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ABSTRACT.

The major cell type of the neocortex is the pyramidal 
neurone which accounts for approximately 70% of all 
neurones. These cells have been implicated in a number of 
neuropsychiatric diseases, in particular Alzheimer's 
disease. Markers that may identify these cells have been 
investigated. In ventricular cerebrospinal fluid (VCSF) no 
differences in amino acid or monoamine metabolite 
concentrations were observed in subjects with Alzheimer's 
disease compared to those with other neurological or 
psychiatric disorders. Patients with Major Depressive and 
Bipolar Disorders were found to have reduced 5- 
hydroxyindole acetic acid (5-HIAA) content compared to the 
other diagnostic groups, but not the concentrations of 
catecholamine transmitter metabolites, providing novel 
evidence for a serotonergic (5-HT) deficit in depression.

The next phase of the research, was aimed at developing 
a technique to establish markers of pyramidal neurones. A 
subpopulation of corticofugal neocortical pyramidal 
neurones was destroyed following unilateral striatal 
injections of volkensin, a toxin which undergoes retrograde 
suicide transport from the site of injection. Striatal 
volkensin injections produced significant reductions in the 
number of large pyramidal neurones of the infragranular 
cortical layer. The selectivity of the lesion was 
demonstrated by the preservation of glutamic acid 
decarboxylase (GAD) mRNA positive cells, considered to be 
cortical interneurones. Ricin, another toxic lectin, but 
effective as a suicide transport agent only in the 
peripheral nervous system, produced local striatal damage 
but no cortical cell loss. In autoradiographic binding 
studies of volkensin treated animals, binding in deep 
neocortical layers to 5-HT1Â but not 5-HT2 receptors was 
significantly reduced, using [3H] 8-hydroxy-2-(di-n-
propylamino) tetralin (8-OH-DPAT) and [3H] ketanserin, 
respectively. The N-methyl-D-aspartate (NMDA) receptor 
complex was investigated using [3H] glutamate, [3H] glycine 
and the novel glycine site antagonist [3H] L-689,560.
Significant reductions in binding were observed in the deep 
layers of volkensin treated animals using these ligands. 
Binding to the muscarinic Mx receptor using [3H] pirenzepine 
was also reduced in volkensin injected animals. The rank 
order of the ligands as effective markers for this sub
population of pyramidal neurones was [3H] 8-OH-DPAT »  [3H] 
Pirenzepine, [ H] L-689,560 > [3H] Glutamate, [3H] Glycine 
> [3H] ketanserin.

[3H] L-689,560 binding in total membrane preparations 
from Alzheimer's disease subjects was significantly reduced 
in the parietal and frontal but not temporal cortex when 
compared to controls.

The findings in this thesis are thought to have advanced 
the understanding of the biology of pyramidal neurones and 
have important implications concerning the diagnosis and 
treatment of neuropsychiatric conditions, such as 
Alzheimer's disease.
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ABBREVIATIONS.
AAT aspartate amino transferase
AChE acetylcholine esterase
AMPA a l p h a - a m i n o - 3 - h y d r o x y - 5 - m e t h y l - 4 -

isoxazolepropionic acid 
L-AP4 L-2-amino-4-phosphonobutanoic acid
ANOVA analysis of variance
BSA bovine serum albumin
ChAT choline acetyltransferase
CNS central nervous system
CSF cerebrospinal fluid
DA dopamine
5,7-DHT 5,7-dihydroxytryptamine
DIW distilled, deionised water
ECT electroconvulsive therapy
GABA gamma-amino butyric acid
GAD glutamic acid decarboxylase
GDH glutamate dehydrogenase
GFAP glial fibrillary acidic protein
5-HIAA 5-hydroxyindole acetic acid
HPLC high pressure liquid chromatography
5-HT 5-hydroxytryptamine
HVA homovamillic acid
KRP Kreb's Ringer phoshate buffer
L-689, 560 4 - t r a n s - 2 - c a r b o x y - 5 ,7 - d i c h l o r o - 4 -

p h e n y l a m i n o - c a r b o n y l a m i n o - 1 ,2,3,4 - 
tetrahydroquinoline 

LC locus coeruleus
LTP long term potentiation
MHPG 3-methoxy-4-hydroxyphenylglycol
MK-801 dizocilpine
NA noradrenaline
NMDA N-methyl-D-aspartate
8-OH-DPAT 8-hydroxy-2-(di-n-propylamino)tetralin
OPA ortho-pthaldialdehyde
PAG phosphate activated glutaminase
PAGE polyacrilamide gel electrophoresis
PBS phosphate buffered saline
PCP phencyclidine
PEI polyethylenamine
PET positron emission tomography
PNS peripheral nervous system
SLIR somatostatin like immunoreactivity
SPET single positron emission tomography
SSC saline sodium citrate
TCP N-[1-(2-thienyl)cyclohexyl]piperidine
VCSF ventricular cerebrospinal fluid
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CHAPTER 1.
1.0 INTRODUCTION.

1.1 The cerebral neocortex.
1.1.1 General morphology of the mammalian cerebral 
neocortex.

The cerebral hemispheres are covered in a canopy of grey 
matter, the neocortex, which has the characteristic 
histological property of having the nerve cells and fibres 
within it arranged in six layers. This six layer structure 
will be briefly described (Warwick and Williams, 1973):

I The molecular layer immediately below the pia,
contains sparsely packed horizontal cells (of 
Cajal) and a dense plexus of tangential nerve
fibres.

II The external granule layer consists of densely
packed small cells, some pyramidal and some
stellate.

III The pyramidal layer consists of pyramidal cells of 
medium size.

IV The internal granule layer contains mainly
stellate cells with a few small pyramidal cells. 
There is also a prominent band of horizontally 
arranged fibres.

V The ganglionic layer contains the largest pyramidal 
cells in any given area. A small number of stellate 
cells may also exist.
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VI The multiform or fusiform layer contains a variety 

of cell types, mostly small in size and thought to 
be modified pyramidal cells.

Functional columnar circuitry is also one of the 
fundamental characteristics of the neocortex. As originally 
observed and developed by (Mountcastle, 1957; Hubei and 
Wiesel, 1965; Hubei and Wiesel, 1974), the columnar 
principle essentially stated that all neurones in a narrow 
column perpendicular to the pia, approximately 500 pim wide 
and extending through all layers, were functionally 
coupled.

Almost the entire cortex of sub-mammalian vertebrates is 
olfactory in nature and contains only three layers of 
cells. From this cortex are derived the paleocortex and the 
archicortex of the mammalian brain, the latter being 
incorporated in the limbic system and present in the 
hippocampus and dentate gyrus. The neocortex, which 
consists of six layers, is a significant feature of the 
brain in mammals and is observed to increase in size as 
higher mammals evolve, due mainly to progressively larger 
areas of association cortex (Barr, 1974). Neocortex is also 
called isocortex, and the paleocortex and archicortex are 
also referred to as allocortex.

The histological structure of the neocortex is similar 
in all mammals. Of the morphological cell types present in 
the neocortex, pyramidal and non-pyramidal (also called 
stellate cells) cells are the most numerous. Several
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quantitative studies have shown that the cell density and 
size may vary between different neocortical laminae and 
between different neocortical areas in the same brain and 
between species. However, a basic uniformity in the 
mammalian neocortex has been demonstrated by a number of 
workers. Thus, Sloper et al. (1979) found that the absolute 
number of neurones and the proportion of the two main cell 
types, pyramidal and stellate cells, were similar in two 
different areas of primate brain that had differing 
neocortical thickness. Furthermore, Rockel et al. (1980) 
demonstrated that the absolute number of neurones of the 
two main cell types, (in a neocortical strip of constant 
width) through the depth of the neocortex, remained 
approximately constant in the mammals studied (ranging from 
mouse to man) except in area 17 of primate visual 
neocortex. The thickness of the neocortex was also reported 
to increase barely three fold from mouse to man. Winfield 
et al. (1980) also showed that the proportions of the two 
major cell types observed in the primate were of the same 
order of magnitude in different functional areas and in 
different mammalian species (2/3 pyramidal neurones, 1/3 
small stellate cells, <10% large stellate cells).

In addition to the arrangement of cells in layers and 
the presence of pyramidal neurones and stellate cells, 
there is also a large population of neuroglial cells 
(astrocytes, oligodendrocytes and microglia) and a close 
capillary network.

pyntnidd
Neocortical neurones fall into three categories



19
depending on the nature of their connections. Projection 
neurones transmit impulses to sub-cortical nuclei, 
association neurones establish connections with other 
neocortical neurones within the same hemisphere and 
commissural neurones project to other neocortical neurones 
but in the opposite hemisphere.

1.1.1.1 Pyramidal neurones.
Pyramidal cells derive their name from the shape of the 

cell body (Feldman, 1984). Most of these cells fall 
typically within the range of 10-50 jum for the length of 
the cell body. The pyramidal cell has a long axon (except 
for pyramidal cells of layer II), a branching apical 
dendrite directed towards the surface of the neocortex and 
several basal dendrites. These dendritic branches bear a 
large number of spines for synaptic association with other 
neurones. Most pyramidal cells also have numerous axon 
collaterals within their area of origin, which form a large 
proportion of the presynaptic elements in the neocortex 
(Peters, 1987). Typically axon collaterals arise both 
within the vicinity of the parent cell body and also at 
distances up to several millimetres away (Winfield et al., 
1981; Feldman, 1984). Pyramidal cells are classified as 
small, medium or large neurones, their size generally 
increasing with distance from the neocortical surface. In 
addition, there are giant pyramidal cells, Betz cells 
(found in layer V of the motor areas of the frontal cortex 
(Krieg, 1946) or pyramids of Meynert (found in layer V of
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the visual cortex; Parnavelas et al., 1983), with cell 
bodies as large as 100 fim in length. Pyramidal cells are 
present in all laminae, except I, and predominantly in 
layers II, III and V. The cells in layer VI are not 
classically pyramidal shaped and are called fusiform 
pyramidal cells.

Pyramidal cells can also be inverted with their apical 
dendrite pointing toward the white matter and their axons 
originating from the opposite side arching back and aiming 
in a similar direction. These cells although not as common, 
have been observed in layer V and VI of the cingulate 
cortex (Vogt and Peters, 1981).

Pyramidal cells are the output cells of the neocortex 
and somata in different layers tend to send their axons to 
different sites (Jones, 1984). The basic pattern seems to 
be that pyramidal cells in layers II and III project to 
ipsilateral and contralateral neocortical areas, those in 
layer V project to subcortical sites except the thalamic 
relay nuclei. These latter sites receive axons from the 
modified pyramidal cells of layer VI.

1.1.1.2 Non-pyramidal neurones.
There are many types of non-pyramidal cells (Jones, 

1975, also see DeFelipe and Jones, 1988a). They are 
generally polygonal in shape and display a wide variation 
in soma size, dendritic length and spine density and have 
predominantly short axons that terminate on nearby cells. 
There are small, medium and large cells whose somata range
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from 8-15 /jm in diameter.

Small spiny stellate cells are primarily localized in 
layer IV of the neocortex. They have a round soma, a 
radiating perisomatic system of dendrites and an axon with 
descending branches to the lower layers and collaterals 
that ascend vertically to layers II and III.

Basket cells are large neurones with a short vertical 
axon giving off long myelinated horizontal collaterals 
ending in nets or baskets and are primarily found in layers 
III and V. They primarily synapse with proximal dendrites 
of pyramidal cells and other Basket cells.

The double bouquet cell is made of tightly bundled, 
unmyelinated, descending and sometimes ascending axon 
collaterals, giving rise to terminals along the apical 
dendrites of pyramidal cells caught in the bundle. The 
somata of these cells are generally found in layers II and 
III.

Other non-pyramidal cells include bitufted cells 
(fusiform cells), most commonly found in layers II, III and 
VI, neurogliaform cells (arachniform cells), aspiny cells, 
which have their major axon above, below or around the 
soma, account for a large proportion of the synapses in the 
neocortex and are situated primarily in layers II and IV. 
Additionally, there are chandelier cells which are found in 
all layers except layer I but are most prominent in the 
supragranular layers. Of the other cell types, cells of 
Martinotti are present throughout the neocortex, except the 
most superficial layer, and their axons are directed toward
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any more superficial layer (preferentially the outermost 
one). Horizontal cells of Cajal are restricted to the
surface layer and their axons which run along the
neocortical surface make synaptic contacts with the
dendrites of other pyramidal neurones (Barr, 1974).

1.1.2 The areal structure of the rat neocortex.
Since the beginning of this century studies have been 

made to determine the areal and laminar pattern of the rat 
neocortex. Brodmann in the early 1900's laid down three 
postulates for the formulation of neocortical areas; (i) 
the area should have a uniform structure (ii) the area
should be found in related forms in the mammalian series 
(iii) the main regions should have a constant structure. 
Resulting neocortical maps revealed discrepancies between 
authors, a feature not unique to studies of rat neocortex. 
Using computer controlled measuring devices Zilles and Wree 
(1985) have defined topographically various neocortical 
areas. The frontal isocortical region is represented by 
three distinguishable regions, Frl, Fr2 and Fr3. These 
areas are surrounded by the anterior cingulate, orbital and 
agranular insular cortices. The parietal cortex is divided 
into forelimb area (FL), hindlimb area (HL), Pari and Par2. 
Pari is the largest part of the parietal cortex and is 
bordered ventrocaudally by Par2 and dorsomedially by FL and 
HL. FL is located rostrally to HL. The temporal and 
occipital cortices can also each be divided into three 
areas, Tel-Te3 and Ocl, Oc2M and Oc2L.
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1.2 The rat striatum.
1.2.1 General morphology of the rat striatum.

The striatum together with the globus pallidus form the 
body known as the corpus striatum, forming the main 
component of the basal ganglia (Heimer et al., 1985). The 
striatum has been shown to extend ventrally to include a 
large part of the olfactory tubercle as well as the nucleus 
accumbens (the continuity between these structures can be 
seen by both cresyl violet and acetyl-cholinesterase 
staining). The most medioventral parts of the striatum 
along with the striatal parts of the olfactory tubule and 
the nucleus accumbens are therefore referred to as ventral 
striatum. This term does not mean that it is separate from 
the striatum, but it does imply that it does not form part 
of a homogeneous striatal mass. The ventral striatum is 
accompanied by a ventral extension of the globus pallidus, 
the ventral pallidum.

Light and electron microscopic studies have revealed 
that the striatum contains several different morphologic 
cell types. The overwhelming majority of striatal neurones 
(greater than 95%) are of medium size (10-20 ^m in
diameter), the most commonly occurring being the "medium
spiny neurone" (Chang et al., 1982), and at least some of
these are thought to form projections to the globus
pallidus and substantia nigra (Preston et al., 1980; Chang 
et al., 1981). Other striatal neurones present are large 
neurones (30-60 fjm in diameter) and small spiny neurones 
(5-10 pim) . The ventral striatum has similar cell types to
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the striatum.

1.2.2 The connections of the rat striatum.
Major afferent projection systems to the striatum arise 

from both the neocortex and allocortex, the intralaminar 
thalamic nuclei and the basolateral amygdaloid body.

Cortical projections reach the striatum in a rather 
direct manner resulting in a topographic projection system 
with practically all parts of the neocortex connecting with 
the immediately adjacent part of the striatum. This was 
demonstrated by Webster (1961) who performed localised 
neocortical ablations and looked for subsequent 
histological changes in the striatum. Despite a general 
agreement in the literature of direct topographic 
connections, Goldman and Nauta (1977), using 
autoradiographic tracing techniques, observed that monkey 
prefrontal cortex projected through the entire length of 
the caudate nucleus and that the cortico-caudate fibres 
were arranged in clusters, implying that cortico-striatal 
connections may be complex. Similar observations were made 
in the rat (Beckstead, 1979). Yeterian and Van Hoesen 
(1978) demonstrated that areas in the monkey neocortex 
project to more than one sub division of striatum. 
Furthermore they were able to demonstrate that neocortical 
areas with strong intercortical connections projected to 
the same parts of the striatum, whilst areas with weak 
intercortical links did not demonstrate this relationship. 
Cortico-striatal fibres were also found to terminate in



patches within the striatum agreeing with the idea of 
histochemically defined compartments (Tanaka et al., 1981). 
The cells of origin of the cortico-striatal pathway are 
thought by Jones and colleagues (Jones et al., 1977; Wise 
and Jones, 1977) to arise from the small and medium sized 
pyramidal cells in the superficial part of layer V (also 
some projections from layer VI), and that these neurones 
project exclusively to the striatum. However, Donoghue and 
Kitai (1981) have also shown, using horse radish peroxidase 
(HRP) and intracellular recording in the rat, that large 
layer V pyramidal neurones projecting to the brain stem 
from the somatosensory cortex also send axon collaterals to 
the striatum, confirming earlier work of Cajal (1909). Kemp 
and Powell (1970) have also reported that although all 
areas of the neocortex in the primate contribute to 
cortico-striatal projections the number of fibres arising 
from the frontal and parietal lobes appear to be 
substantially greater than those emanating from other 
neocortical regions.

Amygdalostriatal projections originate mainly in the 
basolateral amygdaloid complex and reach almost all parts 
of the striatum as well as the ventral striatum (see Heimer 
et al., 1985). The thalamostriatal projections are a major 
source of striatal afferents which originate in the 
intralaminar nuclei of the thalamus. Afferents may also 
arise to a lesser extent from non-intralaminar nuclei such 
as the ventral, lateral and posterior thalamic nuclei. Most 
other pathways of the striatum are modifiers of the major
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connections described and include reciprocal pathways from 
the substantia nigra compacta A the ventral tegmental area

(Heimer et al., 1985). It is believed 
that both the major and minor afferent projections 
described converge on medium spiny striatal neurones.

The principle efferent projections from the corpus 
striatum are to the globus pallidus, entopeduncular nucleus 
(only striatum) and substantia nigra (pars reticulata and 
compacta). Neither the striatum nor the ventral striatum 
are thought to project to neocortex. The globus pallidus 
has been shown to have efferents primarily to the 
subthalamic nucleus and the striatum, but also to the 
entopeduncular nucleus, pars reticulata of the substantia 
nigra and thalamus (see Heimer et al., 1985). However, more 
recently projections from the globus pallidus to the 
neocortex have also been observed that are both cholinergic 
and GABA-ergic in nature (Fisher et al., 1988).

1.3 Neurotransmitters of the neocortex.
1.3.1 Corticopetal pathways.
1.3.1.1 Acetylcholine.

Synthesis and metabolismi The work of Otto Loewi (1921) 
(see Mesulam, 1988) established acetylcholine (ACh) as a 
neurotransmitter in the peripheral nervous system (PNS) and 
soon after (Dale, 1938) postulated that it could serve a 
similar purpose centrally. It was realized early on that 
cerebral neocortex contains all the of the components of



27
cholinergic metabolism in moderately high amounts, 
including ACh itself. Synthesis of ACh is catalysed by the 
enzyme choline acetyl transferase (ChAT) from choline and 
acetyl co-enzyme A and is degraded by the enzyme 
acetylcholinesterase (AChE) (Fonnum, 1973).

Markers: The concentration of ACh (Hoover et al., 1978) 
and the activity of ChAT (Fonnum, 1970) can be measured in 
tissue samples to determine the relative density of 
cholinergic neurones present. Additionally, AChE can be 
also be localised histochemically (Butcher, 1978) and ChAT 
immunohistochemically (Armstrong et al., 1983; Houser et 
al., 1983). Sodium dependent high affinity choline uptake 
(Yamamura and Snyder, 1973; Kuhar and Murrin, 1978) and Ca2+ 
dependent ACh release (Collier and Mitchell, 1966) have 
also been demonstrated in neocortical synaptosomes and 
allow further determinations on the presence of cholinergic 
terminals in brain tissue samples.

The long availability and ease of measurement of AChE 
has led to a vast literature on AChE localisation in brain 
sections, but there are now concerns about the markers 
specificity. For example, the catecholaminergic neurones of 
the substantia nigra and the locus coeruleus, and the 
serotonergic neurones in the brain stem have been shown to 
stain heavily for AChE (Butcher et al., 1975), as do some 
ChAT-negative neurones in the forebrain (Levey et al.,
1983).
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Pathways: Studies suggest that the various magnocellular 

forebrain nuclei represent the origins of cholinergic 
projections to the neocortex. The magnocellular nuclei 
concerned in the rat include, the nucleus of the diagonal 
band, the medial and lateral preoptic nuclei, the basal 
nucleus (nucleus basalis of Meynert) and the entopeduncular 
nucleus. In the rat, these nuclei form a diffuse network 
throughout the entire basal forebrain, with the individual 
borders of the nuclei not being well defined. These nuclei 
are more tightly packed and anatomically better defined in 
primates. Using ChaT immunocytochemistry, neurones were 
extensively stained in the magnocellular forebrain nuclei 
of the rat (Armstrong et al., 1983; Houser et al., 1983) 
and the monkey (Mesulam et al., 1983a). Double labelling 
techniques showed that 80-90% of the AChE-rich neurones in 
this area were observed to stain for ChaT (Eckenstein and 
Sofroniew, 1983). The projection of these cells to the 
neocortex has been confirmed by the co-localisation of ChAT 
or AChE with HRP in cells retrogradely labelled following 
neocortical injections (Mesulam et al., 1983a; Mesulam et 
al., 1983b). Results of tracing studies suggest that there 
is a topographical order to projections from the basal 
forebrain to the neocortex and within the nucleus basalis 
itself (Saper, 1984; Mesulam, 1988).

Evidence also exists of cholinergic projections to the 
frontal cortex from the medial forebrain bundle (ventral 
and tegmental pathways; Mesulam et al., 1983b). 
Additionally cells immunoreactive for ChAT have been
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observed in a population of intrinsic neocortical neurones 
normally associated with neuropeptides (Houser et al., 
1983; Eckenstein and Baughman, 1984; Houser et al., 1985).

The heaviest concentration of basal forebrain terminals 
in the rat neocortex appear to be in upper layer V and 
layer IV, suggesting that this pathway might modulate 
neocortical efferent activity (Eckenstein and Baughman,
1984). The electrophysiological effect of ACh upon 
pyramidal neurones consists of a short latency inhibition 
followed by a prolonged increase in excitability (McCormick 
and Prince, 1985). The inhibitory effect seems to be 
modulated by GABA-ergic interneurones whereas the 
excitatory effect reflects ACh action. Thus ACh can be 
considered an excitatory modulator of pyramidal neurones, 
which may have implications for the treatment of 
neurodegenerative diseases in which neocortical neurones 
are lost.

1.3.1.2 Monoamines.
Synthesis and metabolismi The monoamine 

neurotransmitters in the cerebral neocortex include 
dopamine, noradrenaline and serotonin. Dopamine (DA) and 
noradrenaline (NA) are catecholamines, and serotonin (5-HT) 
is an indoleamine, based on the presence of the catechol or 
indole nucleus, respectively in their structure. The 
catecholamines are derived from the amino acid tyrosine and 
the synthetic pathway (Figure 1.1) begins with the 
conversion of tyrosine to DOPA by the rate limiting enzyme
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tyrosine hydroxylase. The synthesis of 5-HT begins with the 
conversion of the amino acid tryptophan by tryptophan 
hydroxylase to 5-hydroxytryptophan which is then converted 
to serotonin (Figure 1.1). DA, NA and 5-HT are subsequently 
catabolised to homovanillic acid (HVA), 3-methoxy-4- 
hydroxyphenylglycol (MHPG) and 5-hydroxyindole acetic acid 
(5-HIAA; Figure. 1.2).

Markers: The monoamines have been localised
neuroanatomically by various methods including, 
formaldehyde or glyoxylic acid histofluorescence techniques 
(based on the condensation of the primary monoamines), 
immunohistochemical techniques (antibodies raised against 
the synthesising enzymes or the primary monoamines linked 
to a larger protein), high resolution autoradiography using 
[ 3H ] monoamines with light and electron microscopy, 
anterograde and retrograde tracing techniques coupled with 
destruction of catecholamine pathways with neurotoxins such 
as 6-hydroxydopamine and destruction of indoleamine 
pathways using 5,6 and 5,7-dihydroxytryptamine (reviewed by 
Sladek and Bjorklund, 1982).

Monoaminergic neurones can also be investigated in brain 
preparations by a number of biochemical techniques enabling 
the determination of the relative presence of monoaminergic 
neurones. The concentrations of all monoamines and their 
metabolites can be determined by high performance liquid 
chromatography (HPLC), usually with electrochemical 
detection. Tyrosine hydroxylase activity can also be
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assayed identifying catecholamine terminals (e.g Davies and 
Maloney, 1976). However, tyrosine hydroxylase and enzymes 
responsible for the synthesis of NA and DA, such as 
dopamine-B-hydroxylase have been shown to be unstable 
postmortem and therefore are of limited use as markers (see 
Palmer et al., 1987a; Francis and Bowen, 1989). Monoamine 
uptake and K+ stimulated Ca2+ dependent release have also 
been used to demonstrate the presence or absence of 
monoaminergic terminals (Palmer et al., 1987a).

Dopaminergic pathways: Studies demonstrating the
presence of dopaminergic receptors in the rat coupled with 
tracing studies (Lindvall et al., 1974; Fuxe et al., 1974) 
demonstrated the dopaminergic innervation of specific areas 
of neocortex arising from cell bodies located in the 
substantia nigra-ventral tegmental area. This system is 
referred to as the mesocortical system and is a subset of 
the mesotelencephalic system that includes all dopaminergic 
and non-dopaminergic projections to cortex (allocortex and 
neocortex) and other structures such as the striatum. A 
small percentage of the cells are contralateral. Following 
the demonstration of the origin of these DA afferents, 
these neurones were shown to be restricted to limited 
portions of the prefrontal, cingulate, piriform, 
entorhinal, suprarhinal and perirhinal cortical regions, 
with a specific laminar distribution in each region 
(Lindvall and Bjorklund, 1978). More recently, studies have 
revealed that DA innervates additional regions of rat
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neocortex such as frontal and parietal and occipital 
(visual) cortex, although with a lower density of fibres 
(Berger et al., 1985; Martres et al., 1985). Lewis et al. 
(1986, 1987) have also reported that in the primate
dopamine innervation occurred in all neocortical areas but 
favoured motor and association cortical areas as opposed to 
sensory ones.

DA primarily appears to potentiate the inhibitory effect 
of GABA on neocortical cells, reducing the excitatory 
effects of glutamate on neocortical cells (Reader and 
Jasper, 1984).

