (57%). Since choline acetyltransferase is not the rate limit­

ing step in acetylcholine synthesis (Haubrichand Chippendale, 1977), 

whilst high affinity choline uptake might well be (Jope, 1979), this 

may indicate some increase in choline uptake within the remaining 

neurones. Further studies are obviously required both in the animal 



-166-

model and the Alzheimer brain before any confident correlation bet­

ween Alzheimer and Parkinsonian adaptation can be made.

As previously discussed (Section IV.2) a clear correlation bet­

ween decreased carbohydrate utilisation and acetylcholine synthesis 

clearly exists both j^ vitro and _in vivo (Blass et al. , 1980) in animal 

studies. In the Alzheimer brain, however, a decrease in acetylcholine 

synthesis has been demonstrated without a decrease in glucose utilis­

ation (Sims et al., 1980). Decreased cortical metabolic activity may 

well be the consequence rather than the cause of a decreased cholin­

ergic innervation (see Fig. 41, where nucleus basalis lesions produce 

a decrease in [ H]-2-deoxyglucose uptake in parietal cortex). Walker 

et al. (1983) have recently commented on the abundant cytoplasm of 

nucleus basalis cells 'teeming' with organelles. This agrees well 

with enzyme histochemical studies that have shown that the nucleus 

basalis is characterised by a high metabolic rate (Iijima et al, , 1968). 

The marked proliferation of lipofuscin seen in nucleus basalis neurones 

may be related to their high level of oxidative metabolism (Friede, 

1962). Briggs (1980) has studied the actions of several drugs reputed 

to have effects on glucose metabolism on the flux of glucose into 

acetylcholine, using the methods of Sims et al, (1980). The drug 

meclofenoxate was found to increase both acetylcholine synthesis and 

CO. production. Unfortunately the actions of the drug in vitro at only 

one concentration (500 nmol) were studied. Attempts to increase 

acetylcholine synthesis using choline precursor therapy have proved 

singularly unsuccessful (reviewed by McGeer, 1981; Bartus et al., 

1982). This is in marked contrast to the effectiveness of Dopa pre­

cursor therapy in Parkinson's disease (Hefti and Melamed, 1980).

There are at least two theoretical problems with attempts to 

promote cholinergic activity with agents such as choline or lecithin:- 

1. There is very little evidence that supplements of choline or its 

analogues can raise acetylcholine levels in the brain of animals 

on a normal diet (Wecker and Schmidt, 1980). Dopa supplements 

on the other hand, will raise brain dopamine levels many-fold 

(Wada et al., 1966).
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2. DOPA can be converted to dopamine by an enzyme which is not 

specific to dopamif^ergic neurones and is generally present 

in excess; the conversion of choline to acetylcholine, on the 

other hand, is dependent on an enzyme specific to cholinergic 

neurones and present in relatively small amounts.

Some have argued that supplementation with choline may be effect­

ive only in certain areas and particularly when cholinergic systems 

are defective (Wurtman, 1979), but the rationale seems weak and 

clinical trials of choline and its analogues have not so far proven very 

effective in Alzheimer's disease (Christie et al. , 1979; Etienne et 

al., 1979).

The finding of a large loss of cholinergic terminals in Alzheimer's 

brain with the remaining terminals showing an essentially normal res­
ponse to K^ depolarisation suggests thatpropogation of nerve impulses 

via these terminals will be little assisted by increased production of 

transmitter (Sims et al. , 1983). Thus, major improvement would 

probably be achieved only if excess acetylcholine could interact with 

receptor sites normally associated with terminals which had become 

nonfunctional. The likelihood of this would depend on a variety of 

factors including the distribution of receptor sites, the activity of 

acetyl cholinesterase, the amounts of excess transmitter produced, 

and the rate of diffusion of this transmitter. Moreover, even if impulse 

generation were achieved at postsynaptic sites lacking appropriate in­

puts, this would occur at the expense of some specificity, which is 

likely to be important in the complex higher mental functions affected 

in dementia.

The development of the proposed animal model of Alzheimer's 

dementia is an attempt to provide a means of investigating some of 

these possibilities.
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