Noradrenergic pathways: The source of NA input to the 
cerebral neocortex is from the locus coeruleus (LC; 
Ungerstedt, 1971). In the rat a crude topography exists in 
neocortical projections, such that the more anterior cells 
project to anterior neocortical regions, and more posterior 
cells project posteriorly. Additionally, there is a 
tendency for lateral neocortical regions to be innervated 
by more ventral cells of the LC (Waterhouse et al., 1983). 
Approximately 5-10% of the LC projections to neocortex 
arise contralaterally (Room et al., 1981). While individual 
LC cells may not innervate all terminal fields, they do 
exhibit marked collateralisation. Cells have been observed 
to collateralise within the neocortex, particularly in an 
anterior-posterior dimension, and also to concomitantly 
innervate the neocortex and other distant targets such as 
the cerebellum (Loughlin et al., 1982).
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A controversy exists as to whether LC terminals in the 

neocortex exhibit the ultrastructural elements typically 
associated with synaptic junctions. A non-synaptic release 
mechanism was proposed by Beaudet and Descarries (1978) who 
using autoradiographic electron microscopy, reported that 
only a small percentage of NA terminals formed synaptic 
junctions. Contradictory evidence indicating a high 
incidence of synaptic contacts has however been provided by 
others (see Papadopoulos and Parnavelas, 1991). The 
discrepancy could be due to methodological factors or 
alternatively, it has been suggested that NA can be 
released at both conventional and extrasynaptic synapses 
(Magistretti and Morrison, 1988).

NA affects both the spontaneous (unrelated to the 
stimulus) and evoked activities of neocortical neurones by 
inhibiting the excitatory effects of ACh.

Serotonergic pathways: The study of 5-HT pathways using 
fluorohistochemistry is problematic because of the 
susceptibility to photo-decomposition of the 5-HT derived 
fluorophor. 5-HT fibres, reported to be mostly derived from 
the dorsal raphe and to a lesser extent from the median 
raphe of the mesencephalon (Fuxe, 1965; Anden et al., 1966; 
Unger stedt, 1971), have been shown to innervate the rat 
neocortex in an extensive and diffuse manner. The cortical 
projections from 5-HT cells in the dorsal raphe have also 
been reported to innervate the cingulate and piriform 
cortex as well as neocortical areas, although varying
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proportions of projections to these areas are from the 
median raphe (Fallon and Moore, 1979). Immunocytochemical 
studies in rat (antisera raised against 5-HT coupled to 
bovine albumin), have subsequently demonstrated a much 
denser 5-HT innervation of the cerebral neocortex and a 
greater degree of regional and laminar specificity of the 
projections (Lidov et al., 1980; Steinbush, 1981) that have 
also been confirmed by biochemical studies (Reader, 1980). 
Ultrastructural studies indicated that, contrary to earlier 
findings, 50-90% of immunohistochemically labelled 5-HT 
varicosities formed typical synaptic contacts in all 
neocortical layers (Molliver et al., 1982; Papadopoulos et 
al., 1987). Thus 5-HT, like NA, is thought to be released 
at both conventional synaptic sites and extrasynaptic ones 
(Magistretti and Morrison, 1988). Mulligan and Tork (1988) 
have further resolved 5-HT projections into two systems in 
cats; the first originating in the dorsal raphe and 
comprising of small fine axons spreading widely throughout 
the neocortex, the second originating from the median raphe 
and densely innervating the somata and dendrites of 
specific neurones (primarily layer I).

Experiments involving the application of 5-HT on 
neocortical neurones have described both inhibitory and 
excitatory effects, suggesting a complex role for 5-HT in 
the neocortex (Phillis, 1984; McCormick and Williamson,
1989). 5-HT can consistently increase cellular excitability 
by selectively decreasing a Ca2+ activated K+ current and a 
time dependent K+ current. Additionally, 5-HT can also
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decrease neuronal excitability by activating a K+ current, 
thereby hyperpolarising the membrane potential (McCormick 
and Williamson, 1989).

1.3.2 Interneurones.
1.3.2.1 Gamma-aminobutyric acid.

Synthesis and matahnlismi The presence in the mammalian 
neocortex of the predominantly inhibitory neurotransmitter 
gamma-aminobutyric acid (GABA), and its synthesising enzyme 
glutamic acid decarboxylase (GAD), has been known for some 
time (Roberts and Fenkel, 1950). GABA is synthesised from 
glutamate by GAD, released and subsequently taken up either 
by the same nerve terminal or a nearby glial cell (see 
Figure 1.3). In the latter the GABA can be catabolised to 
glutamate by GABA-aminotransferase.

Markers and their location: GABA-ergic neurones can be 
visualised using immunohistochemical markers. Such studies 
have revealed the existence of a large population of 
neurons immunoreactive for both GAD and GABA in the 
neocortex of mammals (Hendry and Jones, 1986). Quantitative 
assessment in monkey neocortex has indicated that 
approximately 25-30% of the neuronal population in any 
neocortical area is GABA- or GAD-immunoreactive and 
furthermore, morphological studies have indicated that all 
GABA-ergic neurones are interneurones (Jones, 1986). The 
only interneurones not GABA- or GAD-immunoreactive are the 
population of small, dendritic spine covered neurones of



38
layer IV (see Section 1.1.1.2). Uptake of [3H] GABA in vitro 
or in vivo combined with autoradiography has also proved a 
suitable method for tracing and visualising GABA-ergic 
neurones (Jones et al., 1984).

Early neurochemical studies to identify GABA-ergic 
neurones, measured GAD activity in brain preparations. Such 
studies indicated that the integrity of the enzyme was 
affected by the agonal state of the specimen and thus was 
not a particularly useful marker of GABA-ergic nerve 
terminals in human diseased tissue (Bowen et al., 1976a; 
Bowen et al., 1976b; Spillane et al., 1977). The 
concentration of GABA itself has also been used as an index 
of interneurones, although again, this may be a dubious 
marker. Thus, although (Spokes, 1979) reported that GABA 
appears stable over long autopsy times and is not 
influenced by agonal state, Lowe and colleagues (1988) 
found that GABA content in tissue from control patients 
with protracted death was 26% less GABA than those patients 
with sudden death. Furthermore, GABA concentrations have 
been shown to increase following death (Lowe et al., 1988). 
Another useful marker of GABA-ergic interneurones is GAD 
mRNA detected by in situ hybridisation which can 
demonstrate cells capable of synthesising this enzyme 
(Najlerahim et al., 1990).

1.3.2.2 Peptides.
The presence of neuropeptides such as cholescystokinin, 

corticotropin releasing factor, neuropeptide Y, substance
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P, somatostatin, vasoactive intestinal peptide, dynorphin, 
thyrotropin releasing factor, luteinizing releasing hormone 
and neurotensin, have been extensively investigated by 
measuring their concentration, by radio-immunoassay and by 
immunocytochemical techniques and found to be widely 
distributed in the brain. The neocortical neuropeptides 
appear to be localised on one broad class of interneurones, 
forming about 5-10% of the neocortical cell population 
(Jones, 1986). The cells have small rounded somata and 
slender dendrites that arise in various numbers and 
traverse the neocortex in a vertical direction. Peptidergic 
terminals have been observed to make classical synaptic 
contacts, however a significant number have also been 
claimed not to form conventional synapses, instead being 
closely associated with other synapses or cell bodies 
(Jones, 1986).

Another important feature of neocortical peptides is 
that they can co-localise in a particular neuron and are 
also invariably found in cells that contain the 
conventional transmitter GABA (Jones and Hendry, 1986). It 
should be noted however, that although almost all 
peptidergic neurones are GABA-ergic, many GABA-ergic 
neurones (70-75%) are not peptidergic.

1.3,3 Pyramidal neurone neurotransmitters.
1.3.3.1 Glutamate.

Synthesis and metabolism: Glutamate is ubiquitously
distributed in the brain tissue, where it is present in a
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higher concentration than any other amino acid. Initial 
electrophysiological studies (Curtis and Watkins, 1961) 
demonstrated that glutamate produced strong excitation of 
spinal cord neurones and subsequent studies provided 
support for the concept that glutamate could be a 
neurotransmitter (Fagg and Foster, 1983; Fonnum, 1984). 
From a neurochemical and neuroanatomical point of view, the 
task of identifying the neurotransmitter pool of glutamate 
is very difficult. Glutamate, unlike other 
neurotransmitters, has several other very important 
metabolic roles within the brain, such as in energy 
metabolism, protein and peptide synthesis, GABA synthesis 
and detoxification of ammonia. The transmitter glutamate 
pool is therefore only part of the total glutamate pool, of 
which estimates vary from 10-40% (Fonnum, 1984; Nicholls et 
al., 1987).

Due to the many roles that glutamate plays, its
synthesis and metabolism are compartmentalised in a complex 
manner. Kinetic studies have shown that the metabolism of
glutamate (and glutamine and GABA) can be divided into a
two compartment model. The large compartment corresponds to 
the neuron, and the small to the glial cell (see Figure 
1.3). Moreover, four different glutamate pools can be 
defined, namely the transmitter pool, the glial pool, the 
precursor for GABA pool and the metabolic pool.

Glutamate can be synthesised from glutamine by phosphate 
activated glutaminase (PAG), an enzyme belonging to the 
large group of mitochondrial enzymes that are
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preferentially but not exclusively localised at nerve 
terminals (see Figure 1.3). Glutaminase activity is 
strongly regulated by its products ammonia and glutamate 
and this product inhibition may serve to regulate 
transmitter glutamate synthesis (Bradford and Ward, 1976; 
Fonnum, 1984).

The glutamine produced from glutamate (by glutamine 
synthetase) taken up by glia is not sufficient to replenish 
all the transmitter glutamate pools (Torgner and Kvamme, 
1990). In addition to glutamine, another putative precursor 
candidate for transmitter glutamate is 2-oxoglutarate 
(Shank and Apprison, 1991). Glucose is catabolised via the 
glycolytic pathway to yield pyruvate which then forms 2- 
oxoglutarate within the citric acid cycle. However, the 
main anaplerotic path of 2-oxoglutarate requires carbon 
dioxide fixation of pyruvate. The enzyme catalising the 
process, pyruvate decarboxylase, is localised in glia 
(Shank et al., 1985; Carter et al., 1986), and a high 
affinity uptake system exists allowing transfer of the 
product from glia to neurones (Shank and Campbell, 1984). 
2-oxoglutarate can then be transaminated by aspartate amino 
transferase (AAT) to produce transmitter glutamate. 
Alternatively 2-oxoglutarate can undergo reductive 
amination, a process involving glutamate dehydrogenase 
(GDH) and its co-factor NADP(H), to form glutamate (Puil 
and Benjamin, 1988). However, this latter process is not 
thought to contribute to any great extent to transmitter 
glutamate because glutamate dehydrogenase is primarily
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located in non-synaptic mitochondria (Fonnum, 1984).

Glutamate synthesis can also occurr from the basic amino 
acid ornithine (via glutamate semi-aldehyde) catalised by 
the enzyme ornithine aminotransferase. However, the slow 
conversion rate makes this an unlikely candidate as a 
precursor to transmitter glutamate (Yoneda et al., 1982; 
Shank and Campbell, 1983).

The mechanism of glutamate release from nerve terminals 
has been the source of much debate. De Belleroche and 
Bradford (1977) proposed that glutamate released during 
neurotransmission was derived mainly from a cytoplasmic 
source. This hypothesis has been contested with the 
development of new methodologies. Using an enzyme linked 
fluorometric assay for measuring the rapid release of 
endogenous glutamate, it was demonstrated that glutamate 
could be released in a Ca2+ dependent manner upon 
depolarisation of the plasma membrane. This glutamate was 
thought to be released by an exocytotic mechanism and was 
shown to arise from a non-cytosolic glutamate pool 
(Nicholls and Sihra, 1986; Nicholls et al., 1987). More 
recently, Ca2+ dependent amino acid release has been 
demonstrated to occur from a pool that exchanges only 
slowly from the cytosolic pool in isolated nerve terminals. 
This process is energy dependent and has the osmotic shock 
characteristics of synaptic vesicles (McMahon and Nicholls,
1990). Glutamate can also be released by a carrier 
independent and Ca2+ independent mechanism, possibly a 
reversal of the uptake process.
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Glutamate uptake, as with other neurotransmitters such 

as GABA and the transmitter amines, has a sodium dependent 
high affinity uptake system present on terminals and glia 
(Fonnum, 1984; Schousboe, 1987). This uptake shows an 
absolute requirement for sodium, two sodium ions for every 
glutamate molecule (Stallcup et al., 1979). The uptake 
carrier of glutamate exhibits a high degree of specificity. 
L-glutamate and D- and L-aspartate are taken up, whereas no 
other amino acid is (Logan and Snyder, 1971).

Markers: From the above discussion it is apparent that 
the identification of glutamatergic neurones in brain 
tissue samples is not facile. Immunocytochemical studies 
targeted at PAG, AAT (Donoghue et al., 1989) or 
measurements of enzymatic PAG activity (Svennby et al. , 
1986) have been taken to represent markers of glutamatergic 
nerve endings. PAG would seem a potentially satisfactory 
marker of nerve endings, synthesising glutamate for use as 
transmitter. However, although the majority of PAG mRNA 
positive neurones have been reported not to overlap with 
GABA-ergic neurones (Najlerahim et al., 1990), the enzyme 
is known to form glutamate in the nerve endings of some 
GABA-ergic neurones and can also show considerable activity 
in astrocytes (Hertz et al., 1983; Schousboe, 1987; McGeer 
et al., 1990). AAT has also been suggested as a marker but 
has generally been found to be non-specific for glutamate 
neurones, since the enzyme is also present in GABA-ergic 
neurones and astrocytes (Wenthold and Altschuler, 1983;
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Schousboe, 1987; Najlerahim et al., 1990). Other enzymes 
such as GDH and ornithine aminotransferase also do not seem 
restricted glutamatergic neurones (McGeer et al., 1983; 
Schousboe, 1987). In addition to the problems of 
specificity described above, it seems quite likely that in 
human tissue studies, the enzymes and their markers may be 
affected by premortem coma and postmortem delay, 
complicating interpretations (McGeer et al., 1990).

Storm-Mathisen and colleagues (1983) have immunocyto- 
chemically labelled glutamate and aspartate in 
gluteraldehyde fixed tissue. However, interpretation of 
this data is difficult since it is hard to separate the 
transmitter glutamate pool from other glutamate pools. This 
problem is also encountered when directly measuring 
excitatory amino acid content (Lowe et al., 1990). 
Furthermore, these probes may cross react with other 
molecules, such as glutamate containing oligopeptides.

Another method that has been used to visualise putative 
glutamatergic neurones, is the administration of the false 
metabolite [3H] D-aspartate in vivo which, after uptake, can 
be retrogradely transported to the parent neuronal cell 
body (Streit, 1980). Although this method is useful, it is 
not universally applicable, since neurones seem to vary in 
their ability to take up and transport the labelled amino 
acid. In addition, long axons may loose the tracer en route 
(Storm-Mathisen and Ottersen, 1987).

Other markers of glutamatergic terminals have been based 
primarily on studies of glutamate and aspartate uptake and



release (Fonnum, 1984; Greenamyre, 1986). K+ stimulated Ca2+ 
dependent glutamate release is a useful marker of 
glutamatergic terminals in fresh human and rat tissue 
(Procter et al., 1988b), in synaptosomes (Nicholls and 
Sihra, 1986) and in vivo using dialysis (Young and 
Bradford, 1986). However, K+ stimulated Ca2+ dependent 
glutamate (or aspartate) release could not be demonstrated 
in fresh human postmortem tissue (Procter et al., 1988b). 
This prevents the technique from being useful as a marker 
of glutamatergic neurones in the majority of human tissue 
studies.

Na+ dependent high affinity D-aspartate uptake in 
synaptosomes and tissue prisms is another mechanism that 
has been investigated as a possible marker of glutamatergic 
nerve terminals (Procter et al., 1988b; Cowburn et al., 
1988b) . However, this technique is also limited to fresh 
tissue (although this can be postmortem), since studies 
using rat brain have indicated that freezing results in a 
50-80% decrease in uptake (Schwarcz, 1980; Hardy et al., 
1987b). Although it is generally considered that D- 
aspartate behaves like physiologically active compounds 
when uptake mechanisms are studied, this may be an 
oversimplification. Some brain areas (e.g. the striatum) 
show evidence of more than one high affinity uptake site 
(Ferkany and Coyle, 1986), whilst others which use 
transmitter amino acids exhibit no active transport 
mechanisms for their uptake (e.g. granule cells in the 
cerebellum; Garthwaite and Garthwaite, 1988). Further
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complications such as uptake to other sites (e.g. glia) 
also need consideration.

Na+ dependent binding of [3H] D-aspartate or [3H] L- 
glutamate to membranes has also been used as a technique to 
study glutamatergic terminals. Such binding is consistent 
with that associated to an uptake site, with some drugs 
that inhibit glutamate uptake also inhibiting Na+ dependent 
[3H] glutamate binding. In addition neocortical ablation 
causes similar reductions in the striatum of both Na+ 
dependent glutamate binding and glutamate uptake (Vincent 
and McGeer, 1980). However, there are several reports that 
raise doubts concerning the validity of this technique. 
Lesions of the striatum in experimental animals caused a 
40% reduction in Na+ dependent [3H] glutamate binding in 
homogenates, with no effect on glutamate uptake, suggesting 
that binding sites are associated with intrinsic neurones 
with no glutamate uptake sites. Furthermore, the overlap 
between compounds which inhibit Na+ dependent glutamate 
binding and high affinity glutamate uptake was not reported 
to be complete (Vincent and McGeer, 1980). Other studies 
investigating Na+ dependent [3H] D-aspartate "binding" to 
the uptake site using rat tissue membranes (Danbolt and 
Storm-Mathisen, 1986) and autoradiographic assays (Bridges 
et al., 1988; Greenamyre et al., 1990) have also been used 
to determine the presence of glutamatergic terminals. 
However, data from such studies has exhibited properties 
not consistent with presynaptic uptake sites. In 
homogenates aspartate "binding" was observed to be
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decreased by osmotic shock, inhibited at low temperature 
and abolished by thorough washing of membranes in distilled 
water (Danbolt and Storm-Mathisen, 1986). This and several 
other findings led the authors to conclude that the [3H] D- 
aspartate was not binding to the uptake carrier but was 
being sequestrated into membrane bound saccules by a 
process of exchange diffusion between the external 
radiolabelled aspartate and endogenous glutamate. In the 
autoradiographic studies (Bridges et al., 1988; Greenamyre 
et al., 1990) Na+ dependent [3H] D-aspartate binding 
exhibited a distribution unlike that expected for a 
presynaptic neuronal uptake site. Moreover, lesions of 
putative excitatory amino acid pathways did not result in 
a decrease in binding in the terminal fields of these 
pathways, leading the authors to suggest that this binding 
is therefore not a marker of glutamatergic nerve terminals.

Pathways: A considerable number of excitatory nerve
pathways and in the central nervous system (CNS) have been 
suggested as putative glutamatergic or aspartergic by one 
or several of the approaches outlined above in conjunction 
with denervation experiments. For example, Ca2+ dependent 
glutamate release under depolarising conditions from in 
vitro slices of the striatum was reduced if brain slices 
were taken from previously decorticated animals. Levels of 
other neurotransmitters such as GABA and ACh were not 
affected (Druce et al., 1982). Similar results have been 
described in investigations of glutamate and aspartate
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release in the striatum (effects of stimulation and 
neocortical ablation) performed in vivo (Young and 
Bradford, 1986; Perschak and Cuenod, 1990). This implies 
that the corticofugal, cortico-striatal pathway is likely 
to be glutamatergic. This has been corroborated by 
retrograde tracing techniques using [3H] D-aspartate 
(Streit, 1980), showing that the pyramidal cells of origin 
are mainly from neocortical layer V and occur most densely 
from the frontal cortex.

Other putative glutamatergic pathways determined by 
similar means, include a number of other corticofugal 
systems such as those to the amygdala, thalamus and ventral 
tegmental area and also contralateral and ipsilateral 
cortico-cortical projections within the neocortex. There is 
also evidence of glutamatergic (or aspartergic) pathways 
projecting from sub-cortical nuclei such as the thalamus 
and the claustrum to the neocortex (as reviewed by 
Storm-Mathisen and Ottersen, 1988).

1.4 Receptors in the neocortex.
1.4.1 The N-methyl-D-aspartate receptor complex.

Excitatory amino acid receptors are now generally 
accepted as the main receptors mediating synaptic 
excitation in the mammalian CNS. The nomenclature for the 
description of excitatory amino acid receptors is subject 
to reappraisal. The terminology used in this thesis; N- 
methyl-D-aspartate (NMDA) receptor, a-amino-3-hydroxy-5- 
methyl-4-isoxazolepropionic acid (AMPA) receptor, kainate
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receptor, L-2-amin-4-phosphobutanoic acid (L-AP4) receptor 
and metabotropic receptor are as recognised by a number of 
leading groups at the present time (see Lodge and 
Collingridge, 1991).

The NMDA class of receptors is the best characterised in 
experimental systems and has been the subject of the most 
study in terms of its likely role in memory and 
neurotoxicity (see Section 1.5.4.5). Because of these 
considerations the studies described here are focused on 
this receptor.

Understanding of NMDA receptor complex function has been 
dependent on the discovery that aspartate and related amino 
acids evoke a voltage dependent conductance in cultured 
neurones, which is associated to a voltage dependent 
blockade of the associated ionophore by Mg2+ (Mayer et al., 
1984; Ascher and Nowack, 1987; MacDonald and Nowack, 1990). 
The discovery that the NMDA receptor ionophore was 
permeable to Ca2+ provided a means of linking NMDA receptor 
complex activation to a number of physiological and 
pathological events. It is this property of the receptor 
ionophore complex which appears to underlie its role in 
long term potentiation and excitotoxic degeneration in 
cultured neurones (see Section 1.5.4.5).

A number of sites of potential physiological and 
pharmacological significance have been identified within 
the receptor/ionophore complex (see Figure 1.4).
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The transmitter recognition site: This is the site by 

which the receptor was defined and a number of selective 
ligands, of which NMDA was the first, have been described. 
The most selective and potent agonist currently appears to 
be cis-2,4-methano glutamate. The D-enantiomers of 2-amino-
4-methyl-5-phosphono-3-pentenoic acid (CGP37489) and 3-(2- 
carboxypiperazin-4-yl) propenyl-l-phosphonic acid (CPP) are 
the most potent and selective antagonists (Fagg and 
Massieu, 1991). Although autoradiographic studies have been 
interpreted as showing the existence of multiple forms of 
the NMDA receptor complex with distinct regional 
distribution and pharmacological properties, an 
alternative, preferred explanation is of a two state model 
of the receptor with "agonist-preferring" and "antagonist 
preferring" states (Fagg and Massieu, 1991).

The alvcine recognition site: The hypothesis that
glycine has a role in modulating the activity of the NMDA 
receptor complex originated from studies using patch-clamp 
techniques in cultured neurones (Johnson and Ascher, 1987). 
Submicromolar concentrations of glycine were observed to 
increase the frequency of NMDA induced channel opening, an 
effect distinguished from the action of glycine in the 
spinal cord by its insensitivity to strychnine. Since NMDA 
was observed to evoke responses in the absence of 
exogenously applied glycine, it was initially proposed that 
the latter acted as an allosteric modulator of the NMDA 
receptor complex. However, more recent observations using
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Xenopus oocytes injected with mRNA from cultured neurones 
indicate that it may be impossible to elicit a NMDA 
receptor complex current in the absence of glycine. This 
has led to the reclassification of glycine in this system 
as a "co-agonist" (as reviewed by Palfreyman and Baron,
1991) .

The channel binding site: A number of studies have shown 
that dissociative anaesthetics and compounds with "a-opiod" 
properties, such as, ketamine, N-allylnormetazocine 
(SKF10047), phencyclidine (PCP) and its derivative N-[l-(2- 
thienyl)cyclohexyl]piperidine (TCP) are NMDA receptor 
complex antagonists (Foster, 1991). The novel 
anticonvulsant, dizocilpine (MK-801) shares many of the 
properties of the above group of compounds (Foster, 1991). 
Electrophysiological and radioligand binding studies 
support the view that the action of these compounds is 
mediated through their ability to bind inside the open 
channel and block transmembrane ion fluxes. The antagonism 
is therefore "uncompetitive" and the receptor must be 
activated before the antagonism can occur (Foster and Wong, 
1987; Huettner and Bean, 1988).

The polyamine modulatory site: Polyamines increase the 
amount of [3H] MK-801 binding induced by glutamate and
glycine (Ransom and Stec, 1988; Williams et al., 1991). 
Spermine and spermidine act as agonists and putrescine as 
an antagonist (Williams et al., 1991).
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The Zn2+ binding site: Low micromolar concentrations of 

Zn2+ blocks NMDA receptor complex responses in a manner 
which is distinct from the channel blockade elicited with 
Mg2+, being largely voltage independent (Westbrook and 
Mayer, 1987).

1.4.2 Serotonin receptors.
Serotonergic neurotransmission consists of the transfer 

of signals from presynaptic containing neurones to 
postsynaptic targets endowed with 5-HT receptors. Different 
receptor subtypes mediate distinct physiological effects, 
whether they be inhibitory or excitatory, which may also 
reflect differential cellular localisation. Although 
multiple types of 5-HT receptor were first suggested by 
Gaddum and Picarelli (1957) to account for the different 
effects of 5-HT antagonists, the classification into "M" 
and "D" types has been largely superseded by the 
classification into types 1, 2, and 3 (Bradley et al.,
1986). In the CNS, radioligand binding as well as 
functional measures have been used to classify sub-types of 
receptor. In mammalian brain, binding of ligands to 5-HT 
receptors may be broadly classified into that of 5-HT^ 5- 
HT2, 5-HT3 and 5-HT4 sub-types (Peroutka and Snyder, 1979; 
Kilpatrick et al., 1987; Radja et al., 1991). The 5-HTĵ  site 
can be labelled by [3H] 5-HT, and has a high affinity for 
5-HT and related agonists, but comparatively low affinity 
for most classical antagonists (Peroutka and Snyder, 1979). 
The 5-HT2 sites may be labelled with [3H] spiperone or [3H]
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ketanserin and 5-HT antagonists have a high affinity for 
these sites, whereas 5-HT and related agonists are less 
potent (Peroutka and Snyder, 1979; Leysen et al., 1982; 
Hoyer et al., 1985).

The 5-HTj receptor may be subdivided further into 5-HT1A 
and 5-HT1b sub-types (Pedigo et al., 1981; Middlemiss and 
Fozard, 1983; Schnellmann et al., 1984; Hoyer et al.,
1985). 5-HT1a receptors have a high affinity for spiperone 
and 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT) 
whilst 5-HT1b receptors have a low affinity for these 
compounds. 5-HTlc receptors were first identified in porcine 
choroid plexus (Pazos et al., 1985b) but have also been 
demonstrated in rat neocortex (Peroutka, 1986). A further 
receptor type not classifiable into 5-HT1A, 5-HT1B, 5-HTlc or 
5-HT2 has been observed in various preparations and have 
been called 5-HT1D (Heuring and Peroutka, 1987; Herrick 
Davis and Titeler, 1988; Hoyer et al., 1988). This latter 
receptor type can be found in human brain but not in rat, 
whilst the opposite is true of the 5-HT1B receptor which is 
found in rat but not human brain (Hoyer et al., 1986; Radja 
et al., 1991).

Biochemical investigations have revealed that all 5-HTĵ , 
5-HT2 and 5-HT4 receptors are functionally coupled to G 
proteins (Sanders-Bush, 1988; Dumuis et al., 1988). Indeed 
further biochemical investigations have demonstrated that
5-HTlc and 5-HT2 receptors are coupled to phospholipase C, 
the key enzyme for the control of phosphoinositide turnover 
(Sanders-Bush, 1988). In contrast, the 5-HT3 receptor is
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strikingly different from any of the other receptors since 
its properties are typical of a 5-HT gated ion channel 
(Derkach et al., 1989).

1.4.3 Muscarinic receptors.
Muscarinic receptors are distributed widely throughout 

the brain (Yamamura et al., 1974; Yamamura and Snyder, 
1974). They are thought to be involved in a number of 
central functions and particular interest has centred 
around their role in cognitive processes. Thus, 
administration of small doses of the muscarinic antagonist, 
scopolamine, to human volunteers has been shown to induce
amnesia (Drachman and Leavitt, 1974).

There is both pharmacological and molecular evidence of 
muscarinic receptor heterogeneity. Early functional 
analysis of muscarinic activity in peripheral tissues 
indicated that the antagonist, pirenzepine, distinguished 
two subpopulations of receptor, one with high affinity (Mx) 
and another with lower affinity (M2 or "non-MjJ (Hammer et 
al., 1980). This M2 receptor population was subsequently 
shown to be non-homogenous, and subdivided into a M2 
receptor which has high affinity for the antagonist, 11[[2- 
(diethy 1-amino) methyl ] - 1-piperidinyl ] acetyl ] 5,11-dihydro- 
6H-pyrido[2,3-b][1,4]benzodiazepine-6-one) (AF-DX116), and 
an M3 receptor which does not (Giachetti et al., 1986; Doods
et al., 1987; Giraldo et al., 1988).

Although only three distinct receptor subtypes have been 
pharmacologically classified, recent molecular studies have
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indicated that at least five genes encode for muscarinic 
receptor proteins. These proteins have been expressed in 
xenopus oocytes and neuroblastoma cells and have been shown 
to be functional (Kubo et al., 1986; Fukuda et al., 1988; 
Bujo et al., 1988; Neher et al., 1988).

Muscarinic receptors activate second messenger systems 
by coupling to and activating guanine nucleotide (G)- 
proteins (Bonner et al., 1987). In the presence of an 
agonist, the muscarinic receptors form a ternary complex 
with the G proteins. This conformation has a high affinity 
for agonists and is thought to be the physiologically 
relevant state of the receptor (McKinney and Richelson, 
1984). In the uncoupled state the receptors have a low 
affinity for agonist.

1.5 Alzheimer's Disease.
1.5.1 General overview.

(pteHwlagiaii)

The reportof the first patient with dementia was 
published by Alois Alzheimer (1907). He described the 
autopsy findings in a 55 year old women, suffering for 41/2 
years from progressive dementia. The autopsy revealed many 
abnormal nerve cells containing tangles of fibres and a 
sizable reduction in ganglion cell (pyramidal) number.

Since that time it has come to be apparent that in 
modern society dementia is a medical, sociological and 
economic problem of enormous dimensions. Dementia, the 
gradual global impairment of cognitive function, affects 5- 
10% of the population over 65 years old and more than 20%
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of those aged over 80 (Katzman, 1976; Plum, 1979; Garland 
and Cross, 1982). Furthermore as the population of the 
elderly is increasing at 2.5 times a year the enormity of 
the problem becomes apparent. Of all progressive dementias, 
such as Pick's disease, Parkinson's disease and 
Huntingdon's chorea, Alzheimer's disease is the major cause 
of dementia, irrespective of the age of onset. 
Approximately 36% of presenile age (65 years or less; 
Marsden and Harrison, 1972) and 50% of senile age 
(Tomlinson, 1977) patients are afflicted by the disease. 
Although clinical and morphological symptoms are more 
severe in the presenile group (Rossor et al., 1984), no 
distinction is made between groups in this thesis.

Alzheimer's disease is a slowly progressing dementia. In 
the early stages, memory loss becomes apparent which is 
difficult to distinguish from benign senile forgetfulness. 
As the disease progresses, the patient enters a confused 
phase with more global impairment of cognitive functioning. 
Changes in high cortical fuctions, such as language skills, 
perceptuo-spatial relationships and problem solving, become 
more apparent. In the advanced stages of the disease, the 
victims cannot walk or talk, become restless and agitated 
and are totally incapable of caring for themselves (McKahn 
et al., 1984; Swash et al., 1985). The disease course lasts 
an average of about 6 years, although 10 years is not 
uncommon (Sulkava et al., 1983).

To date neither the aetiology nor the pathogenesis of 
the disease is understood. Old age appears to be the single
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largest risk factor for Alzheimer's disease. It is likely 
that the disease has a polyaetiology that includes genetic 
makeup, environmental toxins and chronic infections, all of 
which might precipitate the disease in old individuals 
(Katzman, 1986; Price, 1986; Pearson and Powell, 1989).

1.5.2 Diagnosis.
The clinical diagnosis of Alzheimer's disease is based 

on the exclusion of other dementing disorders. Clinical 
evaluation involves the taking of case histories and the 
performing of cognitive and non-cognitive tests along with 
physical and neurological examinations. Most descriptions 
and operational definitions of Alzheimer's disease 
emphasise cognitive impairment as a key feature of the 
impairment (e.g. Medical Research Council, 1987; American 
Psychiatric Association, 1980), the non-cognitive symptoms 
(e.g. aggression, wandering, incontinence and depression) 
are also a major feature of the disease.

The two most common tests of mental status are the 
verbal information-concentration-orientation test, 
assessing recent and past memory and the mini-mental test, 
which assesses drawing, writing and language (Blessed et 
al., 1968).

1.5.3 Neuropatholoqical features.
When examined at postmortem the brain of a patient with 

Alzheimer's disease shows characteristic macroscopic and 
microscopic features (Tomlinson and Corsellis, 1984). The
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brain is small, weighing 60-80% of a normal one, due to the 
loss of both grey and white matter. As a result the gyri 
are narrowed and the sulci widened. This atrophy is 
generalised, but it appears that certain areas of the brain 
are affected more than others. The temporal and parietal 
lobes are particularly affected, as is the frontal lobe to 
a lesser extent. The primary sensory areas are relatively 
spared (Brun, 1983; Tomlinson and Corsellis, 1984; Esiri et 
al., 1986; Esiri et al., 1990).

Microscopically the changes are most prominent in the 
cerebral neocortex with the presence of senile plaques and 
neurofibrillary tangles. In addition the large pyramidal 
cells of the neocortex and CA1 region of the hippocampus 
are reduced in number (Terry et al., 1981; Mann et al.,
1986).

Senile plaques are spherical, 5-200 p m lesions 
consisting of a central core of amyloid surrounded by a 
clear halo and beyond this by abnormal neurites. Abnormal 
mitochondria, lysosomes, straight or helical filaments are 
found in many of these dystrophic neurites. Senile plaques 
appear to be most common in the upper layers of the 
neocortex, layers II and III (Pearson et al., 1985).

Neurofibrillary tangles are stained with silver stains, 
and are intracellular structures in the cytoplasm of 
neurons. Electron microscopically they consist of paired 10 
nm filaments wound round each other in a helical manner,
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and usually termed "paired helical filaments" (Tomlinson 
and Corsellis, 1984). Tangles are confined to the pyramidal 
cell layers of the neocortex and occur in clusters. Their 
laminar distribution varies from neocortical area to 
neocortical area e.g. concentrated in the supragranular 
layers in occipital cortex but in the infragranular layers 
in the temporal cortex (Pearson and Powell, 1989).

In Alzheimer's disease, degeneration of subsets of 
cortico-cortical association fibres, linking one group of 
neocortical neurones to others, is suggested by the
distribution observed in staining postmortem brain of 
tangles and plagues (Pearson et al., 1985; Esiri et al., 
1986; Esiri et al., 1990). Loss of pyramidal neurones
giving rise to these fibres appears to occur relatively 
early in the disease especially in layer III of the
temporal pole (Neary et al., 1986).

1.5.4 Neurochemistry of Alzheimer's disease.
1.5.4.1 Acetylcholine.

The demonstration of a substantial cholinergic deficit 
in the brains of patients with Alzheimer's disease was
first demonstrated by (Bowen et al., 1976b), closely
followed and corroborated by other groups (Davies and
Maloney, 1976; Perry et al., 1977a; Perry et al., 1977b; 
Davies, 1979; Bowen et al., 1982).

Many lines of evidence now establish the cholinergic
deficit as one of the most prominent features of
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Alzheimer's disease. Neuropathological studies have shown 
that there is usually considerable loss of cholinergic 
neurones in the nbM (Whitehouse et al., 1982; Nagai et al., 
1983). Cholinergic terminals, as assessed by measurements 
of ChAT activity, seem to be reduced postmortem in all 
neocortical areas studied in patients with Alzheimer's 
disease (Bowen et al., 1976b; Davies and Maloney, 1976; 
Perry et al., 1977a; Perry et al., 1977b; Davies, 1979; 
Bowen et al., 1982; Mount joy et al., 1984). This is also 
reflected antemortem in the earlier stages of the disease 
where ACh has been determined using biopsy samples (Bowen 
et al., 1982; Sims et al., 1983a). Furthermore, the 
magnitude of the loss of this activity has been correlated 
both with the severity of dementia (Perry et al., 1978; 
Francis et al., 1985; Neary et al., 1986) and 
neuropathological changes (Mountjoy et al., 1984).

In a study that distinguished between sub-types of 
muscarinic receptors, a loss of presynaptic M2 receptors 
was observed in Alzheimer's disease, with sparing of 
postsynaptic Mx receptors (Mash et al., 1985). More recently 
(Harrison and Pearson, 1990) reported an increase in 
muscarinic mRNA, by in situ hybridisation, in temporal 
cortex of Alzheimer patients.

Attempts to ameliorate the symptoms with drugs aimed at 
replenishing the cholinergic system have produced at best 
only modest improvements (Collerton, 1986; Francis and 
Bowen, 1989). Moreover, some demented patients with 
Alzheimer's disease have been reported to have normal
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numbers of cholinergic neurones in the nbM (Perry et al., 
1982; Pearson et al., 1983) and others have been reported 
to have normal ChAT activity (Palmer et al., 1986). The nbM 
also shows regional differences in the severity of 
degeneration, with those parts projecting to the most 
severely affected neocortical areas showing the greatest 
pathology (Arendt et al., 1985). These findings suggest 
that the cholinergic deficit may not be a primary event in 
the pathology of the disease, a theory supported by the 
work of Sofroniew and Pearson (1985) who demonstrated that 
neocortical damage induced by topical application of 
excitatory amino acids can result in the retrograde 
degeneration of nbM cholinergic neurones.

1.5.4.2 Monoamines.
Noradrenaline: Nerve cell body counts in the locus

coeruleus show cell loss (Mann et al., 1980; Bondareff et 
al., 1981). Postmortem there is a corresponding loss of NA 
in some neocortical areas (Francis et al., 1985; Cross et 
al., 1981; Arai et al., 1984b; Palmer et al., 1987c), 
although the concentration of MHPG has been reported 
elevated (Gottfries et al., 1983; Palmer et al., 1987c), 
unaltered (Palmer et al., 1987c) or reduced (Cross et al., 
1983). These contradictory results may arise as a result of 
MHPG accumilation postmortem. Futhermore, as oxygen is a 
co-factor for the enzyme dopamine-B-hydroxylase, the 
terminal hyppoxia commonly associated with Alzheimer's 
disease may also affect determinations of this and related
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compounds (Palmer et al., 1987b). Analysis of the temporal 
lobe antemortem exhibited reductions in NA content and 
uptake, although release in the frontal lobe was unaffected 
(Palmer et al., 1987b). The relationship with severity of 
illness is not as marked as for serotonin (Palmer et al., 
1987c).

Postsynaptic a and 13 adrenergic receptors appear to be 
relatively spared in Alzheimer's disease (Bowen et al., 
1983; Cross et al., 1984c).

Dopamine: There is less consistency concerning changes 
in the dopaminergic system in Alzheimer's disease. 
Dopaminergic cell bodies within the substantia nigra are 
generally preserved but there is some evidence of cell loss 
in the ventral tegmental area (Mann et al., 1987). 
Postmortem DA and HVA concentrations were elevated or 
unaltered (Cross et al., 1983; Palmer et al., 1987c) as 
were DA and HVA concentrations and K+ stimulated Ca2+ DA 
release antemortem (Palmer et al., 1987b). Involvement of 
this transmitter appears to be primarily a feature of 
younger patients, who perhaps survive to a later stage of 
the disease (Rossor et al., 1984).

Serotonin: Cell loss and morphological changes in the 
dorsal raphe are well established in Alzheimer's disease 
(Iishi, 1966; Mann and Yates, 1983; Yamamoto and Hirano,
1985). Patients with Alzheimer's disease studied at 
postmortem show large losses of 5-HT but not generally of
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et al., 1983; Gottfries et al., 1983; Arai et al., 1984b; 
Reynolds et al., 1984; Palmer et al., 1987c). However it 
should be noted, that postmortem effects are known to 
affect indolamines, particularly in the neocortex, and 
tyrosine hydroxylase is likely to be affected by the 
terminal hypoxia associated with Alzheimer's disease 
(Palmer et al., 1987a). Patients studied antemortem showed 
clear evidence of a presynaptic serotonergic deficit with 
5-HT content, 5-HT uptake, 5-HT release and 5-HIAA content 
all being reduced (Palmer et al., 1987a). There is also 
evidence that the serotonergic deficit is associated with 
the severity of the pathological changes (Palmer et al., 
1987c; Palmer et al., 1987a). Another presynaptic marker, 
imipramine binding, was also found reduced (Bowen et al.,
1983).

[3H] 5-HT binding to 5-HTĵ  receptors exhibited reduced 
binding in the neocortex (Cross et al., 1984a; Perry et 
al., 1984; Cross et al., 1988) as did binding to the 5-HT1A 
site using [3H] 8-OH-DPAT (Middlemiss et al., 1986a; Bowen 
et al., 1989), although [3H] 5-HT binding antemortem was not 
different to control (Bowen et al., 1983). [3H] ketanserin 
binding to 5-HT2 receptors was also shown to be reduced in 
Alzheimer's disease (Cross et al., 1984c; Cross et al., 
1984a; Cross et al., 1986; Cross et al., 1988; Reynolds et 
al., 1984) in contrast to the findings in frontal cortex of 
(Dewar et al., 1990a). The general reduction in [3H] 
ketanserin binding probably reflects a loss of neocortical
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interneurones that have been found reduced in a number of 
neocortical brain areas (Procter et al., 1988a; Bowen et 
al., 1989).

As 5-HT has been implicated in other psychiatric 
conditions such as depression (see Section 1.6.2.1), it 
seems likely that this transmitter may have a role to play 
in the mood disorders associated with Alzheimer's disease 
(Procter et al., 1991a; Palmer et al., 1988).

1.5.4.3 Gamma-aminnbutyric acid.
Although the assessment of the activity and integrity of 

GABA containing neurones in postmortem tissue appears to be 
influenced by the manner of the patient's death, there are 
several reports indicating loss of these neurones from the 
cerebral neocortex of patients dying with Alzheimer's 
disease (Rossor et al., 1982; Ellison et al., 1986; Lowe et 
al., 1988). However, patients studied earlier in the course 
of the illness by cerebral biopsy do not show such a 
profound loss of these cells (Lowe et al., 1988) which 
suggests that the clinical features and pathological 
changes in the brain are not dependent upon the loss of 
GABA-ergic neurones (primarily interneurones).

Studies of GABA receptor integrity have shown little 
change in the disorder (Bowen et al., 1979; Cross et al., 
1984c; Cross et al., 1986). Chu et al. (1987) observed a 
reduction in GABAb binding but not GABAa receptors in the 
frontal cortex, suggesting a loss of glutamatergic and 
ascending terminals.
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1.5.4.4 Neuropeptides.

Of all the neuropeptides studied somatostatin has been 
found most consistently reduced in postmortem tissue, 
however, length of illness and severity of pathological 
change seem to determine the degree to which it is affected 
(reviewed by Lowe et al., 1988). Furthermore, although 
Francis et al. (1987) observed a reduction in somatostatin 
like immunoreactivity postmortem, no such loss was observed 
antemortem.

1.5.4.5 Excitatory amino acids.
Excitatory amino acids in learning and memoryi Long term 

potentiation (LTP) has been widely considered to be 
involved in the encoding of certain types of memory. It is 
the phenomenon whereby the excitability of certain cells, 
especially those of the hippocampus, may be enhanced by 
previous stimulation (Collingridge, 1987). LTP is triggered 
by very brief periods of high frequency synaptic activity 
and can persist for weeks (Stuabli and Lynch, 1987). The 
development of LTP can be blocked by NMDA receptor complex 
antagonists (Collingridge, 1987) and it has also been 
demonstrated that the glycine modulatory site of the NMDA 
receptor complex must be occupied by an agonist (Bashir et 
al., 1990). The sub-cellular processes activated by NMDA 
receptor complexes in LTP formation is unclear, but it has 
been suggested that Ca2+ entry through the NMDA receptor 
complex, and subsequent activation of Ca2+ dependent 
enzymes, may lead to re-organisation of the cytoskeletal
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elements of the dendritic spines causing a reduction in 
their electrical resistance, thus enhancing the 
transmission of postsynaptic potentials to the rest of the 
dendritic tree (Lynch et al., 1991).

Other aspects of synaptic plasticity are dependent upon 
excitatory amino acid function. For example, normal 
activity dependent developmental plasticity of the visual 
system can be disrupted by NMDA antagonists (Kleinschmidt 
et al., 1986; Rauschecker and Hahn, 1988). Furthermore, at 
higher sub-toxic doses, excitatory amino acids can cause a 
regression and simplification of the dendritic arbour of 
the hippocampal pyramidal cell (Mattson, 1988; Mattson et 
al., 1988).

Animal studies also suggest that the NMDA receptor 
complex is involved in neural pathways underlying memory 
and behaviour (Morris et al., 1986). In undemented 
volunteers, treated with scopolamine to induce memory 
disfunction, memory test performances were enhanced by a 
drug active at the glycine site of the NMDA receptor 
complex (Wesnes et al., 1991).

Excitatory amino acids and neurotoxicity: Most attention 
has been paid to excitoxicity mediated by the NMDA receptor 
complex. The mechanism appears to involve two main 
processes (Rothman and Olney, 1987; Choi, 1987). First, an 
acute phase is characterised by cultured cell swelling and 
lysis. This has been attributed to the influx of water and 
cations, associated with a passive chloride influx
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following prolonged depolarisation (Choi, 1987). Second, 
activation of proteases and lipases and mitochondrial 
dysfunction, mediated by Ca2+ influx, resulting in a gradual 
neuronal disintegration.

Excitotoxicity may play a role in the cell loss observed 
in acute and chronic neurodegenerative disorders (Rothman 
and Olney, 1987; Greenamyre et al., 1988; Greenamyre and 
Young, 1989b). Transient cerebral ischaemia, in which there 
is acute energy deprivation produces extensive cell loss in 
the superficial neocortical layers and the hippocampus, 
regions with high densities of excitatory amino acid 
receptors (Greenamyre et al., 1985c; Monaghan et al.,
1985). Ischaemia results in large increases in 
extracellular glutamate concentrations (Benveniste et al.,
1984). This may be due to decreased re-uptake (Silverstein 
et al., 1986) or increased release (Drejer et al., 1985). 
A further result of the energy depletion may be a change in 
the extracellular K+ level, causing partial depolarisation 
of cell membranes. This would remove the Mg2+ voltage 
dependent block normally acting on the NMDA receptor 
complex, causing activation of the receptor which may 
result in cell death (Cox et al., 1989). Evidence that 
excitatory amino acids mediate this type of cell death is 
demonstrated by the protective effects demonstrated by 
excitatory amino acid antagonists (Rothman and Olney, 1986; 
Meldrum and Garthwaite, 1990).

Neurochemical deficits: As described in Section 1.3.3.1,
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one of the least specific markers of glutamatergic neurones 
is glutamate or aspartate content. A number of studies have 
investigated the glutamate concentrations in Alzheimer's 
disease brains. Some have shown reductions in the neocortex 
(Arai et al., 1985; Ellison et al., 1986; Sasaki et al.,
1986) but see (Perry et al., 1984; Hardy et al., 1987a). 
Antemortem and postmortem studies have reported decreased 
glutamate content in the temporal cortex (Procter et al., 
1988a) and it was also observed that antemortem glutamate 
concentrations correlated with layer III pyramidal cell 
loss. No differences have been reported in CSF glutamate 
content from Alzheimer's disease subjects (Procter et al., 
1988b; Lowe et al., 1990).

A 40-50% decrease in Na+ dependent [3H] D-aspartate 
uptake into tissue prisms from several neocortical areas 
was observed using postmortem tissue obtained promptly 
after death (Procter et al., 1988b). However, it is unclear 
whether this represents a reduction of glutamatergic 
neurones, a generalised disorder of the uptake process or 
a perimortem effect. Amino acid release from biopsy samples 
of temporal cortex were reportedly normal, although Ca2+ 
dependence was not investigated in the Alzheimer's disease 
samples (Smith et al., 1983).

Other studies investigating high-affinity [3H] D- 
aspartate uptake measured from frozen material (Hardy et 
al., 1987a), Na+ dependent [3H] D-aspartate binding (Cowburn 
et al., 1988b; Simpson et al., 1988), K+ stimulated Ca2+ 
dependent glutamate (or aspartate) release (Procter et al.,
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1988b) or immunocytochemistry to glutamate (Maragos et al.,
1986) from postmortem Alzheimer's disease tissue, have 
provided limited information concerning the state of 
glutamatergic neurones in Alzheimer's disease (see Section 
1.3.3.1).

In addition to the presynaptic markers described, many 
studies have reported on postsynaptic glutamatergic markers 
in Alzheimer's disease. Evidence of a postsynaptic 
glutamatergic deficit is however conflicting. (Greenamyre 
et al., 1985b) described a reduction in [3H] glutamate 
binding in the neocortex of Alzheimer patients when 
compared to control and Huntingdon's disease, that appeared 
to be primarily due to a deficit in NMDA receptor 
complexes. A similar loss of the NMDA receptor complex was 
reported in the hippocampus of Alzheimer's disease tissue 
(Greenamyre et al., 1987; Represa et al., 1988; Penney et 
al., 1990). In contrast a number of studies have observed 
no loss of this receptor in Alzheimer's disease (Geddes et 
al., 1986; Cowburn et al., 1988a; Cowburn et al., 1988b).

Simpson et al. (1988) examined [3H] TCP binding to the 
NMDA receptor complex channel in homogenates and found no 
reduction in binding in the temporal cortex or hippocampus, 
but a 35% reduction in the frontal cortex, in agreement 
with Ninomyia et al. (1990) but in contrast to Steele et 
al. (1991a). Reductions in binding of [3H] TCP in the CA1 
and CA3 of the hippocampus have been reported (Maragos et 
al., 1987; Monaghan et al., 1987). [3H] MK-801 binding to 
tissue from the temporal, frontal, and parietal lobes was
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not significantly different in Alzheimer's disease subjects 
compared to control (Mouradian et al., 1988; Procter et 
al., 1989b; Steele et al., 1991a).

Reports of non-NMDA receptor subtypes are also 
conflicting. Some find kainate receptor density in 
neocortical homogenates unchanged (Cross et al., 1986; 
Cowburn et al., 1988b). However, Chalmers and colleagues 
(1990), described a 70% loss in [3H] kainate binding in the 
deep layers of frontal cortex but no change in [3H] AMPA 
binding. This latter study relies on discrete laminar 
measurements using receptor autoradiography.

There may be several reasons for the discrepancies in 
the results of glutamate receptor binding studies; Firstly, 
differences in assay conditions and buffer used may yield 
different results. Secondly, binding to homogenates may 
mask differences that may exist in discrete laminae. 
Thirdly, the severity of the disease may determine the 
degree of receptor changes.

There is compelling evidence of neocortical cell loss in 
Alzheimer's disease, primarily due to loss of pyramidal 
neurones putatively considered to be glutamatergic (see 
Section 1.5.3). However, the neurochemical evidence 
supporting such a hypothesis is inconclusive (as described 
above), suggesting that markers adopted to identify these 
neurones are far from ideal.
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1.6 Overview of depression.

Depressive illness represents a major public health 
problem as it has been estimated that 13-20% of the 
population have some depressive symptoms at any given time 
(Weissman and Myers, 1978; Wing et al., 1978; Helgason, 
1979). Furthermore, approximately 2-3% of the population 
may be hospitalized or seriously impaired by affective 
illness (Goodwin and Jamison, 1984).

The psychiatric diagnoses used here were based on the 
revised version of Research Diagnostic Criteria (Spitzer et 
al., 1978), which is similar to the 1987 revised version of 
the Diagnostic and Statistical Manual of Mental Disorder 
(DSM-III-R) specified by the American Psychiatric 
Association. According to the former, depression is 
diagnosed under the categories of Bipolar Disorder 
("Bipolar") and Major Depressive Disorder, which in this 
thesis were sub-classified into "Unipolar Simple" and 
"Unipolar Psychotic" according to the absence or presence, 
respectively, of delusions and/or hallucinations (see 
Francis et al., 1989).

1.6.1 Possible neuropathology of depression.
There is some evidence that neuropathology may have a 

role in depressive disorders. Evidence of ventricular 
enlargement in patients has been reported (Pearlson and 
Veroff, 1981;; Standish-Barry et al., 1982; Nasrallah et 
al., 1982; Scott et al., 1983; Dolan et al., 1985) and this 
has been shown to not be associated drug treatment or



electroconvulsive therapy (ECT). Furthermore, Dolan and 
colleagues (Dolan et al., 1986), demonstrated that 
depressed patients exhibited sulcal widening that was 
unrelated to drug treatment and related to ECT in only two 
(parietal and occipital cortex) of the of the six 
neocortical areas studied. Based on the review of 
neuropathological studies by Jeste et al. (1988) and the 
report by Procter and Bowen (1987), the cerebral neocortex 
has been implicated in depressive disorders. Indeed, 
Procter and Bowen (1987) suggest, based on these 
observations, that the processes involved in the 
pathogenesis of depression (and also Alzheimer's disease) 
may affect either the activity or structural integrity of 
the excitatory dicarboxylic amino acid releasing neurones 
of the neocortex. Nevertheless, glutamate mediated 
neurotoxicity has not to date been directly implicated in 
the neocortical abnormalities of affective disorders, and 
it has been postulated that neocortical changes in 
depressed as well as schizophrenic subjects may be related 
to their treatment rather than the disorder itself (Woods 
et al., 1990). Although it has been established that 
antidepressant treatment can precipitate seizures, neuronal 
over-activity in rodents was attenuated by antidepressants 
(Clifford et al., 1985), possibly through direct action on 
the N-methyl-D-aspartate receptor (Clifford et al., 1985; 
Trullas and Skolnick, 1990).

Another area involved in depression may be the 
isodendritic core (Ramon-Moliner and Nauta, 1966;
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Ramon-Moliner, 1975), which comprises dopaminergic, 
noradrenergic, serotonergic and cholinergic neurones in 
areas such as the substantia nigra, substantia inominata, 
raphe nuclei and locus coeruleus (see Section 1.3.1). This 
is not surprising since these are the neurotransmitter 
systems most commonly implicated in depression.

1.6.2 Overview of the neurochemistry of depression.
1.6.2.1 Serotonin.

After some 30 years of research, the role of 5-HT in 
depression remains controversial, with almost every report 
on 5-HT and related substances in brain and cerebrospinal 
fluid being contested. Nevertheless, it is difficult to 
exclude the possibility that 5-HT may play an important 
role in depressive illness.

One of the problems raised by postmortem studies of 
depression is the over reliance on brains obtained from 
suicide victims (Ferrier et al., 1986). Suicide cases are 
frequently poorly documented and drug overdoses are common. 
If drugs are excluded as a cause of death then violent 
death becomes overrepresented. Such cases may have distinct 
neurochemistry and may not be representative of depressive 
disorders. Indeed some, studies have shown that only a low 
proportion of suicide victims have definite depressive 
episodes (Barraclough et al., 1974; Cooper et al., 1986).

The literature on 5-HT metabolism is conflicting. Some 
workers report that plasma free tryptophan is low in 
depression (Coppen et al., 1973; Schmid-Burgk et al., 1981)



but see (Moller et al., 1979). In lumbar cerebrospinal 
fluid (lumbar CSF) studies many have reported decreased 5- 
HT synthesis as indicated by reduced 5-HIAA (Goodwin and 
Post, 1975; Gillman et al., 1981; Asberg et al., 1984) but 
others have not (Koslow et al., 1983; Gerner et al., 1984; 
Gjerris et al., 1987a). Additionally, 5-HIAA concentration 
in VCSF appears normal (Curzon et al., 1980). Disagreements 
between lumbar CSF studies may reflect differences in 
patient selection and complicating influences from the 
spine. For example patients with suicidal tendencies tend 
to have lower 5-HIAA values (Banki et al., 1981; Banki et 
al., 1984). 5-HT and 5-HIAA values in the raphe nuclei have 
been reported diminished in postmortem studies, both in 
depressed (Birckmayer and Riederer, 1975) and suicide 
(Lloyd et al., 1974) patients in contrast to the findings 
of (Owen et al., 1986) who reported normal 5-HIAA brain 
values. In addition, no decrease in 5-HT or 5-HIAA content 
was observed by Owen and colleagues in neocortex (Owen et 
al., 1983; Beskow et al., 1976).

Crow and colleagues (Crow et al., 1984) reported no 
differences in binding to the 5-HTĵ  receptor in the frontal 
cortex of suicide subjects compared to controls, in 
agreement with the findings of McKeith et al. (1987) who 
reported on 5-HTĵ  binding in elderly depressed patients. 
Furthermore a recent study has shown no reduction in 5-HTĵ  
and 5-HT1a receptor binding in the frontal and temporal 
cortex in depressed suicides, although a significant 20% 
reduction in 5-HTĵ  binding was observed in the hippocampus
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(Cheetham et al. , 1990) . Increased 5-HT2 receptor sites have 
been reported in frontal and prefrontal cortex of suicide 
victims (Stanley and Mann, 1983; Arango et al., 1990), 
possibly a result of a compensatory up-regulation mechanism 
resulting from a presynaptic defect. This is in contrast to 
the findings of (Cooper et al., 1986) who observed no such 
increase. 5-HT uptake sites, studied with [3H] paroxetine, 
were also unaltered in antidepressant free depressed 
suicides when compared to controls (Lawrence et al., 1990).

Most current antidepressant drug treatments are based on 
tricyclic antidepressants (monoamine uptake inhibitors) and 
monoamine oxidase inhibitors, generally consistent with a 
5-HT deficit. However, it should be noted that in animal 
experiments monoamine oxidase inhibitors and reuptake 
inhibitors exhibit their behavioral effects rapidly, 
whereas the therapeutic effects of these compounds are 
observed to develop more slowly in humans (Porsolt et al., 
1991). The implications for this discrepancy are unclear.

A host of new-generation tricyclic antidepressants has 
recently emerged, with the hope for enhanced efficacy and 
reduced toxicity. In fact, the newer agents do not seem 
more effective than the standard tricyclic drugs, and 
several, such as alprazolam and the selective inhibitor of 
serotonin uptake, fluoxetine, are probably less useful in 
the treatment of severe melancholic depression (Potter et 
al., 1991).
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1.6.2.2 Noradrenaline.

Studies on the importance of NA in depression remain 
equivocal. Some workers have observed a reduction in MHPG 
in the plasma, urine and CSF of depressed patients 
(Schildkraut, 1965; Bunney and Davis, 1965; Schildkraut, 
1978) whilst others have noted an increase (Koslow et al., 
1983; Post et al., 1984). The noradrenergic system has also 
been implicated by an autoradiographic study (Arango et 
al., 1990) that reported increased binding to the 13- 
adrenergic receptor in suicide victims.

1.6.2.3 Amino acids.
Despite evidence that at least mild cerebral atrophy 

might occur in the cerebral neocortex of some depressed 
patients (see Section 1.6.1), there was no evidence of 
alterations in excitatory amino acid and GABA function 
(tissue concentration or release) in depression, except for 
increased aspartate concentration in unipolar subjects 
(Francis et al., 1989). Cross et al. (1987, 1988) also
failed to find a change in GABAb binding in the neocortex 
or hippocampus of depressed suicides. These results are in 
contrast to the findings of others who found decreased GAD 
activity (Perry et al., 1977a) and GABA concentration in 
plasma (Petty and Coffman, 1984; Petty and Sherman, 1984) 
and CSF (Gerner and Hare, 1981; Kasa et al., 1982; Gerner 
et al., 1984) of depressed patients.
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1.7 Lesioning techniques in the brain.

As neuroanatomical discoveries in the brain are made, 
two frequently asked questions are: What happens if the 
tissue is removed and what happens if it is activated ? 
Perhaps the first person to use experimental ablation 
methods in animals was DuVerney in 1697 (according to 
(Walker, 1957). However, it was not until Flourens 
published his influential book in 1824, that the method 
became widely accepted (Luciani, 1915). In recent times a 
number of techniques have been developed to lesion 
different regions in animal brains.

Mechanical lesions: These include; knife cuts, using a 
thin wire, in which neuronal pathways to a particular 
nucleus such as the caudate may be severed, aspiration, 
where a part of the brain, such as the neocortex, can be 
sucked out using a small micropipette, and electrolytic 
lesions, in which brain damage can be induced by electric 
currents applied using fine electrodes placed in specific 
brain areas.

Chemical lesions: The lack of specificity provided by 
the lesions described above prompted investigators to look 
for neurotoxic chemicals that may be more specific in their 
action. Early substances topically applied to the neocortex 
included zinc chloride, chromic acid, silver nitrate and 
aluminium hydroxide, although it became clear that these 
compounds were unsatisfactory and spread uncontrollably
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producing irregular lesions (Luciani, 1915). In 1967, the 
first transmitter specific neurotoxin, 6-hydroxydopamine 
(6-OHDA), was introduced. This agent was observed to 
accumulate in, and destroy catecholminergic neurones 
relatively selectively (Tranzer and Thoenen, 1967; Thoenen 
and Tranzer, 1968). Other transmitter selective toxins 
subsequently developed include 5,7-dihydroxytryptamine 
(5,7-DHT), which destroys serotonergic neurones (Baumgarten 
and Lachenmayer, 1972), W-2-chloroethyl-N 
ethylbromobenzylamine HC1 (DSP-4), which destroys 
noradrenergic terminals (Jaim-Etcheverry and Zieher, 1980), 
and l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP), 
which may preferentially destroy dopaminergic neurones 
(Davis et al., 1979).

Another neurotoxin used by Olney et al. (1971), was 
kainic acid. This neuroexcitatory analog of glutamate 
primarily destroyed neuronal dendrites and perikarya, but 
spared axons of passage. More recently however, kainic acid 
has been replaced by the more selective ibotenic acid as 
the neurotoxin of choice for ablating populations of cell 
bodies in the brain (Jonsson, 1980; Kohler and Schwarcz, 
1983). Other axon sparing compounds, that cause varying 
degrees of cell loss, also include cobalt (Malpeli and 
Burch, 1982), quinolinic acid (Fuxe et al., 1984) and N- 
methyl-D-aspartate (Sofroniew and Pearson, 1985).

Work from such animal lesioning studies have also been 
extensively used to investigate memory and learning. The 
pioneers in combining neuroanatomical manipulations with
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experimental animal psychology were two Americans, Shepherd 
Franz and his student and colleague Karl Lashley. Lashley 
(1929), as reviewed by Dudai (1989), conditioned rats and 
monkeys to perform various tasks, damaged part of their 
brains either before or after training, and then measured 
the effect of the lesions on acquisition and retention. The 
majority of his studies were concerned with the effects of 
the neocortical lesions on rat performance in different 
learning tests. Lashley found that the amount of reduction 
in learning was dependent on the amount of neocortical 
tissue removed and also that the more complex the task, the 
more effective the removal of a particular neocortical 
chunk. Studies have increased in subtilty and more recent 
examples of studies investigating learning and memory 
following chemical lesions of specific brain areas are 
illustrated in Table 1.1.

1.7.1 Suicide transport agents.
"Suicide transport" (Wiley et al., 1982), the 

anatomically selective destruction of neurones by injection 
of cytotoxins with subsequent axonal transport, has 
recently proved to be useful in the study of neurones in 
the PNS (Wiley et al., 1982; Yamamoto et al., 1985; Wiley 
and Stirpe, 1988). Studies with ricin, the toxic lectin 
from castor beans, show that it binds to oligosaccharides 
on the cell membrane, is probably internalized by 
endocytosis and is axonally transported to the neuronal 
perikarya. Once in the cell body, ricin irreversibly
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inactivates ribosomes, inhibiting protein synthesis and 
subsequently resulting in cell death (Wiley and Stirpe, 
1988). However, ricin has been shown to be an ineffective 
"suicide transport" agent in the CNS (Wiley et al., 1983).

Three other toxic lectins, volkensin, abrin and modeccin 
act in a similar manner to ricin in the PNS. Although these 
compounds act in a manner similar to ricin, they seem to 
have different oligosaccharide binding specificity in the 
rat PNS (Wiley and Stirpe, 1987). Indeed, modeccin and 
volkensin have also been shown to be effective suicide 
transport agents in the CNS (Wiley and Stirpe, 1988).

Volkensin (MW 62K) is isolated from the roots of the 
kilyambitti plant, Adenia volkensii, and is a galactose 
specific glycoprotein consisting of two sub-units linked by 
disulphide and non-covalent bonds (Stirpe et al., 1985). In 
rats it has been shown to selectively destroy sub
populations of neurones in the substantia nigra following
intrastriatal injections (Wiley and Stirpe, 1988), in the 
striatum following injections into the substantia nigra 
(Harrison et al., 1990) and in the medial septum and
contralateral CA3 region of the hippocampus following
injections into the dorsal hippocampus (Contestibile et 
al., 1990).

Another such suicide transport agent is the 
synthetically coupled immunotoxin, OX7-saporin. This 
compound also destroys neurones by protein synthesis 
inhibition via retrograde transport (Thorpe et al., 1985; 
Wiley et al., 1989) and has been used to investigate
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cortical pyramidal cells following intrathalamic 0X7- 
saporin injections (Crino et al., 1990).

1.8 Rationale and aims of the studies.
From the preceding discussion it clear that there are 

several reasons for studying the chemical pathology of 
neocortical neurones with respect to Alzheimer's disease. 
These include; (1) the cerebral neocortex is a major site 
of pathology, (2) the principle cells affected appear to be 
pyramidal cells, which give rise to cortico-cortical and 
corticofugal pathways, and are thought to use glutamate as 
their neurotransmitter and, (3) the main transmitter of the 
neocortex is putatively considered to be glutamate which 
has been independently implicated in mechanisms of memory 
and neurotoxicity.

Despite the evidence that these pyramidal cells are 
glutamatergic, the neurones are difficult to study since, 
as yet, no definitive biochemical marker of these cells has 
been confidently ascribed. This thesis addresses the 
problem of trying to identify such cells by establishing 
markers for these neurones.

(1) VCSF obtained from Alzheimer's disease patients was 
studied and compared to a variety of samples from demented 
and non-demented neurological samples, as well as to a 
group of samples from patients suffering with intractable 
depression. The amino acids aspartate, glutamate, serine 
and glutamine, and the monoamine metabolites MHPG, 5-HIAA
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and HVA were separated by high performance liquid 
chromatography (HPLC) and measured using either 
fluorometric or electrochemical HPLC with the aim of 
establishing whether there was a difference that might be 
reflect neocortical cell loss.

(2) In the next series of experiments an attempt was made 
to develop a novel method for selectively destroying a 
specific sub-population of pyramidal neurones in rats. 
Injections of the suicide transport agent volkensin, were 
made into the striatum to destroy descending cortico- 
striatal pyramidal neurones. The validity of the pyramidal 
cell loss caused by the volkensin injection was determined 
using several histological techniques.

(3) Having established a model in which a sub-population of 
pyramidal neurones was selectively destroyed (as a result 
of volkensin injection) the biochemical sequelae of this 
cell loss were investigated. Autoradiographic radioligand 
binding was undertaken to establish which receptor 
populations, if any, were altered. The ligands used were 
[3H] 8-OH-DPAT, [3H] glutamate, [3H] glycine, [3H] 
pirenzepine and the novel NMDA receptor complex glycine 
site antagonist [3H] 4-trans-2-carboxy-5,7-dichloro-4- 
phenylamino-carbonylamino-1,2,3,4-tetrahydroquinoline([ 3H ] 
L-689,560). It was hoped that data from such binding 
experiments would yield specific markers for this sub
population of neocortical pyramidal neurones.
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(4) In the final phase of the work binding of the novel 
ligand [3H] L-689,560 was determined in Alzheimer's disease 
tissue compared with controls. The neocortical areas 
studied were those generally considered to show moderate 
and severe histopathology in Alzheimer's disease. These 
assays were considered important for several reasons, 
including, development of a possible marker of neocortical 
pyramidal neurones suitable for the eventual use in in vivo 
imaging (positron emission tomography, PET, and single 
positron emission tomography, SPET).
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CHAPTER 2 .
2.0 Materials and methods.

2.1 Chemicals.
The radiochemicals [3 H ] 8-Hydroxy-2-(n-

dipropylamino)tetralin (127.9 Ci/mmol), [3H] ketanserin 
(84.2 Ci/mmol), [3H] glutamate (63.5 Ci/mmol), [3H] glycine 
(51.3 Ci/mmol), [3H] pirenzepine (72.9 Ci/mmol) were 
purchased from New England Nuclear (NEN, Stevenage, 
Hertfordshire, UK). [3H] L-689,560 was a gift from Merck, 
Sharp and Dohme (MSD Ltd., Harlow, Essex, UK) as was the 
cold compound. Amino acids (all L-forms unless otherwise 
stated) aspartate, glutamate, asparagine, serine, 
glutamine, methylhistidine, kainate, quisqualate, glycine, 
cysteine.HC1, D-serine, NMDA, 5-Hydroxytryptamine creatine 
sulphate complex (5-HT), methysergide, spermine, 
spermine.HC1, spermidine.HC1, atropine sulphate, FITC- 
albumin, 3'3 diaminobenzedine, phosphate buffered saline 
(PBS) tablets, ortho-pthaldialdehyde, paraformaldehyde, 
ethylenediamene tetraacetic acid (EDTA), MHPG, HVA, 5-HIAA 
were purchased from Sigma Chemical Co. (Poole, Dorset, UK). 
HPLC grade methanol was obtained from Rathburn Chemicals 
(Walkerburn, UK) and 7-chlorokynurenic acid from Cambridge 
Research Biochemicals (Cambridge, UK). AnalaR grade sodium 
dihydrogen orthophosphate (NaH2P04), disodium hydrogen 
phosphate (Na2HP04), gelatin, sodium tetraboate, absolute 
ethanol, 2-mercaptoethanol, perchloric acid, OCT compound, 
chromic potassium sulphate, cresyl violet, DPX-mountant,
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xylene, bovine serum albumin (fraction V) were all 
purchased from BDH Ltd. (Poole, Dorset, UK). Emulsifier 
Safe scintillant was purchased from Packard (Pangbourne, 
UK) and Lipshaw Ml-embedding matrix from Lipshaw (Detroit, 
U.S.A). All other chemicals were of the highest grade 
purity available.

2.2 Human samples.
2.2.1 Ventricular fluid samples.

VCSF was also obtained from 18 demented patients 
undergoing diagnostic craniotomy. The group with 
Alzheimer's disease histology ("AD neurological") had 6 
females and 3 females with a mean age of 60 (54-66) years. 
The remainder had no specific histological changes ("Non-AD 
neurological"; Dr. D.M.A. Mann and Prof. P.O. Yates), 5 
males and 2 females with a mean age of 54 (50-66) years. 
The demented patients were not receiving any drugs at least 
the week preceeding operation. These patients were from the 
Manchester Royal Infirmary (Dr. D. Neary) and from St. 
Mary's Hospital, London (Dr. D . J . Thomas).

Samples of VCSF were obtained from 52 patients with 
intractable depression admitted to the Geoffrey Knight Unit 
for Affective Disorders, Brook General Hospital, London 
(Dr. P. K. Bridges and Mr. J. R. Bartlett). Anti-depressant 
therapy, including high dose antidepressants and 
electroconvulsive therapy, had proved unsuccessful and so 
they underwent the psychosurgical operation of stereotactic 
subcaudate tractotomy (Bartlett et al., 1981). This
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procedure necessitates removal of the ventricular fluid 
from the patient in order to introduce air for a 
ventriculogram which facilitates the necessary stereotactic 
calculations. All samples were obtained by procedures 
fulfilling the requirements of the Mental Health Act, 1983. 
Patients suffered with intractable depression and were 
diagnosed according to the Research Diagnostic Criteria 
(Spitzer et al., 1978). 46 Patients ("DEP patients")
suffered either Major Depressive Disorder or Bipolar 
Disorder ("Bipolar") and 6 had other psychiatric disorders 
("Other psychiatric"; 4 with obsessive compulsive disorder 
and 2 with phobic disorder). Patients with Major Depressive 
Disorder were subclassified as Unipolar Psychotic 
("Unipolar (P)") or Unipolar Simple ("Unipolar") according 
to the presence or absence of delusions and/or 
hallucinations (see Francis et al., 1989). The "Unipolar 
(P)" group had 3 males and 5 females with a mean age of 60 
(46-74). The "Unipolar" group had 12 males and 10 females 
with a mean age of 48 (21-68) years. The "Bipolar" group 
had 2 males and 14 females with a mean age of 47 (29-68). 
The "Other psychiatric" group had 4 males and 2 females 
with a mean age of 42 (27-55) years. All patients were
assessed fully both psychiatrically and medically before 
undergoing stereotactic tractotomy. Severity of depression 
prior to the operation was assessed using the 17-item 
Hamilton Rating Scale (Hamilton, 1967) and details of 
current and previous treatments were recorded. Drugs 
administered were classified into antidepressants,



90
antipsychotics, tranquillizers and lithium salts, as listed 
in sections 4.3; 4.2.1 and 4.2.2; 4.1; 4.2.3 respectively, 
of the British National Formulary (Joint Formulary 
Committee, 1990), and other psychotropic drugs. Patients 
underwent computerised tomographic scanning to assess 
atrophy. No significant differences in either the severity 
of atrophy between patients with "Unipolar" and "Unipolar 
(P)" depression or the number of courses of 
electroconvulsive therapy were observed (Penn et al., 1978; 
Standish-Barry et al., 1982). Assessment of postoperative 
outcome was made at 1 year, using a global outcome scale 
(Poynton et al., 1988).

Ventricular fluid was also obtained from 12 adult 
neurological patients ("Other neurological") including 
samples from procedures for insertion of ventriculo- 
peritoneal shunts and for craniotomy for brain tumours. 
This group had 6 males and 6 females with a mean age of 47 
(21-69). All these patients were under investigation at the 
National Hospital, Queen Square (Prof. L. Symon, Mr. D. N. 
Grant, Mr. G. D. T. Thomas). Diagnoses were normal pressure 
hydrocephalus (3), aqueduct stenosis (3), craniopharyngioma
(2), posterior aneurism, malignant glioma, meningioma and 
epidermoid tumour (1 each). Shunts were not inserted into 
the patient with meningioma and one patient with 
craniopharyngioma. In those shunted, 2 patients were using 
carbamazepine, one in combination with diazepam and the 
other with corticosteroids. In the craniotomy sub-group 
there were 2 patients using anti-epileptics and
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corticosteriods.

There were no significant differences in age between 
"DEP patients", "Other psychiatric", "Non-AD neurological" 
and "Other neurological"; "AD neurological" subjects were 
significantly older than the other groups (P < 0.05,
Kruskal-Wallis ANOVA and Mann-Whitney U test).

All VCSF samples were kept on ice until they reached 
the laboratory where they were stored at -70°C until 
required for analysis.

2.2.2 Tissue samples.
The 20 control postmortem brains studied were obtained 

from St. Pancras Public Mortuary, London (Prof. J.M. 
Cameron), the Radcliffe Infirmary, Oxford (Dr. M.M. Esiri), 
Guy's Hospital, London (Dr. Cordner and Dr. K. Lee) and the 
National Hospital, Queen Square, London (Prof. L. Duchen). 
Brains from 18 patients with a clinical diagnosis of 
Alzheimer's disease were obtained from the Radcliffe 
Infirmary (Prof. G.K. Wilcock and Dr. M.M. Esiri) the 
Runwell Hospital, Wickford (Prof. J.A.N. Corsellis and Dr. 
L.H. Carrasco) and from the Manchester Royal Infirmary (Dr. 
D. Neary). Clinical diagnosis was confirmed by histological 
examination at the Radcliife Infirmary and Runwell 
Hospital. The brains were dissected sagitally, one 
hemisphere was used for histological examination and the 
other was frozen at -70°C until required for neurochemical 
studies. Subjects with AD had a clinical diagnosis 
together with senile plaque formation and neurofibrillary
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degeneration consistent with a diagnosis of AD (Bowen et 
al., 1976b; Wilcock et al., 1982). There was no selection 
of cases by disease severity, gender, drug treatment or 
agonal status. Left and right hemispheres were randomly 
allocated for each type of analysis. Clinical and 
histological data indicated that the undemented control 
subjects were free of gross psychiatric or neurological 
disturbance. All specimens were obtained under procedures 
approved by the relevant Hospital Ethical Committees.

2.3 HPLC of amino acids in VCSF.
2.3.1 Fluorometric detection.

An HPLC technique has been developed based, on the 
method of (Woods et al., 1990). The introduction of a 
precolumn derivatization method employing the fluorescent 
reagent ortho-phthaldialdehyde (OPA) by Roth (1971) 
provided much improved sensitivity and reduced run times in 
amino acid chromatography. Amino acids are not naturally 
fluorescent, so OPA reacts with the primary amine group in 
the presence of a thiol-reducing agent, such as 2- 
mercaptoethanol, to form a highly fluorescent molecule in 
alkaline pH (Figure 2.1). The reaction time is very short 
and the resulting isoindole derivative is unstable. The 
mobile phase used in these experiments had a pH of 5.7 and 
this acidic pH stabilizes the derivatives.



FIGURE 2.1: FORMATION OF FLUORESCENT AMINO ACID DERIVATIVES 
BY REACTION OF A PRIMARY AMINE OPA AND 2-MERCAPTOETHANOL. 
The chemical conversion to non-fluorescent derivatives is 
shown by the vetrical arrow. Rapid decay of fluorescence 
renders it crucial to inject samples after a constant 
rection time (2 min).
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2.3.2 Apparatus.

The HPLC system (Figure 2.2) consisted of a solvent 
delivery system (Model 300/02; Applied Chromatography 
Systems, Macclesfield, Chesire, UK), two 2152 HPLC pumps 
(LKB-Pharmacia, Milton-Keynes, UK) linked to a gradient 
controller (Trilab 2000, Trivector Scientific, Sandy, 
Bedfordshire, UK). This was connected to a fluorometric 
detector with a 370 nm excitation filter and 418-700 nm 
emission filter (Fluoromonitor 3, LOC, Stone, UK). 
Injection of samples into this system was carried out using 
an injection valve with a 50 jj1 loop (Model 7125; Rheodyne, 
Cutati, CA, USA) which led to a reverse phase 
octadecylsilicane column of particle size 3 ^m (7.5 cm 
length, 4.6 cm inner diam).

After column separation, the fluorescent derivatives are 
detected using an ultraviolet (UV) detector. A 330 nm 
absorbtion wavelength is often used; UV detection at 230 nm 
is more sensitive, but impurities in the eluant can cause 
problems. All runs were at ambient temperature.

The greatly increased sensitivity using this method 
necessitates care in sample handling as contaminated and 
trace amino acids in fingerprints can cause misleading 
results.

2.3.3 Preparation of phosphate buffer.
70.2 g of sodium dihydrogen orthophosphate (NaH2P04. 2H20) 

and 17.9 g of disodium hydrogen orthophosphate 
(Na2HP04.12H20) were dissolved in 5 1 of distilled water
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(DIW) and the pH adjusted to 5.7 with 0.1 M phosphoric acid 
(H3P04). An equal volume of distilled, deionised water was 
added (with respect to the 0.1 M phosphoric acid) to give 
a stock 0.05 M buffer and the resultant phosphate buffer 
was stored in Winchester bottles for less than 2 weeks 
before use.

2.3.4 Preparation of mobile phase.
The eluant for gradient elution was a initially a 

mixture of the 0.05 M phosphate buffer and methanol in the 
vol/vol proportion of 80:20 for solvent A and 20:80 for 
solvent B. However, with this particular mobile phase the 
amino acids were eluting at too fast a rate for reliable 
analysis. Amino acid elution times were therefore extended 
by decreasing the methanol content of the mobile phase 
(Lindroth and Mopper, 1979). Solvent A was adjusted to a 
vol/vol proportion of 90:10 phosphate buffer and methanol.

The mobile phases were filtered using a filter pump 
assembly (Millipore Ltd/ Waters Chromatography Division, 
Harrow, Middlesex) and gassed for 5 min with helium prior 
to running through the column. Fresh buffer was made up 
for each day of analysis.

2.3.5 Preparation of the OPA / 2-mercaptoethanol 
derivatizing solution.

81 mg of OPA was dissolved in 1.5 ml absolute ethanol. 
15 ml of 0.1 M borate buffer (10.05 g di-sodium tetraborate 
[anhydrous Borax; Na2B407] dissolved with heating in 100 ml
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water) was added, followed by 60 /il of 2-mercaptoethanol. 
The mixture was allowed to age overnight before use and 
kept in the dark during its usage. Fresh solutions were 
made every week.

2.3.6 Derivatizing procedures.
To prepare amino acid standards or samples for injection 

into the column, a 25 îl aliquot was taken and 100 /j1 OPA 
solution added. After thorough vortical mixing, the 
injection loop was washed with DIW. After 2 min the sample 
or standard was injected onto the column.

The decay in fluorescence varies for each amino acid 
derivative (Lindroth and Mopper, 1979) so the post 
derivatization time is crucial. A two minute delay, used 
here, is the time period many investigators employ before 
injection onto the column.

2.3.7 Preparation of amino acid standards.
Stock solutions (1 mg/ml) for each standard amino acid 

(aspartate, glutamate, serine, glutamine, was prepared in 
0. 1M HCL (the amino acids being more stable in acid 
conditions) and stored at -70°C. These were diluted 
appropriately to make a mixed standard (total volume 10 ml; 
containing aspartate 160 ng/ml, glutamate 294 ng/ml, serine 
4204 ng/ml, glutamine 73050 ng/ml). This mixed standard was 
then added to an internal standard (1150 jul of 1 mg/ml 
methylhistidine in 20 ml of methanol) in a 1:4 vol/vol 
ratio and stored at -70°C.
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2.3.8 Gradient assisted chromatography.

A gradient was developed to elute amino acids in 
biological samples (Table 2.1; Figure 2.3) using a flow 
rate of 1 ml/min and consisting of 4 varying segments with 
a run time of 18 min. The duration and degree of change of 
buffer composition was computed as shown in Table 2.1. The 
slope value refers to the rate of buffer change with a 
slope value of 1 denoting a linear rise over a given time 
period. A positive slope begins with an initial slow rise, 
which is steep at the end of the segment whereas a negative 
slope results in the opposite, with a fast initial rise 
which then slows down. For positive and negative slopes, 2 
denotes the most steep curve and 5 the least steep. The 
slope value does not alter the composition of buffer at the 
end of the segment, but the rate at which that composition 
is reached.

Amino acid peaks obtained were quantified by measuring 
peak area using a Trilab 2000 microcomputer (Trivector, 
Sandy, Bedfordshire, UK). The concentration of amino acids 
was calculated from amino acid standards run daily. The 
identity and purity of peaks were established by "spiking" 
peaks with authentic standards and by changing the mobile 
phase composition to reveal any co-eluting peaks. Each 
sample was run in duplicate and run between mixed 
standards.
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TABLE 2.1: GRADIENT FOR MEASUREMENT OF AMINO ACIDS IN HUMAN 
VCSF.

GRADIENT
SEGMENT

TIME
(min)

BUFFER
%A %B SLOPE

0 o1o 90 10 0
1 0-3 85 15 2
2 3-12 81 19 2
3 12-15 10 90 1
4 15-18 90 10 1

Representative amino acid chromatograms are given in Figure 
2.3.
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FIGURE 2.3: TYPICAL AMINO ACID CHROMATOGRAMS. Chromatogram 
(A) is a standard amino acid mixture and (B) a VCSF sample. 
Retention times (min) are given above the trace. The mobile 
phase (pH 5.7) consisted of high phosphate and high 
methanol buffers (90% 0.05 M phosphate / 10% methanol and 
20% 0.05 M phosphate / 80% methanol respectivley). The
eluate was pumped at a flow rate of 1 ml/min through the 
column (7.5 cm, 4.6 cm inner diam.) packed with octadecyl- 
polymer coated silica support (3 }im diam.). Peaks indicated 
are: (1) aspartate, (2) glutamate, (3) asparagine, (4)
serine, (5) glutamine and (6) methyl histidine (internal 
standard).
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2.3.9 Preparation of CSF samples.

CSF samples stored at -70°C were thawed and 250 pi 
aliquots were taken and spun at 14000 rpm (15400 g) for 10 
min on a bench top centrifuge (Koolspin, Burkard, Uxbridge, 
UK) . 100 pi of the resulting supernatant was taken, mixed 
with 400 pi of methanol containing the internal standard 
methyl histidine, and allowed to stand on ice for 20 min 
The mixture was then spun in the bench top centrifuge as 
above. The supernatant was removed and stored at -70°C until 
HPLC analysis.

2.4 HPLC of monoamine metabolites in VCSF.
2.4.1 Electrochemical detection.

Kissinger in 1973 successfully used an electrochemical 
flow cell as a detector component for a liquid 
chromatography system. Detection is based on the oxidation 
of compounds by the application of a suitable voltage 
across two electrodes. Compounds containing catecholic, 
phenolic and aldehyde groups possess low oxidation 
potentials and are therefore suitable for electrochemical 
detection (Figure 2.4). The detector used in these 
experiments was an amperometric detector, which has a small 
electrode surface area and oxidises 1-5% of the substance 
present in solution.

2.4.2 Apparatus.
The HPLC system used consisted of a solvent 

deliverysystem (Model 110A; Altex Scientific Inc., CA, USA
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FIGURE 2.4: TYPICAL ELECTRON OXIDATIVE MECHANISMS INVOLVED 
IN THE ELECTROCHEMICAL DETECTION OF MONOAMINE METABOLITES. 
(A) 5-hydroxyindoles (e.g. 5-HIAA), (B) O-methylated
catecholamine metabolites (e.g. HVA, MHPG).
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or Model 300/01; Applied Chromtography Systems, 
Macclesfield, UK) linked to an injection valve (Models 
7010; Rheodyne Liquid Chromatography System Inc., CA, USA) 
or a WISP 710B automatic sample injector (Millipore 
Associates, Norwich, UK) Compound separation was achieved 
by reverse-phase chromatography using a 15 cm column (4.6 
cm inner diam.) packed with octadecy1-polymer coated silica 
(ODS; 5 jim diam.). A 6 cm guard column (4.6 mm inner diam.) 
dry packed with ODS (5 Jim diam.) was used to protect the 
main column.

The flow of the mobile phase through the column was 
maintained at 1.1 ml/min and passed into a thin layer 
amperometric detector cell (Model TL5; Bioanalytical 
Systems Inc., IN, USA). A positive potential difference of 
750 mV was maintained between the glassy carbon working 
electrode (Model TL5) and the silver/silver chloride 
reference electrode of the cell by an electronic controller 
(Models LC4A or LC4B; all from Bioanalytical Systems Inc., 
IN, USA). The current generated by the oxidation of 
substances passing across the working electrode was 
measured at a stainless steel electrode, amplified to the 
controller and displayed on a microcomputer (Trilab 2000, 
Trivector Scientific, Sandy, UK). The working electrode was 
polished every other day to prevent the accumulation of 
oxidised metabolites that might impair the sensitivity of 
the detection.

Peaks were quantified by measuring peak area (Figure
2.5). The normal operating range of the electronic
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FIGURE 2.5: TYPICAL MONOAMINE METABOLITE CHROMATOGRAMS.
Chromatogram (A) is a standard monoamine metabolite mixture 
and (B) a VCSF sample. Retention times (min) are given 
above the trace. The mobile phase (pH 4.96) consisted of 
0.2 M sodium acetate (containing 50 pM EDTA) and methanol, 
in a 94:6 v/v ratio. The eluate was pumped at a flow rate 
of 1.3 ml/min through the column (15 cm, 4.6 cm inner 
diam.) packed with octadecyl-polymer coated silica support 
(5 pm diam.). The electrode potential was maintained at 75 0 
mV. Peaks indicated are: (1) MHPG, (2) 5-HIAA, (3) HVA.
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controller for the samples run was 5-10 nA/V. The identity 
of peaks in CSF was established by "spiking" peaks by the 
addition of authentic standards and by comparing retention 
times with those of authentic standards. Concentrations 
were determined by comparing the peak heights of standards 
with duplicate 100 pi injections of CSF.

2.4.3 Mobile phase.
For analysing monoamine metabolites the eluate was a 

water/methanol mixture consisting of 0.2 M sodium acetate 
(adjusted to pH 4.96 with 0.2 M acetic acid) containing 50 
pM EDTA mixed with methanol, 94:6 (v/v) . Before use the 
mobile phase was filtered under vacuum through a 0.5 pm 
filter (FHUP 04700, Millipore Ltd., London, UK) and gassed 
for 5 min with helium.

2.4.4 Standards.
Stock solutions of MHPG, HIAA and HVA (1 mg/ml) were 

prepared in 10 mM perchloric acid containing 0.2% cysteine 
and 600 pi aliquots were stored at -70°C. Appropriate 
standard solutions were obtained by diluting the stock 
solutions with DIW before use.

2.4.5 Preparation of CSF samples.
CSF samples stored at -70°C were thawed and 250 pi 

aliquots were taken and spun at 14000 rpm (15400 g) for 10 
min on a bench top centrifuge (Koolspin, Burkard, Uxbridge, 
UK) . 200 pi aliquots of the supernatant were transferred to



HPLC tubes prior to analysis.
106

2.5 Techniques of the histological studies.
2.5.1 Volkensin purification and preparation.

Purified volkensin was obtained from Prof. F. Stirpe in 
powdered form. It was dissolved in 0.1 M phosphate buffered 
saline to a concentration of 100 ng/ml and stored in 500 pil 
aliquots at -70°C until required.

Purification of volkensin as performed by Prof. Stirpe 
is described (Barbieri et al., 1984). Briefly, roots of A. 
volkensii were peeled, minced and homogenised with 0.14 M 
NaCl containing 0.005 M sodium phosphate buffer (pH 7.2)
and 0.1 M cystamine (to prevent HCN release). The
homogenate was stored overnight at 2-4°C and then
centrifuged twice to give a clear supernatant. Solid 
ammonium sulphate was added, with constant stirring, to 
100% saturation and the precipitate collected by
centrifugation and redissolved in the same phosphate 
buffered solution as described above. After extensive 
dialysis any precipitate was removed and the clear extract 
applied to a column of acid-treated Sepharose 6B,
previously equilibrated with PBS at 4°C. A sharp peak of 
protein, volkensin, was eluted with 0.2 M galactose in PBS. 
Volkensin was dialysed against water, freeze dried and
stored at -25°C.

Volkensin showed one major band of MW 60 K and two
smaller bands with MW 36 K and 29 K as judged by
polyacrilamide gel electrophoresis (PAGE). The toxin
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inhibited protein synthesis in rabbit reticulocytes and 
this effect was abolished after heating the protein for 25 
min at 75°C.

2.5.2 Ricin purification and preparation.
Ricin was kindly provided by Dr. P. Thorpe in 10 iig/ml 

sterile solution. It was diluted to a 100 ng/ml stock and 
stored in 250 pi aliquots at -70°C.

Ricin was purified from African castor beans, R.communis 
(Croda Premier Oils Ltd., Hull, UK), based on the methods 
of (Fulton et al., 1986). Briefly, beans were blended in 
0 .02 M NaCl, 0.005 M sodium phosphate buffer, pH 7.2. After 
3 hr the extract was filtered, centrifuged and the solution 
adjusted to 0.6 saturation using ammonium sulphate before 
being left overnight at 5°C. After further centrifugation, 
the pellet was washed with more buffer and applied to an 
agarose column. The ricin agglutinins were eluted using 
either 0.2 M galactose or 0.01-0.5 M lactose in NaCl-sodium 
phosphate buffer. Two agglutinins were found to be
separated, one of MW 120 K and one of MW 60 K as determined
by PAGE. The 60 K agglutinin was always used and was free 
of contaminating 120 K agglutinin.

2.5.3 Lesioning procedures.
33 Male Sprague-Dawley rats (200-250g) were anaesthetised 

with Hypnorm (Jansen Pharmaceuticals, Oxford, UK;
fentanylcitrate and fluanisone 0.16 and 5.0 mg/kg, 
respectively, i.p.) and Hypnovel (Roche, Welwyn Garden



City, UK; midazolam hydrochloride 1.0 mg/kg, i.m.). The 
animals were placed in a stereotactic frame and the scalp 
reflected to expose the skull. Lignocaine hydrochloride 
(1:5 dilution with saline, Phoenix Pharmaceuticals, 
Gloucester, UK) was pipetted on to the skull surface, left 
for one minute and wiped away. This procedure made the 
animals completely unresponsive to painful stimuli, prior 
to the scraping of the skull periosteum. The dura overlying 
the neocortex was exposed by the drilling and removal of a 
bone flap and either 6 ng (5 rats) or 2 ng of volkensin (6 
rats), or 2 ng (4 rats) or 10 ng of ricin (4 rats) was 
injected unilaterally into the striatum (left side; Figure
2.6). Once the needle tip of the 2 pi Hamilton syringe was 
positioned correctly in the striatum, the volkensin 
injection was made. For each injection 1 pi of volkensin 
(or ricin) was injected into the striatum over a 3 min 
period and then allowed to equilibrate for a further 5 min. 
The needle was then slowly retracted over a further 5 min 
period. Following the final injection, the animal was 
removed from the stereotactic frame, the skull and brain 
surface washed with saline and the incision sewn up with 
sterile surgical thread. Post-operatively animals received 
0.3 ml/kg (i.m.) of Temgesic (Reckitt and Colman, Hull; 
buprenorphine hydrochloride, 0.09 mg/kg i.m.) and recovered 
under an infra red lamp, which maintained the animal's body 
temperature. The whole operating procedure lasted between 
45-60 min.

For the 6 ng dose of volkensin three 1 pi injections
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FIGURE 2.6: SCHEMATIC ILLUSTRATION OF THE STEREOTACTIC
INJECTION OF VOLKENSIN IN THE STRIATUM. When volkensin 
(dots) is unilaterally injected into the striatum (ST), it 
is retrogradely transported by neurones that project to the 
injection site (solid black). Examples of such neuronal 
projections, from layer V of the neocortex (C), the 
intalaminar thalamus (parafascicular nucleus (PFN)) and 
the substantia nigra, pars compacta (SNc), are shown. Other 
labelled structures are the ventral tegmental area (VTA), 
substantia nigra, pars reticulata (SNr) and inferior 
colliculus (IC).
Figure modified from Wiley and Stirpe, (1988).
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(0.9% saline containing 2 ng/jil volkensin and 100 jig/ml 
FITC-albumin) were made into the striatum at three separate 
sites. The coordinates of these sites with respect to the 
bregma were; site(l) anterior 0.7 mm, lateral 2.60 mm, 
ventral to the dura 6.2 mm, site(2) anterior 0.2 mm, 
lateral 2.8 mm, ventral 6.4 mm and site(3) posterior 0.4 
mm, lateral 3.4 mm, ventral 6.0 mm. For the 2 ng dose of 
volkensin and ricin and the 10 ng dose of ricin, two 1 pil 
injections (0.9% saline containing 1 ng volkensin/^1 or 5 
ng/jil ricin and 100 jig/ml FITC-albumin) were made into the 
striatum at two separate sites. The coordinates of these 
sites were; site(l) anterior 0.2 mm, lateral 3.4 mm, 
ventral 5.0 mm and site(2) anterior 1.6 mm, lateral 2.5 mm, 
ventral 4.5 mm.

Post operative survival times, following volkensin 
injection, of 2, 5, 9, 14 and 21 days were initially used 
to determine the optimum duration for subsequent 
histological analysis. Prior to 14 days survival there was 
no evidence of cell degeneration due to retrograde 
transport at sites distal to the injection site, whilst at 
14 and 21 days, some evidence of cell degeneration at 
distal sites was observed with little or no actual cell 
loss. After 28 days cell loss was observed and it was 
therefore decided that animals would be killed at this time 
throughout.

After 28 days animals were temporarily rendered 
unconscious by immersion in C02. This was necessary because 
of the jumpy nature of the animals following the higher
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dose volkensin injections. Animals were then anaesthetised 
with a lethal intraperitoneal dose of Sagatal
(pentobarbitone sodium, May and Baker, Dagenham, UK) and 
perfused transcardially with 0.9% saline followed by 
buffered saline (PBS), pH 7.4, containing 30% sucrose 
(which acts as a cryoprotectant). The brains (minus
cerebella) were carefully removed, rapidly frozen 
(isopentane/dry ice at -40°C) and mounted on cork disks 
using OCT embedding compound. The brains were then coated 
in a thin layer of Lipshaw Ml-embedding matrix, wrapped in 
aluminium foil and stored in air-tight containers at -70°C.

2.5.4 Slide preparation.
Microscopic slides were always subbed prior to use. 

Subbing solution was prepared by completely dissolving 2.5 
g of gelatin in 500 ml of DIW at 80°C and then adding 0.25 
g of chrome alum (chromic potassium sulphate). 
Approximately 250 ml was poured into a box container and 
racked, prewashed microscope slides (76 x 26 mm, 1.0-1.2 mm 
thick, twin frosted; R.A. Lamb, London, UK) were briefly 
dipped into the still hot solution. Any unused subbing
solution was stored in a fridge for not longer than 2 weeks
and reheated when required. Dipped slides were dried in a 
drying oven for a few hours and allowed to cool before use.

2.5.5 Brain sectioning.
Prior to sectioning brains were kept at -40°C overnight. 

The cork mounted brain was mounted onto a chuck which was
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then firmly fixed onto the cutting arm of the cryostat 
(Model OTF/AS; Bright Instruments Ltd, Huntingdon, UK). The 
brain was trimmed and centred, and coronal sections 12 jim 
thick were cut at -20°C from approximately bregma 3.2 mm to 
-5.8 mm (Paxinos and Watson, 1982). Sections were then 
thaw-mounted onto chrome-alum coated slides (2 sections 
collected per slide), racked and kept in trays on ice for 
at least 40 min before being stored in sealed boxes at - 
70°C. Slides were removed from storage when required for 
either histology, autoradiography, in situ hybridization 
histochemistry or immunocytochemistry.

2.5.6 Cresyl violet staining of frozen sections.
To study neocortical cell loss following intrastriatal 

volkensin or ricin injections, sections were stained using 
acidic cresyl violet stain. Prior to staining all sections 
were fixed for 5 min in cold 4% paraformaldehyde made up in 
PBS.

Cresyl violet stain was prepared by adding 3 ml of 
sodium acetate stock solution (hydrated sodium acetate, 136 
g in 1 1 of DIW preserved with thymol crystals kept at 4°C), 
15 ml of stock formic acid (4.25 ml of 90% formic acid in 
400 ml of DIW kept at 4°C) and 30 ml of 0.5% aqueous cresyl 
violet (filtered solution containing 0.2 g of cresyl violet 
in 40 ml DIW) to 252 ml of distilled, deionized water. The 
final pH of the solution was corrected to pH 4.2 using 
acetic acid. Dried, fixed sections were dipped into the 
stain for between 3-5 min, rinsed in DIW to remove excess
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stain and then transferred through a series of 70%, 80%, 
95%, 100% and 100% alcohol washes for approximately 2 min 
per wash. Slides were subsequently transferred through 2 
xylene washes each lasting for at least 2 min and mounted 
with coverslips using DPX mountant. Staining and washing 
times were not reasonably consistent from day to day.

2.5.7 Immunocytochemistrv for glial fibrillary acidic 
protein (GFAP}.

Immunocytochemical staining to visualise glial cells and 
hence the extent of neocortical gliosis, was performed 
using an avidin biotin peroxidase technique. Soluble 
fraction GFAP was isolated from normal human spinal cord by 
Dr. J. Newcombe using the method of (Ruutiainen et al., 
1981) and shown to consist of highly purified GFAP 
polypeptides by PAGE and immunoblotting with two rabbit 
antisera against GFAP. Monoclonal antibodies were prepared 
using mice and antibody specificity was examined by 
immunoblotting on human, rabbit, guinea pig, rat and mouse 
CNS samples (Newcombe et al., 1986).

Sections were ringed to minimise antibody spreading and 
stained with the avidin biotin peroxidase complex method 
(Vector Laboratories, Peterborough, UK). Incubations were 
performed at room temperature in a humidified box to 
prevent drying. After fixation in acetone at 4°C for 10 min 
sections were incubated for 20 min with 50^1 normal horse 
serum (0.2%) diluted in PBS, to block non-specific binding 
of biotin conjugated horse immunoglobulins to human
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antigens. The excess serum was drained from each section 
and replaced with 50pl of the monoclonal a-GFAP (clone 
5.2E4; 1:100 dilution of ascites fluid) antibody for 1 hr. 
Slides were then washed by immersing for 3 x 5  min in PBS 
agitated with a magnetic stirrer. The slides were blotted 
to remove excess PBS and 50pl of biotin conjugated anti
mouse IgG's (diluted to 1:200) was applied to the sections 
for 30 min. Following this the sections were washed and 
blotted. The avidin biotin peroxidase complex solution, 
mixed according to the manufacturer's instructions 30 min 
prior to use to allow complex formation. The sections were 
then covered with 50 pi of the complex solution for 1 hr. 
To prepare the peroxidase substrate a 250 mg aliquot of 
3' 3-diaminobenzedine was dissolved in 250 ml PBS and mixed 
with 250 ml of 0.02% hydrogen peroxide. Sections were then 
washed and incubated in the peroxidase substrate for 2-5 
min and, after a tap water wash, immersed for 30 sec in 
Mayers Haematoxylin (R.A. Lamb London, UK). After a further 
water wash, sections were dehydrated by passing through 
absolute ethanol followed by 50% ethanol : 50% xylene and 
then xylene. A drop of DPX mountant was put onto each 
section and a coverslip placed on top.

2.5.8 In situ hybridisation for glutamic acid decarboxylase 
(GAD).

In situ detection of the mRNA encoding the enzyme GAD 
was performed based on the method previously described by 
(Najlerahim et al., 1990).
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Sections were removed from -70°C, thawed to room 

temperature and pretreated in the following manner. 
Sections were fixed in freshly made 4% paraformaldehyde for 
5 min and excess fixative was removed by dipping the 
sections twice in sterile PBS. To reduce non-specific 
binding sections were then acetylated in 0.1 M 
triethanolamine HC1 / 0.9% NaCl (corrected to pH 8.0 with 
sodium hydroxide) containing 0.25% acetic anhydride (added 
and dissolved immediately prior to use) for 10 min. After 
a further wash in PBS (2 dips) the sections were dehydrated 
by passes through a series of 70%, 80%, 95% and 100%
alcohol washes for 2 min per wash followed by delipidation 
of the sections in chloroform for 10 min and then partially 
rehydrated with further 2 min washes in 100% and 95% 
alcohol. Sections were then air dried and stored at -20°C.

An HPLC purified synthetic oligonucleotide probe was 
synthesised to order by Oswell DNA Services (Edinburgh, 
UK). The probe selected by Prof. R. C. A. Pearson was
directed against bases 1621 to 1650 of GAD mRNA. The region
of the target gene sequence had a base content of
approximately 50% cytosine and guanine (GC content affects 
hybrid stability) and the existence of any other gene 
containing a sequence within 6 bases of the proposed probe 
(checked against the European Molecular Biology Laboratory 
gene data base) in either the sense or antisense 
orientations was determined. This reduced the likelihood 
that the probe would be binding to another mRNA. Once
obtained the probe was diluted to a final concentration of
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2 pmol/jil and stored at -40°C until use.

To label the probe an oligonucleotide 3'labelling kit 
(NEN DuPont, Boston, USA) was used: 10 pmol of probe was 
incubated with 50 pmol of [35S] deoxyadenosine 5' a-thio 
triphosphate ([35S dATP]; specific activity 1200 mCi/ml; NEN 
DuPont) in the presence of 36U terminal deoxynucleotidyl 
transferase and buffer (containing CoCl2) at 37°C for lhr. 
This adds a homopolymeric tail to the probe (approx. 10 
[35S] dATP molecules per probe according to manufacturer's 
data). A Nensorb column (NEN DuPont, Boston, USA) was 
primed with 2ml of methanol and 2 ml reagent A (provided 
with kit) before the probe was added to the column. A 
further 2 ml of reagent A was added and the eluate 
collected in two fractions (1) and (2). 1 ml of 50% ethanol 
was then used as the eluant and fractions (3), (4) and (5) 
were collected (10 drops each). The amount of radioactivity 
in each fraction was determined by taking 5 jil aliquots 
from each fraction, adding to 5 ml of scintillant and 
counting on a scintillation counter (14C channel). Fraction 
(4) was expected to contain the probe and indeed showed the 
highest level of radioactivity.

Pretreated sections were thawed to room temperature and 
placed on 3-4 sheets of filter paper (Whatman 2mm; BDH Ltd, 
Poole, UK) in square plastic trays with lids. The filter 
paper was soaked in 4 x SSC (saline sodium citrate; 1 x SSC 
is 150 mM NaCl and 15 mM Na-citrate) so that it was 
thoroughly damp but no free liquid was present in the dish. 
Hybridisation buffer was made up in advance and comprised
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50% deionized formamide, 10% dextran sulphate, 20 mM 
phosphate buffer (pH 7.4), 4 x SSC, 1 x Denhardt's solution 
(0.02% (w/v) Ficoll, 0.02% (w/v) polyvinyl pyrrolidine and 
0.02% (w/v) BSA), 0.1% dithiothreitol containing 100 pg/ml 
each of poly (A), denatured salmon sperm and total yeast 
tRNA). 100 ^1 of hybridisation buffer containing 1-2 x 106 
cpm of labelled probe was carefully spread over each 
section to avoid air bubbles. The sections and the 
hybridisation buffer were then covered by a square of 
parafilm cut to the appropriate size. Each tray was sealed 
and placed in an incubator at 24°C for 18 hr. The 
hybridisation temperature is set at 15°C below the melt 
temperature (Tm) for the probe.

Following hybridization, cover slips were removed in a 
large volume of 1 x SSC (500 ml) and the sections were 
washed in 1 x SSC at 50°C (4 changes, 15 min each) followed 
by a further two hours at room temperature. Following a 
brief dip in distilled water to remove excess salt, the 
slides were air-dried and dipped in photographic emulsion 
for 5 sec (Ilford K5 1:1 with 2% glycerol at 43°C). Once 
dry, sections were left in light tight boxes at 4°C for 25 
days. Sections were warmed to room temperature and 
developed by immersion in Ilford Phenisol (1:4 with water;
2.5 min), 2% acetic acid (30 sec) and 30% sodium 
thiosulphate (5 min), all solutions being maintained at 
18°C. Developed sections were then rinsed in running water, 
air dried, fixed and counter stained with cresyl violet for 
the visualization of neuronal cell bodies.
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Previous examination of this oligonucleotide probe had 

demonstrated its specificity for GAD mRNA in the rat by 
Northern analysis and appropriate histochemical controls 
(Najlerahim et al., 1990). Concurrent hybridization of the 
adjacent sections using a separate oligonucleotide probe 
with the same sequence as bases 1621 to 1650 of the mRNA 
(sense-strand) confirmed the specificity in these 
experiments.

GAD-mRNA positive neurones were viewed using a Leitz 
Diaplan microscope (magnification x40; Leica, Cambridge, 
UK) and transferred to an image analysis system (Model 
Quantimet 570; Leica, Cambridge, UK) via a 3-CCD colour 
camera (magnification x0.67; Model KY-F30; JVC, Tokyo, 
Japan). The number of GAD-mRNA positive neurones, in 
animals injected with both 6 and 2 ng volkensin, were 
counted on the side ipsilateral to the injection site in 
both infragranular and supragranular layers and compared to 
the contralateral side.

2.5.9 Image processing and quantification of cresvl violet 
stained sections.

Cresyl violet stained sections of lesioned animals were 
viewed using a Leitz Diaplan microscope (magnification x 
10; Leica, Cambridge, UK) and a live image produced on a 
Quantimet 570 image analysis system (Leica, Cambridge, UK) 
using a 3-CCD colour camera (Model KY-F30; JVC, Tokyo, 
Japan). The colour image produced on the system was viewed 
on the green channel producing a "live" monochrome image
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(grey image). Compensation for varaiations in illumination 
of the optical system across the field of view were made 
using a blank part of a slide and the "shade correction" 
facility of the image analysis system. This process applies 
a correction factor to the incoming signal so that an grey 
image of uniform tone is observed over the whole field of 
view. Cresyl violet stained neurones were then viewed on 
the system and the quality of the grey images enhanced by 
increasing the contrast. Grey images of the cresyl violet 
stained cells were stored on disk and retrieved when 
required for analysis.

In order to make geometric measurements of a multitonal 
grey image (256 possible grey levels), it has to be 
converted into a binary image. Instead of grey tones being 
represented by the 256 grey levels, only 2 levels are used 
to represent objects of interset, 0 (black) and 1 (white). 
The process of defining the binary image from the grey 
image was acheived by using the "detection" facility of the 
system. This allows the zones of interest, in this case the 
cells, to be picked out by adjustment of a "threshold" 
control. Objects were be detected by adjusting the 
threshold to a value between 0 (no cells detected) and 255 
(objects and background detected). At the correct threshold 
level all cells in the grey image were detected, the 
threshold level was stored and a binary image produced. The 
binary image was then processed in a standard manner: (i)
spots of size 1 pixel were removed, (ii) objects (cells) 
close together but unseparated were split into individual
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components by the image analysis system, (iii) the binary 
image was compared to the grey image and any further 
editions required were made manually.

The objects in the final binary image were sized and 
counted, having set exclusion criteria of either 10 pm2 or 
80 ptm2 and a frame size of 0.26 mm2. In all cases, lamina IV 
of the neocortex was readily recognizable and cells were 
separately counted both superficial (supragranular) and 
deep (infragranular) to lamina IV. The mean number of cell 
profiles per field (cell number) and mean size of cell 
profiles/field (mean cell size) ± SEM from at least 5 
sections per rat were calculated.

2.6 Autoradiographic techniques.
2.6.1 Autoradiography of the 5-HT1A receptor using T3H1 8- 
OH-DPAT.

Anatomical distribution of 5-HT1A receptors in lesioned 
animals was visualized by autoradiography using [3H]-8-OH- 
DPAT (specific activity 127.9 Ci/mmol). Incubation 
conditions were based on those according to previously 
published procedures (Pazos and Palacios, 1985). For [3H] 
8-OH-DPAT receptor binding sections were removed on the day 
of assay from -70°C to -40°C and thawed to room temperature 
when required. When dry, sections were preincubated in 
buffer (0.17 M Tris-HCl, 4 mM CaCl2, 0.01% ascorbate, pH
7.6) for 30 min at 25°C and incubated for 60 min at 25°C in 
the presence of 1 nM [3H] 8-OH-DPAT. Non-specific binding 
was generated using a parallel series of sections incubated
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with [ 3H] 8-OH-DPAT in the presence of 1 jiM 5-HT. 
Preincubations and incubations were carried out in modified 
Coplin jars (28 ml total volume) which contained a maximum 
of ten slides. Following incubation the sections were 
transferred to racks and washed for 2 x 5  min in ice cold 
buffer (250 ml of ice cold buffer/wash) . Sections were laid 
out on the bench and dried with a stream of cold air using 
a fan. Autoradiograms were then generated as described in 
Section 2.6.7.

Before incubations were performed on the valuable 
lesioned sections, standard binding conditions described 
above were assessed by association and dissociation 
experiments using unlesioned coronal rat brain sections. 
The association curve was generated by varying incubation 
times from 30 sec to 90 min, whilst the dissociation curve 
was generated by varying wash times from 4 sec to 20 min. 
Data generated from these experiments was by the technique 
of "scratch and count". Briefly, following incubation the 
dried sections were scraped onto Whatman GF/B filtermats 
(BDH Ltd, Poole, UK) using a razor blade and transferred to 
scintillation vials, filled with 10 ml of scintillant. The 
total radioactivity bound on the whole sections was then 
counted by scintillation spectrometry. The association 
curve (Figure 2.7(A)) showed that equilibrium was reached 
by 60 min and (t1/2 value of 3 min) . The dissociation curve 
of [3H] 8-OH-DPAT was slow (Figure 2.7(B)) and a 10 min wash 
provided a good total to non-specific ratio (93% specific 
binding).
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FIGURE 2.7: TIME DEPENDENCY AND REVERSIBILITY OF [3H] 8-OH- 
DPAT BINDING. Experiments were performed using rat brain 
sections, incubated in 0.17 M Tris-HCl (pH 7.6, containing 
4 mM CaCl^ and 0.01% ascorbate) at 25°C, with a final 
concentration of 1 nM [3H] 8-OH-DPAT. Non-specific binding 
was generated using 1 pM 5-HT. Binding was determined by 
scintillation counting ("scratch and count"). Graph (A) 
displays the ligand association and (B) the ligand 
dissociation.
Values are mean, n=3. Data points represent; mean specific 
binding ± SEM (■), total binding (A) and non-specific 
binding (□).
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For saturation analysis, normal sections were 

incubated under standard conditions with varying 
concentrations of [3H] 8-OH-DPAT (0.5 nM - 5 nM) and apposed 
to film to compare the binding parameters with those of 
previously published work. In addition, saturation analysis 
was performed on sections from animals injected with 2 ng 
of volkensin and binding parameters on the side ipsilateral 
to the injection site were compared to those on the 
contralateral side.

2.6.2 Autoradiography of the 5-HT2 receptor using r3H1 
ketanserin.

[3H ] ketanserin (specific activity 84.2 Ci/mmol) binding 
was based on previously published conditions (Pazos et al. , 
1985a). Sections were stored and thawed as in Section 
2.6.1, preincubated in buffer (0.17 M Tris-HCl, pH 7.7) for 
15 min at 25°C and incubated for 120 min at 25°C in similar 
buffer but in the presence of 2 nM [3H] ketanserin. 
Preincubations and incubations were carried out in modified 
Coplin jars. Non-specific binding was generated using a 
parallel series of sections by incubation in the presence 
of 1 pM methysergide prepared on the day of assay. 
Following incubation the sections were washed for 2 x 10 
min (250 ml of ice cold buffer/wash). Sections were then 
air dried and autoradiograms generated as in Section 2.6.7.

To assess optimal assay conditions "scratch and count" 
association and dissociation experiments were performed on 
unlesioned sections. The association curve incubation times
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were ranged from 30 sec to 120 min and the dissociation 
curve wash times ranged from 30 sec to 1 hr. The 
association curve (Figure 2.8(A)) showed that equilibrium 
was reached by 2 hr (t1/2 value of 20 min) and the 
dissociation curve (Figure 2.8(B)) produced a t1/2 of 20 
min. A 20 min wash produced 58% specific binding.

The effect of 1 juM tetrabenazine sulphate on [3H] 
ketanserin binding was examined by both "scratch and count" 
and by autoradoiogram development using normal coronal 
sections.

Saturation analysis of [3H] ketanserin binding by 
analysis of autoradiograms was used to compare the affinity 
of the receptor with previously published reports. 
Concentrations of [3H] ketanserin ranged from 0.1 nM to 6 
nM.

2.6.3 Autoradiography of the NMDA-receptor complex using 
T 3H1 glutamate.

Binding to the NMDA-receptor complex was based on a 
combination of previously published conditions (Monaghan 
and Cotman, 1985; Greenamyre et al., 1985a; Maragos et al., 
1988; Jansen et al., 1990) using [3H] glutamate (specific 
activity 63.5 Ci/mmol). Sections were stored and thawed as 
in Section 2.6.1 and preincubated in 250 ml of buffer (50 
mM Tris-acetate, pH 7.2) for 1 hr at 4°C before being 
transferred for a further buffer preincubation in modified 
Coplin jars for 10 min at 30°C.

As there were substantial differences in the published
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FIGURE 2.8: TIME DEPENDENCY AND REVERSIBILITY OF [3H]
KETANSERIN BINDING. Experiments were performed using rat 
brain sections, incubated in 0.17 M Tris-HCl (pH 7.7) at 
25°C, with a final concentration of 2 nM [3H] ketanserin. 
Non-specific binding was generated using 1 jjM methysergide. 
Binding was determined by scintillation counting ("scratch 
and count"). Graph (A) displays the ligand association and 
(B) the ligand dissociation.
Values are mean, n=3. Data points represent; mean specific 
binding ± SEM (■), total binding (A) and non-specific 
binding (□).
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incubation methods adopted between authors for NMDA- 
sensitive [3H] glutamate autoradiography, a comparison of 
different incubation conditions was made by "scratch and 
count" of unlesioned rat brain sections. The following 
incubation conditions were examined (i) 15 min incubation 
at 4°C (ii) 30 min incubation at 30°C (iii) 30 min 
incubation at 30°C with 10 jiM glycine (iv) 30 min incubation 
at 30°C with a 10 glycine and 50 piH spermidine.HC1 (v) 
30 min incubation at 30°C with a 1.25% gluteraldehyde wash. 
A summary of the results is given in Table 2.2.

From these experiments it was decided that sections 
would be incubated in modified Coplin jars for 15 min at 4°C 
in Tris-acetate (pH 7.2) in the presence of 100 nM [3H] 
glutamate, 100 pM SITS, 2.5 kainate, 1 jiM quisqualate 
,10 jiM glycine and 50 /jM spermidine HC1. Non-specific 
binding was generated using a parallel series of sections 
by incubation in the presence of 200 /iM NMDA. Following 
incubation the sections were washed for 4 x 8  sec (250 ml 
of ice cold buffer/wash), dipped in distilled de-ionized 
water and then fixed in 250 ml of 1.25% gluteraldehyde in 
acetone. Sections were air dried and autoradiograms 
produced as described in Section 2.6.7.

"Scratch and count" association and dissociation 
experiments were performed on unlesioned rat brain 
sections. The association curve incubation times varied 
from 20 sec to 30 min and the dissociation curve wash times 
ranged from 4 sec to 10 min. The association curve (Figure 
2.9(A)) showed that equilibrium was reached by 15 min (t1/2
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F IG U R E  2 . 9 :  TIME DEPENDENCY AND REVERSIBILITY OF NMDA-
SENSITIVE [3H] GLUTAMATE BINDING. Experiments were performed 
using rat brain sections, incubated in 50 mM Tris-acetate 
(pH 7.2, containing 100 jjM SITS, 2.5 /jM kainate, 1 jjM 
quisqualate, 10 jjM glycine and 50 jjM spermidine HCl) at 4°C, 
with a final concentration of 100 nM [3H] glutamate. Non
specific binding was generated using 200 piM NMDA. Binding 
was determined by scintillation counting ("scratch and 
count"). Graph (A) displays the ligand association and (B) 
the ligand dissociation.
Values are mean, n=3. Data points represent; mean specific 
binding ± SEM (■), total binding (A) and non-specific 
binding (□) .
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value of 2 min) and the dissociation curve (Figure 2.9(B)) 
produced a t1/2 value of 72 sec. Washing at 32 sec produced 
78% specific binding.

The effect of fixing tissue sections with 1.25% 
gluteraldehyde/acetone on autoradiogram generation was 
determined by apposing sections to film and by "scratch and 
count". Fixing the sections after incubation did not affect 
the specific binding but produced sharper, less diffuse 
autoradiograms compared to those from unfixed sections (see 
Section 6.2.1.3).

Saturation analysis of [3H] glutamate binding by 
autoradiogram analysis was used to compare the affinity of 
the receptor with previously published data. [3H] glutamate 
concentrations ranged from 25 nM to 600 nM.

2.6.4 Autoradiography of the strychnine-insensitive alvcine 
site on the NMDA receptor complex using r3Hl glycine.

The method for [3H] glycine (specific activity 51.3 
Ci/mmol) receptor binding was modified from conditions 
published by (McDonald et al., 1990). Sections were stored 
and thawed as in Section 2.6.1.

It has been documented that polyamines and glutamate can 
regulate the level of glycine binding (Cordi et al., 1990) 
so "scratch and count" experiments were performed to 
determine the effect of these compounds. Addition of 100 jjM 
glutamate gave 86% specific binding and reduced the level 
of binding to 87% that of basal [3H] glycine binding. 
Binding in the presence of 100 piM glutamate and 100 piM
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spermine (free base) gave 65% specific binding and reduced 
the binding to 43% of basal. Binding in the presence of 100 
]l/M  spermine.HC1 produced no specific binding. Due to the 
detrimental effects on [3H] ligand binding of the 
polyamines, only glutamate was added to the incubation 
media. A possible explanation for the observed inhibition 
by the polyamines is that the available sources may be 
contaminated with glycine (personal communication, Dr. A. 
C . Foster).

Glycine autoradiography proved to be very inconsistent 
and pre-incubation and incubation conditions were 
determined after many preliminary "scratch and count" 
experiments to identify the optimal assay conditions (see 
Table 2.3).

Following the preliminary experiments, sections were 
preincubated in 250 ml buffer (50 mM Tris-citrate, pH 7.4) 
for 45 min at 4°C and incubated in 250 ml of similar buffer 
containing 100 nM [3H] glycine and 100 jiM glutamate for 30 
min at 4°C. Non-specific binding was generated using a 
parallel series of sections by incubation in the presence 
of 1 mM glycine. Following incubation the sections were 
washed for 4 x 8  sec (250 ml of ice cold buffer/wash) and 
fixed by dipping in 250 ml of 1.25% gluteraldehyde in 
acetone. Sections were then air dried as in Section 2.6.1.

"Scratch and count" association and dissociation 
experiments were performed on coronal rat brain sections. 
The association curve incubation times were varied from 30 
sec to 120 min and the dissociation curve wash times ranged
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FIGURE 2.10: TIME DEPENDENCY AND REVERSIBILITY OF [3H]
GLYCINE BINDING. Experiments were performed using rat brain 
sections, incubated in 50 mM Tris-citrate (pH 7.4, 
containing 100 jjM glutamate) at 4°C, with a final 
concentration of 100 nM [3H] glycine. Non-specific binding 
was generated using 1 mM glycine. Binding was determined by 
scintillation counting ("scratch and count"). Graph (A) 
displays the ligand association and (B) the ligand 
dissociation.
Values are mean, n=3. Data points represent; mean specific 
binding ± SEM (■), total binding (A) and non-specific 
binding (□).
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from 4 sec to 10 min. The association curve (Figure
2.10(A)) showed that equilibrium was reached by 30 min (t1/2 
value of 3 min). The dissociation curve (Figure 2.10(B)) 
produced a t1/2 value of 32 sec and 32 sec wash time
exhibited 83% specific binding.

Strychnine sensitivity of [3H] glycine binding was 
examined by incubating sections with 100 strychnine by 
autoradiogram analysis and "scratch and count".

The effects of tissue fixation, by dipping sections in 
either 1.25% gluteraldehyde/acetone, or into DIW followed 
by gluteraldehyde/acetone was examined by "scratch and 
count" and by comparison of autoradiograms generated from 
fixed and unfixed sections. Fixing the sections with
gluteraldehyde/acetone produced sharper, less diffuse 
autoradiograms compared to those produced by unfixed 
sections. Dipping the slides in DIW before fixing reduced 
the sharpness of the autoradiograms (see Section 6.2.1.3).

Saturation analysis of [3H] glycine binding by "scratch 
and count" was used to compare the binding parameters of 
the receptor with previously published reports. The 
concentrations of [3H] glycine used ranged from 50 nM to 500 
nM.

2.6.5 Autoradiography of the strychnine-insensitive glycine 
site on the NMDA receptor complex using the novel
antagonist r3H1 L-689.560.

(3H] L-689,560 binding was based on membrane binding 
conditions (Grimwood et al., 1991). L-689,560 was
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synthesised at Merck, Sharpe and Dohme Research 
Laboratories (Harlow, UK) and the tritiated compound [3H] 
L-689,560 (specific activity 28.0 Ci/mmol) produced by 
Amersham International (Amersham, UK). Sections were stored 
and thawed as in Section 2.6.1.

The optimal pre-incubation time was investigated. 
Negligible difference was observed in specific binding or 
% specific binding for pre-incubation times of 30, 60 and 
120 min (Table 2.4). Sections were subsequently 
preincubated in buffer (50 mM Tris-acetate, pH 7.0) for 1 
hr at 4°C and incubated for 120 min at 4°C in similar buffer 
but in the presence of 5 nM [3H] L-689,560. Pre-incubations 
and incubations were performed in box containers (250 ml). 
Non-specific binding was generated using a parallel series 
of sections by incubation in the presence of 1 mM glycine 
which was prepared on the day of assay. Following 
incubation, sections were washed for 4 x 1  min (250 ml of 
ice cold buffer/wash) and air dried.

Optimal assay conditions for the ligand were determined 
by "scratch and count" experiments performed on normal rat 
sections. The association curve incubation times were 
varied from 1 to 180 min and for dissociation curve wash 
times ranged from 10 sec to 25 min. The association curve 
(Figure 2.11(A)) showed that equilibrium was reached by 2 
hr (t1/2 value of 33 min) and the dissociation curve (Figure 
2.11(B)) produced a t1/2 of 34 min. A 4 min wash exhibited 
79% specific binding.

The ability of L-serine, glycine, 7-chlorokynurenic
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TABLE 2.4: EFFECTS OF PRE-INCUBATION TIME ON [3H] L-689,560
BINDING.

PRE-INCUBATION TIME SPECIFIC BINDING % SPECIFIC
(min) (DPM) BINDING

30 4453±103 64

60 4373±191 69

120 4191±155 67

Experiments were performed using coronal rat brain sections 
(12 jjm) incubated in 50 mM Tris-acetate (pH 7.0) for 120 
min at 4°C in the presence of 5 nM [3H] L-689,560. Non
specific binding was generated using 1 mM glycine. Binding 
values were determined by scintillation counting ("scratch 
and count").
Specific binding values are mean ± SEM (n=3).
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FIGURE 2.11s TIME DEPENDENCY AND REVERSIBILITY OF [3H] L- 
689,560 BINDING. Experiments were performed using rat brain 
sections, incubated in 50 mM Tris-acetate (pH 7.0) at 4°C, 
with a final concentration of 5 nM [3H] L-689,560. Non
specific binding was generated using 1 mM glycine. Binding 
was determined by scintillation counting ("scratch and 
count"). Graph (A) displays the ligand association and (B) 
the ligand dissociation.
Values are mean, n=3. Data points represent; mean specific 
binding ± SEM (■), total binding (A) and non-specific 
binding (□) .
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acid, D-serine and L-689,560 to displace [3H] L-689,560 
binding was investigated and the IC50 values compared to 
those of previous reports to determine that the [3H] ligand 
was indeed binding to glycine site on the MDA receptor 
complex.

Saturation analysis of [3H] L-689,560 binding by
autoradiogram generation was used to compare binding 
parameters of the receptor with previously published data.
[3H ] L-689,560 concentrations ranged from 1.5 nM to 100 nM.

2.6.6 Autoradiography of the Mx muscarinic receptor using 
r3H1 pirenzepine.

[3H ] Pirenzepine (specific activity 72.9 Ci/mmol) 
receptor binding was based on a modified method of 
previously published conditions (Buckley and Burnstock, 
1986). Sections were stored and thawed as in Section 2.6.1.

The incubation buffers used for [3H] pirenzepine binding 
varied in different studies; Watson et al. (1986), Vogt et 
al. (1990) and Smith et al. (1991) used either sodium- 
potassium phosphate buffer or modified Kreb's-phosphate 
(KRP) buffer with low concentrations of monovalent cations, 
Buckley and Burnstock (1986) and Smith et al. (1991), 
incubated in PBS (Buckley also pre-incubated in PBS 
containing 0.005% polyethylenimine (PEI), whilst Atack et 
al. (1989) and Spencer et al. (1986) both used HEPES-Tris 
buffer.

In the present study specific binding was compared in 
normal coronal rat brain sections incubated in either
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modified KRP (94% specific binding), standard KRP (89% 
specific binding), PBS (91% specific binding), KRP 
containing PEI (72% specific binding) or PBS containing PEI 
(81% specific binding, Table 2.5). Since the difference 
between specific binding for modified KRP and PBS was 
minimal, PBS was used as the incubating medium since it was 
easier to prepare (modified KRP proved very difficult to 
keep in solution).

Sections were preincubated in phosphate buffered saline 
(PBS) for 20 min at 25°C and incubated for 90 min at 25°C in 
similar buffer but in the presence of 2.5 nM [3H] 
pirenzepine. Preincubations and incubations were carried 
out in modified Coplin jars. Non-specific binding was 
generated using a parallel series of sections by incubation 
in the presence of 10 jiM atropine sulphate prepared on the 
day of assay. Following incubation the sections were washed 
for 1 x 5  min (250 ml of ice cold buffer/wash) and then air 
dried.

To determine optimal assay conditions the association 
and dissociation were investigated by "scratch and count" 
experiments performed on normal sections. The association 
curve incubation times were varied from 30 sec to 180 min 
and the dissociation curve wash times ranged from 20 sec to 
20 min. The association curve (Figure 2.12(A)) showed that 
equilibrium was reached by 90 min (t1/2 value of 10 min) and 
the dissociation curve (Figure 2.21(B) produced a t1/2 of 
600 min. A 5 min wash produced 88% specific binding.
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FIGURE 2.12: TIME DEPENDENCY AND REVERSIBILITY OF [3H]
PIRENZEPINE BINDING. Experiments were performed using rat 
brain sections, incubated in phosphate buffered saline at 
25°C, with a final concentration of 2.5 nM [3H] pirenzepine. 
Non-specific binding was generated using 10 piM atropine 
sulphate. Binding was determined by scintillation counting 
("scratch and count"). Graph (A) displays the ligand 
association and (B) the ligand dissociation.
Values are mean, n=3. Data points represent; mean specific 
binding ± SEM (■), total binding ( A )  and non-specific 
binding (□) .
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2.6.7 Autoradiogram generation.

Following incubation with a particular [3H] ligand 
sections, together with [3H] Micro-scales (Amersham 
International, Amersham, UK), were co-exposed to [3H] 
Hyperfilm (Amersham International, Amersham, UK) for an 
appropriate number of days at 4°C depending on the amount 
of radioactivity bound. Based on the exposure times defined 
by (Kuhar, 1985) and those subsequently determined from 
these experiments, [3H]-8-OH-DPAT sections were exposed for 
approximately 35 days (1000-6000 dpm), [3H] ketanserin for 
45 days (1000-3000 dpm), [3H] glutamate for 90 days (500- 
1000 dpm), [3H] glycine for 60 days (800-1500 dpm), [3H] L-
689,560 for 9 days (10 000-15 000 dpm) and [3H] pirenzepine 
for 40 days (1000-4500).

The films were developed using Kodak LX-24 X-ray 
developer for 2 min and fixed with Kodak FX-40 X-ray liquid 
fixer (both Kodak Ltd., Hemel Hempstead, UK) for 2-3 min. 
Each set of films were developed with same chemicals on the 
same day.

2.6.8 Densitometric analysis of autoradiograms.
Autoradiogram images were transferred to a Quantimet 570 

image analyser (Leica, Cambridge, UK) using a binocular 
macroscope (Model M3Z; Wild Leitz, Heerburg, Switzerland) 
and a monochrome hi-resolution CCD camera (Model VC 1960; 
Tokyo, Japan). A macroscope was used in preference to the 
more commonly used macroviewer for beacause the light 
source is more constant and the object to camera distance
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is less, reducing the effects of stray light. Correction 
for variations in illumination was made using the shade 
correction facility of the image analyser, as described in 
Section 2.5.9. This process was repeated for each 
autoradiograhic film before quantification. Autoradiograms 
were quantified using receptor autoradiography software 
designed for the Quantimet 570 image analysis system 
(Leica, Cambridge, UK). A non-linear calibration curve for 
grey levels was generated from [3H] Micro Scale standards, 
hence, receptor binding for each ligand could be expressed 
as fmol/mg tissue wet weight, using tissue equivalents and 
specific activity of the ligand (Geary and Wooten, 1983). 
Grey levels ranging from 0 (darkest) to 256 (lightest) are 
assigned by the image analysis system according to the 
range of optical densities of 12 tritiated standards.

To determine the receptor density in the neocortex the 
mode grey level within a representative area from each 
region in a total binding autoradiogram was measured and 
the specific binding determined by subtraction of binding 
in the same area of a non-specific autoradiogram. For each 
rat 3-12 autoradiograms were examined, corresponding to 
sections from bregma 2.70 mm (septum) to -3.30 mm (mid
hippocampus; (Paxinos and Watson, 1982)). The specific 
binding close to the mid-line (neocortical regions Frl/ Fr2 
and part of HL; (Zilles, 1985)) as well as more laterally 
(Pari/Par 2) was then determined on the sides ipsilateral 
and contralateral to the injection site.

In the case of saturation analysis the micro scales were



calibrated according to dpm/mg tissue. Mode grey values 
were determined (and hence dpm/mg tissue) within similar 
representative areas (as before) from sections incubated 
with different concentrations of the [3H] ligand. Data were 
then subject to Scatchard analysis using EBDA binding 
analysis (Munson and Rodbard, 1980).
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2,7 Radioligand binding experiments using the novel qlvcine 
agonist r3H1 L-689.560.
2.7.1 Tissue samples.

Details of patient sex, age, ante-mortem state, post 
mortem time and laterality are given in the results 
section. Brain slices (previously prepared by removal of 
brain hemispheres from -70°C, warming to -10°C and cutting 
of 0.5 cm coronal slices) or half brain hemispheres were 
removed from storage at -70°C, placed at -20°C to thaw for 
a few hours. Samples from the required neocortical brain 
areas were subsequently removed, making sure that all 
neocortical layers were being sampled. The tissue was then 
allowed to thaw at 4°C and the meninges and any underlying 
white matter were separated from grey matter. A 
neurosurgical sample from the frontal cortex, obtained at 
diagnostic craniotomy was also assayed.

2.7.2 Total membrane preparations.
Total membranes were prepared using modifications to 

previous methods of (Procter et al., 1989b; Steele et al., 
1989). A 300 mg aliquot of grey matter was weighed and 
homogenised in 10 vol (weight/volume) of ice cold 50 mM 
Tris-Acetate buffer (pH 7.0) using a glass teflon 
homogeniser (Model Tri-R; Stir-R Instruments, New York, 
USA) with 8 up and down strokes. The homogenate was 
transferred to centrifuge tubes and spun at 13000 rpm (20 
000 g) using a JA-20 rotor for 20 min on a Beckman model 
J2-21 centrifuge (Beckman, High Wycombe, UK). The pellet
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was resuspended in 75 vol of 50 mM Tris-acetate buffer (pH 
7.0) using an Ultra-Turex T25 homogeniser (IKA Laboratory, 
Hamburg, Germany) set at 13 500 rpm and centrifuged at 20 
000 rpm (50 000 g) for 20 min. This washing procedure was 
repeated twice using 5 mM Tris-acetate (pH 7.0). The final 
pellet was stored at -70°C for at least 18 h and not more 
than a week.

On the day of the assay the pellet was thawed at 4°C, 
resuspended in 75 vol of 5 mM Tris-acetate (pH 7.0) and 
centrifuged at 20 000 rpm (50 000 g) on a Sorvall Model 
RC5C centrifuge (Sorvall Instruments, Du Pont, Herts., UK) 
for 20 min. This wash was repeated once more and the 
resulting pellet resuspended in 50 mM Tris-acetate (pH 7.0) 
to give a total membrane preparation containing 
approximately 150 pq protein/400 yl (assuming 30 mg 
protein/1000 mg wet weight).

2.7.3 Binding assay.
Incubations were carried out at 4°C in triplicate in a 

total incubation volume of 500 pil, containing 400 jj 1 of 
total membranes, 50 jul of [3H] L-689,560 (1 or 10 nM final 
concentrations) and either 50 /j1 of either 50 mM Tris- 
acetate (pH 7.0) or 50 ^1 of 50 mM Tris-acetate containing 
10 mM glycine (final concentration 1 mM) to determine non
specific binding. Non-specific binding was typically 70% of 
total binding. Incubations were terminated after 2 hr by 
rapid filtration (3 x 5 ml of ice cold buffer) over Whatman 
GF/B filters (BDH Ltd., Poole, UK) previously soaked for at
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least 30 min in 50 mM Tris-acetate, using a Brandel cell 
harvester (Model M24-R; Brandel Caithersburg, USA) .
Radioactivity on the filters was determined by transferring 
the filters to vials, soaking in 10 ml of "Emulsifier Safe" 
scintillation fluid and counting was using a liquid
scintillation counter (Canberra Packard, Pangbourne, UK).

Before comparison of [3H] L-689,560 binding between
Alzheimer's disease and control tissue, optimal conditions 
for the assay were determined using 1 nM [3H] ligand. To 
determine the time required for binding to reach
equilibrium total membranes from human occipital cortex 
were incubated with [3H] L-689,560 for times ranging from 
2 to 180 min. The association curve produced from this 
experiment (Figure 2.13(A)) showed that equilibrium was 
reached by 120 min with 69% specific binding. This was used 
as the standard incubation time in further experiments. To 
determine the dissociation of [3H] L-689,560 binding from 
membranes, 1 ml of 50 mM Tris-acetate buffer containing 
glycine (5 mM final conc.) was added to the incubation 
tubes, as a displacer, for differing lengths of time,
ranging from 10 sec to 25 min. Incubation were terminated 
as normal. The dissociation curve for L-689,560 (Figure 
2.13(B)) exhibited a slow rate of dissociation from the 
glycine site with a t1/2 value of 83 min.

Saturation analysis was performed on control occipital 
cortical samples using ligand concentrations ranging from 
0.75 to 75 nM.

Binding to Alzheimer's disease and control tissue was
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FIGURE 2.13: TIME DEPENDENCY AND REVERSIBILITY OF [3H] L-
689,560 BINDING TO HUMAN MEMBRANES. Experiments were 
performed using total membrane preparations, incubated in 
50 mM Tris-acetate (pH 7.0) at 4°C, with a final 
concentration of 1 nM [%] L-689,560. Non-specific binding 
was generated using 1 mM glycine. Graph (A) displays the 
ligand association and (B) the ligand dissociation.
Data points are mean specific binding ± SEM (n=3).
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examined at two different concentrations at 1 and 10 nM [3H] 
ligand concentrations in parietal, frontal and temporal 
cortical regions. This permitted assessment of the total 
number of binding sites while controlling for variations in 
apparent density of the recognition site brought about by 
a change in affinity (Procter et al., 1988).

Total membrane protein content was determined as 
described in Section 2.8.

2.8 Protein assay.
The assay was adapted from the method of (Lowry et al., 

1951). 200 pil aliquots (approximately 100 /jg of protein) of 
the tissue homogenate used in the binding experiments were 
incubated in triplicate in 1 ml 0.5 M sodium hydroxide 
solution, vortexed and incubated in a water bath at 37°C for 
60 min. A standard curve was constructed from a bovine 
serum albumin standard (fraction V; dissolved in 0.5 M 
NaOH to give 1 mg/ml), with a 7.5 to 250 jjg range. 
Standards, protein samples and blanks were treated 
simultaneously with 5 ml of a solution containing sodium 
carbonate (2% w/v), copper sulphate (0.01% w/v) and sodium 
potassium tartrate (0.02% w/v). Colour development was 
initiated by addition of 0.5 ml Folin-Ciocalteu's reagent 
(diluted 1:1 v/v. with distilled water). The tubes were 
vortexed and allowed to stand at room temperature for 45 
min before reading the optical density of each tube at 660 
nm using a Gilford Spectrophotometer (Model 300 N; 
Cambridge, UK).
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2.9 Statistics.

For comparisons between groups with similar population 
variance (Fisher F-test), parametric statistics were used; 
single comparisons were by the Students t-test or the 
paired Student's t-test and multiple comparisons by one way 
analysis of variance (ANOVA) followed by the least
significant difference test. Correlations were examined
using the Pearson product moment (r).

For variables where the population variance of groups 
were significantly different, non-parametric tests were 
used. Kruskal-Wallis ANOVA was used for multiple 
comparisons and the Mann-Whitney U test for single 
comparisons and for groups with a significant ANOVA result 
(null hypothesis rejected at P < 0.01). Relationships 
between variables were assessed by Spearman's Rank 
Correlation Coefficient (Rs).

All probabilities refer to two-tailed tests and were
considered significant when P < 0.05.
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CHAPTER 3
3.0 Free amino acid and monoamine metabolite concentrations 
in human VCSF.

3.1 INTRODUCTION.
Studies of ventricular fluid offer an approach with the 

advantage that they are free from the influence of the 
spinal cord, unlike the more common studies of lumbar 
fluid. This is particularly important for the serotonin 
metabolite 5-HIAA for which a 23-37% contribution has been 
shown to occur from spinal neurones (Garelis et al., 1974) 
and also for HVA and serine which are found in higher 
concentrations in VCSF compared to lumbar fluid, suggesting 
that they originate centrally.

In the present study, the concentrations of 4 amino 
acids (aspartate, glutamate, serine and glutamine) and 3 
monoamine metabolites (MHPG, 5-HIAA and HVA) have been 
measured in VCSF samples of patients with Alzheimer's 
disease and compared to subjects with other neurological or 
psychiatric disorders. In this latter category it was 
considered particularly important to analyse the possible 
effects of drug and ECT treatment prior to sampling. This 
involved careful consideration of the clinico- 
pharmacological characteristics of the psychiatric group, 
and was facilitated by the laboratories link with the 
National Centre for Affective Disorders (via Dr. A.W. 
Procter, Honourary Research Fellow in the Miriam Marks 
Department and Senior Lecturer in Psychiatry at the United



Medical and Dental Schools - Guy's Hospital).
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3.2 RESULTS.
3.2.1 Possible confounding factors.

Measured compound concentrations in the neurological 
samples were independent of gender (Table 3.1), age (except 
glutamine concentration, Table 3.2), drug treatment, 
operation type, or response to operation (Tables 3.3 and 
3.4), except for H VA  concentration which was significantly 
higher in corticosteroid-treated subjects (P < 0.01,
Student's t-test, Table 3.4).

For the patients with intractable depression the 
investigated compounds were detected in all 52 patients 
except for glutamate in 10 subjects and H VA  in 1 subject. 
In this group of subjects, serine and H VA  concentrations 
negatively correlated with storage time (Table 3.5). HVA  

concentration exhibited a significant negative correlation 
with age (Table 3.6), and glutamine concentration was 
gender dependent, being lower in female subjects (Table
3.7). ECT (Table 3.8) and drug treatment (Tables 3.9 and 
3.10) had no effect on any of the compounds measured except 
for serine which was significantly higher in those subjects 
receiving antidepressants (Table 3.11). Diagnoses of 
"Bipolar", "Unipolar", "Unipolar (P)" and "Other 
psychiatric" were without significant effect in any of the 
compounds measured (Tables 3.12 and 3.13) as was outcome 
assessed one year after surgery (Table 3.14).

To investigate possible complicating influences of
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polypharmacy, detailed analysis was carried out for those 
patients receiving two or less categories of drug. 
Demographic features of the patients are similar to those 
of the entire groups (Tables 3.15 and 3.16). Diagnoses of 
"Bipolar", "Unipolar", "Unipolar (P)" and "Other 
psychiatric" were without significant effect in any of the 
compounds measured (Tables 3.17 and 3.18). ECT and drug 
treatment had no effect on the compounds measured except 
for serine which was significantly increased in those 
patients receiving antidepressants (Table 3.19, data for 
ECT, lithium and antipsychotics not shown), as was found in 
the groups receiving polypharmacy. A higher proportion of 
the subjects receiving antidepressants were male and more 
had had recent antipsychotic drugs. The antidepressant free 
subjects also had more electroconvulsive therapy (Table
3.20). The antidepressant free group appeared to have a 
better outcome one-year after the operation when 
considering either subjects receiving drugs from two or 
less categories (Table 3.20) or all the subjects. Of the 40 
subjects examined so far at follow-up, 17 had been 
antidepressant free at the operation and 53% of these were 
well or had only minor symptoms (Categories I, II and III; 
Poynton et al 1988) whereas 22% of the antidepressant 
treated were in these categories (Chi-squared = 4.183; P < 
0.05) .

Figure 3.1 shows that aspartate and glutamate values 
were distributed over relatively wide ranges, particularly 
in the antidepressant free subjects. When these subjects
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were compared to the antidepressant treated group, no 
significant differences were found in aspartate or 
glutamate concentrations. This was also the case for 
glutamine and the monoamine metabolites (Table 3.19). The 
serine value was significantly higher in the subjects 
receiving antidepressants (P < 0.05, Student's t-test,
Figure 3.1 and Table 3.19). It should also be noted that 
the mean serine value of the 4 subjects who had been free 
of antidepressants for less than 6 months but at least 2 
weeks was 36.211.3 (nmoles/ml ± SEM), which was lower than 
that of the entire antidepressant free group.

3.2.2 Comparison of diagnostic groups.
No significant differences were observed in any of the 

amino acids measured between diagnostic groups (Table
3.21), although the mean glutamine value for the "Other 
neurological" group was higher than all the other values 
(not significant). Comparison of the monoamine metabolite 
concentrations showed no significant differences between 
diagnostic groups for either MHPG or HVA concentrations 
(Table 3.22). However, the "DEP patients" (Major Depressive 
Disorder and Bipolar Disorder, see Section 2.2.1) compared 
with the other diagnostic groups, showed a significantly 
reduced concentration of 5-HIAA (P < 0.05, ANOVA and least 
significant difference test, Table 3.22). When this "DEP 
patient" group was divided into two (i) "Bipolar" (n=10) 
and (ii) "Unipolar" and "Unipolar (P)" (n=25) the mean 5- 
HIAA concentrations (pmoles/ml) were 252.2134.0 and



257.8127.2 respectively. These values were significantly 
lower compared to both the "Alzheimer's disease" and "Other 
neurological" groups (P < 0.05, ANOVA and least significant 
difference test). The distribution of 5-HIAA, aspartate and 
glutamate concentrations within each diagnostic group are 
shown in Figure 3.2.
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TABLE 3.2: RELATIONSHIP BETWEEN MEASURED COMPOUNDS IN VCSF 
AND AGE IN PATIENTS WITH NEUROLOGICAL DISORDERS.

aspartate

glutamate

serine

glutamine

MHPG

5-HIAA

HVA

AD

0.308 (9) 

-0.048 (9) 

-0.114 (9) 

0.379 (9)

-0.053 (8) 

-0.250 (8) 

-0.402 (7)

NON-AD 

0.044 (7) 

-0.156 (7) 

0.296 (7) 

0.793* (7)

ND

-0.273 (7) 

0.522 (7)

OTHER

0.215 (12) 

0.156 (12) 

0.314 (11) 

0.269 (12)

0.688 (8) 

0.464 (8) 

-0.444 (8)

Values are correlation coefficients for unranked data 
(Pearson's correlation coefficient); Number of subjects are 
in parentheses.
* P < 0.05, significant correlation.
ND =not determined.
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TABLE 3.7: RELATIONSHIP BETWEEN MEASURED COMPOUND
CONCENTRATIONS AND GENDER IN PATIENTS WITH INTRACTABLE
DEPRESSION.

FEMALE MALE

Aspartate 1.20±0.14 (31) 1.31±0.19 (21)

Glutamate 1.56±0.14 (24) 1.41±0.20 (18)

Serine 39.7±0.6 (31) 40.2±0.9 (21)

Glutamine 485.1±3.1*(31) 495.1±3.7 (21)

MHPG 42.5±4.0 (21) 49.4±8.0 (18)

5-HIAA 269.9±33.0 (21) 269.1±34.0 (18)

HVA 15561143 (20) 15401204 (18)

Amino acid values are mean nmoles/ml 1 SEM.
Monoamine metabolite values are mean pmoles/ml 1 SEM. 
Number of subjects are in parentheses.
* P < 0.05, significantly different to male (Student's t- 
test).
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TABLE 3.8: RELATIONSHIP BETWEEN MEASURED COMPOUND
CONCENTRATIONS AND ECT IN PATIENTS WITH INTRACTABLE 
DEPRESSION.

Aspartate

Glutamate

Serine

Glutamine

ECT WITHIN LAST 
YEAR

1.43±0.19 (18)

1.51±0.21 (15) 

38 . 8±0.9 (18) 

485.1±3.9 (18)

NO ECT WITHIN 
LAST YEAR

1.21+0.22 (13)

1.53±0.23 (12)

40.Oil.0 (13)

486.4±4.2 (13)

MHPG 51.8±9.0 (15) 41.7±5.1 (12)

5-HIAA 297.1±42.2 (15) 258.0±40.0 (12)

HVA 1470±195 (14) 1416±229 (12)

Amino acid values are mean nmoles/ml ± SEM.
Monoamine metabolite values are mean pmoles/ml ± SEM. 
Number of subjects are in parentheses.
No significant differences.
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TABLE 3.9: RELATIONSHIP BETWEEN MEASURED COMPOUND
CONCENTRATIONS AND LITHIUM TREATMENT IN PATIENTS WITH
INTRACTABLE DEPRESSION.

RECENT NO RECENT
LITHIUM LITHIUM
TREATMENT TREATMENT

Aspartate 1. 22±0.20 (19) 1. 26±0.14 (33)

Glutamate 1.61±0.18 (14) 1.4410.15 (28)

Serine 40. 0±0.84 (19) 39 .910.64 (33)

Glutamine 484 .5±4 .2 (19) 491.912.9 (33)

MHPG 41. 1±6.0 (12) 47 .715.0 (27)

5-HIAA 264 . 9±34.0 (12) 27 1.6130. 0 (27)

HVA 1613±165 (12) 15171161 (26)

Amino acid values are mean nmoles/ml ± SEM.
Monoamine metabolite values are mean pmoles/ml ± SEM. 
Number of subjects are in parentheses.
No significant differences.
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TABLE 3.10: RELATIONSHIP BETWEEN MEASURED COMPOUND
CONCENTRATIONS AND ANTIPSYCHOTIC DRUG TREATMENT IN PATIENTS
WITH INTRACTABLE DEPRESSION.

RECENT NO RECENT
ANTIPSYCHOTIC ANTIPSYCHOTIC
TREATMENT TREATMENT

Aspartate 1.2210.16 (26) 1.2810.16 (26)

Glutamate 1.5510.21 (19) 1.4510.13 (23)

Serine 40.110.8 (26) 39.710.74 (26)

Glutamine 489.214.2 (26) 489.212.6 (26)

MHPG 49.918.0 (17) 42.414.0 (22)

5-HIAA 263.8131.0 (17) 274.0134.0 (22)

HVA 17321246 (17) 13991161 (21)

Amino acid values are mean nmoles/ml ± SEM.
Monoamine metabolite values are mean pmoles/ml ± SEM. 
Number of subjects are in parentheses.
No significant differences.
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TABLE 3.11: RELATIONSHIP BETWEEN MEASURED COMPOUND
CONCENTRATIONS AND ANTIDEPRESSANT TREATMENT IN PATIENTS
WITH INTRACTABLE DEPRESSION.

RECENT NO RECENT
ANTIDEPRESSANT ANTIDEPRESSANT
T R E A T M E N T T R E A T M E N T

Aspartate 1.12±0 .13 (32) 1. 46±0.20 (20)

Glutamate 1. 48±0 .13 (27) 1. 54±0.24 (15)

Serine 40 . 8±0 . 7 (32) 38 . 4±0.6*(20)

Glutamine 491. 8±3 . 4 (32) 485.0±3.1 (20)

MHPG 45 . 5±7 .1 (22) 45.914.0 (17)

5-HIAA 277.2+32.0 (22) 259.6134.0 (17)

HVA 1601±168 (21) 14821177 (17)

Amino acid values are mean nmoles/ml ± SEM.
Monoamine metabolite values are mean pmoles/ml ± SEM. 
Number of subjects are in parentheses.
* P < 0.05, significantly different compared to those not 
receiving antidepressants (Student's t-test).
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TABLE 3.14s RELATIONSHIP BETWEEN MEASURED COMPOUND 
CONCENTRATIONS AND POST-OPERATIVE OUTCOME IN PATIENTS 
UNDERGOING PSYCHOSURGERY.

RECOVERED
(n=13-14)

IMPROVED
(n=17)

UNCHANGED
<n=7-9)

Aspartate 1. 21±0.21 0.9710.08 1.4410.31

Glutamate 1.0810.25 1.6210.24 1.4010.25

Serine 38.811.0 40.610.9 40.411.2

Glutamine 487.214.3 490.313.8 488.715.0

MHPG 45.914.7 46.418.6 44.314.6

5-HIAA 255.3143.4 273.9136.8 310.9149.2

HVA 14591215 16341225 13851172

Amino acid values are mean nmoles/ml ± SEM.
Monoamine metabolite values are mean pmoles/ml ± SEM. 
No significant differences.
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TABLE 3.19: RELATIONSHIP BETWEEN MEASURED COMPOUND
CONCENTRATIONS AND ANTIDEPRESSANT TREATMENT IN PATIENTS 
WITH INTRACTABLE DEPRESSION RECEIVING DRUGS FROM TWO 
CATEGORIES OR LESS.

RECENT NO RECENT
ANTIDEPRESSANT ANTIDEPRESSANT
TREATMENT TREATMENT

Aspartate 1.1110.11 (14) 1.5310.23 (17)

Glutamate 1.4710.17 (13) 1.5510.26 (14)

Serine 40.811.1 (14) 38.110.65*(17)

Glutamine 488.014.5 (14) 484.413.6 (13)

MHPG 53.5111.1 (12) 42.414.0 (15)

5-HIAA 285.9148.0 (12) 274.9137.0 (15)

HVA 13451219 (11) 15191199 (15)

Amino acid values are mean nmoles/ml ± SEM.
Monoamine metabolite values are mean pmoles/ml ± SEM. 
Number of subjects are in parentheses.
* P < 0.05, significantly different to those not receiving 
antidepressants (Student's t-test).
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TABLE 3.20s DETAILED DEMOGRAPHY OF PATIENTS RECEIVING DRUGS 
FROM TWO CATEGORIES OR LESS, WITH RESPECT TO ANTIDEPRESSANT 
TREATMENT.

RECENT ANTIDEPRESSANT MEDICATION
+ (n=14) - (n=17)

Age (Y) 51.7±3.5 48.313.3
Sex 9F, 5M 6F, 11M
Storage time at -70°C (M) 25.4±3.7 29.913.6
Disease duration (Y) 16.612.8 16.212.5
Hamilton rating 20.812.0 (11) 18.911.8 (15)
DIAGNOSIS

Bipolar 3 5
Unipolar 6 7
Unipolar (p) 2 2
Other psychiatric 2 3

OUTCOME
Well 1 2
Minor symptoms 1 5
Some improvement 7 5
No change 4 3

OTHER RECENT TREATMENT*
Drug free 0 3
Antipsychotics 2 6
Tranquillizers 3 10
Lithium 2 2
ECT+ 6 12

Number of subjects are in parentheses.
* Based on treatment during the 6 months (or 12 months + ) 
preceding collection of sample.
Abbreviations: Y = years; M = months.
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FIGURE 3.1: ANTIDEPRESSANTS AND AMINO ACIDS MEASURED IN THE 
VCSF OF PATIENTS WITH INTRACTABLE DEPRESSION. Histograms 
display the mean values measured for aspartate, glutamate 
and serine. Individual values for these compounds are also 
shown. Data is for patients receiving 2 or less categories 
of drug.
* P < 0.05, significantly different to those not receiving 
antidepressants (Antidepressants - ; Student's t-test).
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PATIENTS WITH VARIOUS PSYCHIATRIC AND NEUROLOGICAL 
DISORDERS. Individual values for the compounds measured are 
shown. Psychiatric patients are divided into "DEP patients" 
(Bipolar, Unipolar and Unipolar (P)), and Other psychiatric 
disorders ("OTHER"; obsessive compulsive and phobic 
disorders). The neurological patients are subdivided into 
Alzheimer's disease ("AD"), non-Alzheimer dementia ("NON- 
AD") and Other neurological ("OTHER").
Bars identify mean values.
* P < 0.05, significantly lower compared to all other
groups (ANOVA and least significant difference test; groups 
comprising only 4 patients were excluded from the 
analysis).
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3.3 DISCUSSION.
3.3.1 VCSF and epiphenomena.

The "Other neurological" group had a mean glutamine 
value which was higher, but not significantly, compared 
with the other diagnostic groups. Of the "Other 
neurological" group samples, a proportion arose from V-P 
shunts. This procedure usually indicates increased 
ventricular volume, so it may be argued that the amino acid 
and monoamine metabolite content of these samples may not 
reflect accurately the situation on normal controls. 
Indeed, the concentrations of aspartate, glutamate and 5- 
HIAA have been reported increased in VCSF when CSF pressure 
is increased, as occurs in conditions requiring V-P shunt 
procedures (West et al., 1972; Bridges et al., 1976; 
Engelsen et al., 1985). However, a comparison of data from 
these samples obtained by V-P shunts and craniopharingiomas 
showed no significant differences between the two groups 
(see Tables 3.3 and 3.4).

The main outcome of this study of VCSF from patients 
with intractable depression was that few factors were 
observed to influence the concentration of compounds 
measured (as summarised in Table 3.23). These rare samples 
therefore provide a further group for comparison with 
demented patients. HVA in VCSF is thought to originate 
from the caudate nucleus (Wood, 1980) and analysis of this 
region shows an age dependent decline in dopamine function 
(McGeer and McGeer, 1981). In this study an age dependent 
decrease in HVA concentration was observed in patients with
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TABLE 3.23s SUMMARY OF FACTORS THAT MAY AFFECT MEASURED 
COMPOUND CONCENTRATIONS IN VCSF FROM PATIENTS WITH 
INTRACTABLE DEPRESSION.

FACTORS NOT AFFECTING VALUES.

Disease duration 
ECT treatment 
Lithium treatment 
Antipsychotic treatment
Diagnosis (Unipolar, Unipolar (P), Bipolar, 
Other Psychiatric)
Outcome to treatment

FACTORS AFFECTING VALUES.

Storage time (HVA, serine) 
Hamilton rating (HVA, serine)
Age (HVA)
Gender (glutamine)
Antidepressant treatment (serine)
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intractable depression (Table 3.6), in contrast to the age 
dependent increase of lumbar HVA reported by (Palmer et 
al., 1984).

3.3.2 Measurements on VCSF in subjects with intractable 
depression.
3.3.2.1 Catecholamine metabolites.

Absolute values for HVA, as well as 5-HIAA agree with 
almost all previously reported data, in particular with 
those of Bridges et al. (1976), who studied similar samples 
using a fluorometric technique. MHPG has been the topic of 
few studies but the present values are consistent with 
those published (Chase et al., 1973; Gjerris et al., 
1987b). The concentration of HVA was however, not 
significantly different between psychiatric and 
neurological groups (Table 3.22). Pioneering studies using 
the fluorometric technique to measure MHPG, in general 
showed decreased levels in the CSF, plasma and urine of 
patients with major depression (Schildkraut, 1965; Bunney 
and Davis, 1965; Schildkraut, 1978) supporting a hypothesis 
of "catecholamine depletion". By contrast here, the mean 
MHPG concentrations in VCSF of both psychiatric groups were 
higher compared with the neurological groups (Table 3.22). 
More recent studies using mass spectroscopic analysis 
report increased levels of lumbar MHPG, suggesting that the 
locus coeruleus noradrenergic system is activated (Koslow 
et al. , 1983; Post et al., 1984). Moreover, successful
antidepressant treatment is consistently associated with
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decreases in MHPG content in lumbar CSF of patients with 
depression (Linnoila et al., 1982).

3.3.2.2 Reduced 5-hvdroxy indoleacetic acid concentrations
The main finding of this study of ventricular fluid from 

subjects with intractable depression was that the group 
comprising Major Depressive Disorder and Bipolar Disorder 
subjects ("DEP patients" group) had a mean 5-HIAA 
concentration that was significantly lower compared with 
the other neurological groups (Table 3.22 and Figure 3.2). 
This is the first study that provides a clear evidence of 
a selective deficit in serotonin metabolism in living 
patients with depressive illness at a more central level 
than may be obtained with lumbar fluid.

A frequent hypothesis for depression is that of a 5-HT 
deficit. Much of the research on 5-HT metabolism in 
depression has yielded conflicting results. Decreased 5-HT 
synthesis has been implicated based on decreased 5-HIAA 
concentration in lumbar CSF found by some workers (Gillman 
et al., 1981; Asberg et al., 1984) but not others (Gerner 
et al., 1984; Gjerris et al., 1987a; see also Gjerris, 
1988). The inconsistencies between these studies may 
reflect differences in patient selection and also 
complicating influences arising from spinal neurones 
(Garelis et al., 1974). The findings of this study are more 
likely to be reflecting central serotonergic function and 
suggest that 5-HT metabolism is decreased in depression. 
This data agrees in part with Bridges et al. (1976), who
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observed significantly reduced 5-HIAA concentrations in the 
VCSF of severely depressed patients compared to 
neurological patients. However, Bridges and colleagues 
observed no significant differences in a less severely 
depressed group undergoing psychosurgery or in his 
depressed group as a whole, when compared to the 
neurological subjects (Bridges et al., 1976). These 
findings together with those from the present study lend 
support to the hypothesis that treatment unresponsiveness 
in depression may relate to abnormalities of the 
serotonergic system (Leonard, 1988).

3.3.2.3 Amino acids.
No significant differences were observed in amino acid 

concentrations between the "DEP patient" group and other 
diagnostic groups (Tables 3.21 and 3.22, Figure 3.2) or 
when patients with intractable depression were subdivided 
into diagnostic groups (Tables 3.12 and 3.13). This 
suggests that either neuronal loss is minimal or VCSF 
measurements do not reflect this pathology, of which there 
is some evidence (Corsellis, 1962; Standish-Barry et al., 
1982; Dolan et al., 1985; Dolan et al., 1986). Clinical 
effectiveness of the stereotactic caudate tractotomy was 
not related to any of the compounds measured (Table 3.14) 
as was the case for ECT, lithium and antipsychotic 
treatments administered (Tables 3.8, 3.9 and 3.10). ECT
treatment has been shown to result in sulcal widening and 
atrophy in depressed and schizophrenic patients (Weinberger
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et al., 1979; Calloway et al., 1981) but this is not 
reflected in the VCSF of this group of patients. 
Antidepressant treatment, unlike any of the other 
treatments (above), was associated with a significant 
increase in serine concentration in subjects with 
intractable depression irrespective of polypharmacy (Tables 
3.11 and 3.19. Serine was also significantly reduced with 
increasing storage time (Table 3.5). Although 
antidepressant treated and antidepressant free groups were 
matched for storage time, this factor cannot be completely 
excluded. To our knowledge there are only four other 
studies, all of samples from patients with various 
neurological disorders, that report on the concentration of 
the important neurotoxic amino acid glutamate in human 
ventricular fluid (Engelsen et al., 1985; Perschak et al., 
1987; Crawford et al., 1988; Honig et al., 1988). The mean 
value of antidepressant treated subjects (Table 3.19) is 
48% lower than the lowest value previously recorded, but is 
in close agreement with values for the present groups of 
neurological patients (Table 3.21). This latter group 
exhibit aspartate values distributed over a wide range but 
the values of antidepressant treated patients (Figure 3.1) 
are, in general, lower. Moreover, the mean aspartate value 
of treated subjects is also lower than for any of the other 
neurological groups. Thus there is no evidence that these 
amino acids implicated in excitotoxic brain damage are 
elevated in antidepressant treated patients. All of the 
individual values for serine (Figure 3.1) were, with one
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exception, lower than 46.9 nmoles/ml, the overall mean
value for neurological patients.

Before the changes observed in serine concentration can 
be confidently ascribed to the antidepressants it is 
necessary not only to eliminate any effect of
electroconvulsive therapy (which is overrepresented in the 
antidepressant group, Table 3.20) but to also consider
prescribing habits in the treatment of resistant affective 
disorders. The fact that patients treated with 
antidepressants at the time of operation may have a poorer 
outcome (Table 3.14) raises the possibility that low serine 
concentration in VCSF identifies a subgroup with a good 
response to the operation. Further studies of lumbar CSF 
would indicate whether this could be developed into a 
clinically useful procedure.

An alternative explanation is that the antidepressants 
themselves influence serine concentration by an as yet
unidentified mechanism. However, the fact that 
antidepressant treated subjects remained depressed 
indicates that this is independent of the patients mood 
state. The neurobiological consequences of the altered 
serine concentration are also unknown (Johnson and Ascher, 
1987; Procter et al., 1989b; Marvison and Skolnick, 1990; 
Procter et al., 1991b) but in view of the long history of 
antidepressant use without serious sequelae becoming 
obvious it is unlikely to be deleterious (see also Dolan et 
al., 1986).
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3.3.3 Measurements on VCSF in subjects with Alzheimer's
disease.
3.3.3.1 Monoamine metabolites.

The highest concentration of the dopaminergic metabolite 
HVA is found in the lateral ventricles (Wood, 1980), so it 
is likely that HVA originates from the caudate nucleus. No 
significant difference was observed in the VCSF HVA
concentration of the "Alzheimer group" compared to the 
other diagnostic groups. This agrees with the findings of 
Reinikainen et al. (1991), who found no reductions in
lumbar CSF of HVA in Alzheimer's disease but is in contrast 
to the findings of others (Palmer et al., 1984; Kawakatsu 
et al., 1990). Any reductions observed by Reinekainen and 
colleagues were attributed to Parkinsonian nigro-striatal 
pathology. It has also been demonstrated that dopamine and 
HVA tissue concentrations are within the normal range in 
Alzheimer's disease both postmortem and antemortem (Cross 
et al., 1983; Palmer et al., 1987b). HVA concentrations 
determined in this thesis suggest a sparing of the
dopaminergic system in Alzheimer's disease. This is not 
unexpected since the dopaminergic neurones damaged in 
Alzheimer's disease in the ventral tegmental area primarily 
project to the neocortex and amygdala, whilst the
dopaminergic cells within the neighbouring substantia nigra 
that project to the caudate are relatively spared (Mann et 
al., 1987). Furthermore antemortem ([18F]-DOPA uptake) and 
postmortem ([3H] piflutixol binding to Dx receptors) markers 
of the striatal dopaminergic system were unaltered in
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Alzheimer's disease (Rossor et al., 1989; Cross et al., 
1983) .

Evidence of diminished noradrenergic function in the 
neocortex postmortem (Cross et al., 1981; Arai et al., 
1984b; Francis et al., 1985; Palmer et al., 1987c) and 
antemortem (Palmer et al., 1987b) together with the 
extensive cell loss observed in the locus coeruleus (Mann 
et al., 1980; Perry et al., 1981; Tomlinson et al., 1981; 
Zweig et al., 1988) suggests an involvement of ascending 
noradrenergic pathways in the pathogenesis of Alzheimer's 
disease. However, MHPG content in VCSF of Alzheimer's 
disease patients was not reduced in this study, in 
agreement with the findings of Palmer et al. (1984, 1987c, 
1987b) who found no reduction in MHPG concentration in 
either lumbar CSF, temporal or frontal cortex. In contrast, 
Cross et al. (1983) found reduced MHPG tissue 
concentrations and proposed a reduction in NA turnover. 
Results from this thesis are open to a number of 
interpretations. Either (i) VCSF does reflect central 
noradrenergic metabolism, (ii) noradrenergic neurones are 
spared at this stage of the disease or (iii) compensatory 
mechanisms exist in which for example, noradrenergic 
neurones exhibit either increased transmitter turnover 
(Raskind et al., 1984; Palmer et al., 1987c; Palmer et al., 
1987b; Kawakatsu et al., 1990) or sprouting of new 
noradrenergic varicosities in response to denervation 
(Crutcher et al., 1981).

The lack of a reduction in 5-HIAA concentration in



Alzheimer's disease is not unexpected. Although there is 
convincing evidence of a presynaptic serotonergic deficit 
in tissue obtained both postmortem (Bowen et al., 1983; 
Cross et al., 1983; Gottfries et al., 1983; Arai et al., 
1984b; Cross et al., 1988; Palmer et al., 1987c) and 
antemortem (Palmer et al., 1987a), even in autopsy samples 
half of the many neocortical areas assayed had no evidence 
of a selective reduction in presynaptic serotonergic 
activity (Palmer et al., 1988). Alzheimer's disease is a 
slowly progressing disorder so this deficiency is probably 
never a widespread feature. Indeed those serotonergic nerve 
endings remaining appear most active in the most demented 
patients, based on the increased ratio of 5-HIAA to 5-HT in 
many neocortical areas and 5-HIAA in lumbar CSF that 
positively correlated with a rating of dementia score 
(Palmer et al., 1987a). A reduction in 5-HIAA concentration 
has been observed in the lumbar CSF of patients with 
Alzheimer's disease, although the effect of spinal 
influences is unclear (Palmer et al., 1984; Kawakatsu et 
al., 1990). The dorsal raphe, which is severely damaged in 
Alzheimer's disease, projects to the neocortex and to the 
caudate (Yamamoto and Hirano, 1985; Zweig et al., 1988). 
VCSF concentrations may reflect the state of the nearby 
caudate nucleus, which has been shown to have unaltered 5- 
HIAA concentrations postmortem (Gottfries, 1980; Cross et 
al., 1984a).
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3.3.3.2 Amino acids.

It has been reported by some workers that the
concentration of glutamic acid in postmortem Alzheimer's 
disease tissue is reduced (Arai et al., 1984a; Arai et al., 
1985; Ellison et al., 1986; Sasaki et al., 1986; Hyman et 
al., 1987). Others have reported glutamic acid levels 
unaltered (Tarbit et al., 1980; Antuono et al., 1984;
Perry et al., 1984; Perry et al., 1987) or elevated 
(Procter et al., 1988b). A reduction in glutamatergic 
markers in both postmortem and to a lesser extent 
antemortem Alzheimer's disease tissue has also been
reported (Procter et al., 1988b). The results from the 
present study (Table 3.21 and Figure 3.2) indicate no 
differences in excitatory amino acids concentrations in 
VCSF when comparing Alzheimer's disease samples with
neurological samples and a novel group of psychiatric 
samples. In addition no differences between Alzheimer's 
disease and neurological controls were observed in lumbar 
CSF (Smith et al., 1985; Basun et al., 1991). These results 
suggest that either VCSF is not a sensitive marker of 
neocortical cell loss observed in Alzheimer's disease or 
that at this stage of the disease neocortical degeneration 
is not extensive. VCSF is likely to reflect the 
concentration of compounds in the caudate nucleus situated 
near the lateral ventricle and the present data suggest a 
relative sparing in Alzheimer's disease of cortico-striatal 
projections at this stage of the disease. However, 
degeneration of the cortico-striatal pathway has been
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implicated in biopsy samples, since a reduction in the 
number of layer V pyramidal cells in the temporal cortex 
has been observed when cerebral atrophy is taken into 
account (Neary et al., 1986). The caudate nucleus is 
subject to atrophy and loss of dopaminergic markers, based 
on autopsy measurements (Cross et al., 1984b) appears to be 
a late change, as in vivo investigation of the dopaminergic 
system in Alzheimer subjects showed no reductions in the 
uptake of [ 18F]-labelled L-DOPA in the striatum (Rossor et 
al., 1989).
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CHAPTER 4 .
4.0 Histological investigations of a sub-population of 
pyramidal neurones following unilateral striatal injections 
of neurotoxic lectins.

4.1 INTRODUCTION.
The major cell type of the cortex is the pyramidal 

neurone, which accounts for some 70% of all neurones. It 
has proved difficult to selectively lesion pyramidal 
neurones by established procedures and to ascribe 
biochemical changes observed in some neurodegenerative 
diseases to loss of specific cellular structures (Sofroniew 
and Pearson, 1985; Middlemiss et al., 1986). The present 
study has investigated the use of volkensin, a retrogradely 
transported suicide transport agent (see Section 1.7.1), to 
produce loss of a sub-population of neocortical neurones. 
With this novel approach it may be possible to investigate 
biochemical sequelae following the loss of this 
anatomically defined sub-population of cells with 
subcortical projection targets. The immediate objective 
therefore, was to determine if unilateral striatal 
injections of volkensin induced selective loss of pyramidal 
cells of origin of the cortico-striatal pathway located in 
neocortical lamina V.

4.2 RESULTS.
4.2.1 Determination of volkensin dosage.

Preliminary experiments were performed to determine the



192
dose of volkensin that would cause maximal selective damage 
to the targeted body with minimal spread to surrounding 
structures. Initially lesions of the lateral geniculate 
lesions were attempted using volkensin doses ranging from 
1 - 40 ng. At the highest doses animals died within 48 hr 
probably due to spread of toxin to the periphery. At 4 - 8 
ng doses damage extended to areas beyond the boundaries of 
the lateral geniculate nucleus. 1 ng of volkensin produced 
local damage of the appropriate size needed to destroy only 
the target nucleus.

Having subsequently decided to investigate pyramidal 
neurones of the cortico-striatal pathway. A 6 ng dose of 
volkensin was initially used to lesion the striatum, taking 
into consideration the preliminary work on the lateral 
geniculate. This dose was later reduced to 2 ng, reducing 
damage in the surrounding nuclei, observed as a result of 
spread from the injection site.

4.2.2 Determination of survival time following volkensin 
injection.

Post operative survival times following volkensin 
injection of 2, 5, 9, 14 and 21 days were used to determine 
the optimal post-operative period for histological 
analysis. Prior to a 14 day survival there was no evidence 
of cell degeneration due to retrograde transport at sites 
distal to the injection site. At 14 and 21 days, some 
evidence of cell degeneration at sites distal to the 
injection site was observed but with no cell loss. After 28
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days cell loss was observed and it was therefore decided 
that animals would be sacrificed at this post-operative 
survival period to maximise the observable cell loss.

4.2.3 Cell loss as a result of spread of volkensin and 
ricin directly from the injection site.

In all cases the injection sites centred on the left 
striatum. The extent of the damage produced was dependent 
upon the amount of toxin injected.

In animals in which 6 ng of volkensin in 3 yl of vehicle 
were injected, most of the striatum was destroyed, with 
considerable collapse of the structure of the hemisphere, 
substantial ventricular enlargement and associated damage 
in nuclei surrounding the striatum. In all these high dose 
animals, the globus pallidus was completely destroyed, 
together with direct extension of the lesion more 
ventrally, with cell loss in basal forebrain structures, 
including the ventral striatum and horizontal nucleus of 
the diagonal band. Additionally, there was cell loss in the 
anterolateral thalamus in all these animals. In only one 
animal was there any evidence of involvement of the 
hypothalamus by spread from the injection. The neocortex 
overlying the striatum showed evidence of direct damage due 
to passage of the needle. This damage was more severe in 
the frontal neocortex of animals receiving 6 ng of toxin 
than in those receiving either 2 ng volkensin, 10 ng or 2 
ng ricin, indicating that at this volume, some direct 
spread to the neocortex around the needle tract may have
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occurred. However, more posteriorly the lamina structure of 
the neocortex was intact and there was no evidence of cell 
loss in the underlying hippocampus or damage to the corpus 
callosum, indicating that changes in this area were not due 
to spread from the injection site.

In the animals receiving 2 ng of toxin (Figure 4.1), the 
volume of the striatum destroyed was less than for the 6 ng 
injected animals, as was the consequent distortion of the 
hemisphere and damage to the surrounding structures. In all 
cases the hypothalamus was unaffected by the injection, and 
only one animal showed involvement of the basal forebrain. 
In four of the six animals, there was substantial direct 
damage of the globus pallidus, in a fifth less but partial 
involvement and in one this nucleus was intact. In four 
animals there was some suggestion of involvement of the 
anterolateral pole of the thalamus due to the injection, 
although this was small. In this group of animals, all 
showed no more damage to the overlying neocortex than was 
seen in the ricin injected animals, indicating that only 
mechanical injury from the passage of the needle had 
occurred.

Injection of 10 ng of ricin caused extensive necrosis in 
the striatum, producing a lesion similar in volume to that 
following 2 ng volkensin (Figure 4.1) however no damage was 
visible in any surrounding structures. Injection of 2 ng of 
ricin caused necrosis within the striatum with no damage to 
any surrounding structures but to a lesser extent than that 
caused by 10 ng ricin or 2 ng volkensin. Injection of 0.9%
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saline revealed no cell damage in any regions.

4.2.4 Cell loss in sites distal to the injection site 
(other than in the neocortex\ as a result of striatal 
volkensin injections.

Several neuronal populations known to project to the 
injection site were examined qualitatively for cell loss 
and compared with corresponding regions on the 
contralateral side. There was substantial cell loss in the 
substantia nigra in both groups of volkensin injected 
animals. Counts following the higher dose of volkensin 
showed a 55-80% loss of neurones, similar to a previous 
study (Wiley and Stirpe, 1988). Some cell loss was also 
apparent in the intralaminar nuclei of the thalamus, 
notably the centromedian nucleus, although it should be 
noted that in some cases this damage could have been caused 
by diffusion of the toxin. There was also evidence of cell 
loss in the dorsal raphe nucleus in one animal examined.

4.2.5 Cell counts in the neocortex following striatal 
volkensin and ricin injections.

Neocortical cell loss was clearly visible in both the 6 
ng and 2 ng volkensin treated animals (Figure 4.2) and 
occurred both anterior and posterior to the injection site. 
The cell loss posterior to the injection site spread from 
the medial margin round to the rhinal fissure. Measurements 
of cell numbers and size were taken posterior to the 
injection site near to the medial margin (cortical area



FIGURE 4.2: NEOCORTICAL CELL LOSS FOLLOWING UNILATERAL
STRIATAL VOLKENSIN INJECTIONS. Photomicrographs of 12 pm 
cryostat coronal sections through the rat cerebral 
neocortex, counterstained with cresyl violet, 28 days after 
injection of 2 ng volkensin into left striatum. A and B - 
left and right sides of one case. C and D - left and right 
sides of a second case.
Note the striking loss of large, infragranular neurones in 
the left cortex in both cases. Scale bar 400 pm. All 
micrographs were taken at the same magnification.
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Frl/Fr2). Counts were only taken from sections where all 
six laminae of the neocortex were complete and where there 
were intact subcortical structures such as the hippocampus 
and the corpus callosum.

As described in Section 2.5.9 a constraint was initially 
set on the image analysis system so that cells of area 80 
jim2 or greater would be counted. This constraint excluded 
all glia and some smaller neurones. A dose-dependent loss 
of infragranular neocortical neurones ipsilateral to the 
striatal injection of volkensin was clearly seen compared 
to the contralateral side (values are mean ± SEM, 
contralateral values in parentheses).

After injection of 6 ng of toxin (n=5) the number of 
cells counted ipsilaterally was reduced to 57% of the 
opposite side in the infragranular layers, 69.0±9.9 
(120.2±9.6) (P < 0.001, Student's paired t-test). No
significant reductions was seen in the supragranular layers 
(Figure 4.3).

Injection of 2 ng of volkensin (n=6) produced a 
significant reduction on the ipsilateral side to 71% of the 
contralateral side in the infragranular layers, 107.5±16.4 
(151.6±10.7) (p < 0.01, Student's paired t-test) and also 
a significant reduction to 84% of the normal appearing side 
in the supragranular layers, 125.2±28.1 (149.8±31.6) (p < 
0.05, Student's paired t-test; Figure 4.3).

It should also be noted that no neocortical cell loss or 
shrinkage was seen in two animals examined 21 days after 
unilateral injection of 3-4 ng of volkensin, although the



6n
g 

VO
LK

EN
SI

N
 

2n
g 

VO
LK

EN
SI

N
 

10
ng

 
RI

CI
N 

2n
g 

R
IC

IN

1
1

1

|

3n
1 ' 1o o o o in

¥¥ 1— ■

ai3 id I s n 3 0  'on

CP 0 CP
i CJ XJ CJ
0 ■H -P •H
P > T3
Cn 0  0 CJ
0  i—I -P 0
4 J H  C CU03 0  -H 0

.2 UH 0
13 aa -—. pC
03 X  ^ p
O)
03
C

s
D
Eh

Q)
P  II 

0  c

0
u

0
<c
H u  w

§  CJ 
CJ -H

p

-p
EH p
CO G n 0

w ' r l
p
0

03 03 4H
"5
c
03

Eh

O

l_i 

0  0

4H
•H
rJ03 Eh P03 2

a .
ZD M u  d rH

GO CO
3
H
Eh th

e
 

o
r 

2 ■P
p
0
0. j3

c
OJ

CJ
W CJ CP

•rn
M-l

03
03

PI •H CJ •H
p

3 —v O CP
cn H

X
XJ 1—1
rH

•rH
03

o
Eh

(D P  
•H 0 r—l

Cn
O

4H
\  CJ 
C/3 -H

O
O

2 r-H 03 o

=3 O
M

rH C
(13 0 Vc

03
O)

Eh
U . 0  

0  >

CU
03
CL

W
n *

.V13
GO 3

M S ^ H
0

7* •
-X ^  

-P

iS
=3
C
03
03

o
3
M
£o

03
O jv o

•H  || 
4H 11

0
.0

0
2

t
-

t
e

s
03

]cE
PJ
PIo
Cn

P CJP  C ,
CL P 

<
 

r
e

d

CP *  -H
CO r -< CJ *  0
CO r H CUo 0  CN . v
PJ 0

P
CN 03
o  -

03 PI uh 0 • -P
*o PI 0 O  P
c H 003 u l_i m v  r )O)
03
CL
zd s

i "

CU 43 

*  00GO u
H 3 c ■X ^

Eh CJ w . V
isZ3
C

0J
O
u C p  0  C

a
re

 
S

E
M

 

r
a

l 
s

id
e

03
03
03

o
w
3

I -

4H
e
pcz

• • 0  o X )

r o
XJ 0 03 0
L> CJ •H P  -P

0 P 0  0
tP -H  -P _Q i—l

w CJ -P 03 0
2 •H O P  PS3£ 0 -P 0  -Po 0  *r~> mh P  PH XJ CJ 0 P  0
Cn 03 ’ H r—l w u

199



200
extent of damage to the striatum was similar to that found 
after 28 days.

Following striatal injection of 2 and 10 ng of ricin no 
significant cell loss was observed between the 
contralateral and ipsilateral sides in either the 
infragranular or supragranular layers (Figure 4.3).

Animals injected with 0.9% saline showed no cell loss in 
any brain region, apart from the damage caused by the entry 
of the needle.

4.2.6 Cell size in the neocortex following intrastriatal 
volkensin and ricin injection.

The infragranular cell loss in all cases was accompanied 
by a significant reduction of 20 - 25% in mean cell size 
above 80 ^m2 (values are mean pm2 ± SEM, contralateral 
values in parentheses), in both the 6 ng volkensin dosed 
animals 117.412.5 (159.815.7) (P < 0.001, Student's paired 
t-test) and the 2 ng volkensin cases 125.215.6 (155.016.6) 
(P < 0.001, Student's paired t-test; Figure 4.4). Frequency 
histograms of the neuronal cell size in the infragranular 
layers for both the ipsilateral and contralateral sides 
exhibit quite different population distributions, 
suggesting that decreases in mean cell size on the side 
ipsilateral to the injection site are a result of loss of 
large cells of greater than 180 pm2 (see Figure 4.5).

No reduction in mean cell size between ipsilateral and 
contralateral sides was observed in the supragranular 
layers following either 6 or 2 ng volkensin injections
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FIGURE 4.5: CELL SIZE DISTRIBUTONS IN THE NEOCORTEX OF AN 
ANIMAL INJECTED WITH 2 ng VOLKENSIN. Representative 
frequency histograms of cross-sectional area of cell 
profiles (AREA SQ MICRON) in cerebral neocortex from a 
typical experimental animal following injection of 2 ng of 
volkensin into the ipsilateral striatum 28 days previously. 
(A) ipsilateral infragranular layers (B) contralateral 
infragranular layers
(C) ipsilateral supragranular layers (D) contralateral 
supragranular layers.
Solid histobars indicate the cell population most affected 
by injection of volkensin.
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(Figure 4.4). Frequency histograms of cell size in the 
supragranular layers showed similar distributions 
irrespective of side investigated (Figure 4.5).

No significant changes in cell size in the neocortex 
were observed following ricin injections (Figure 4.4).

4.2.7 Effect of volkensin injections on glial proliferation 
within the brain.

All the volkensin treated animals were found to have 
increased numbers of smaller cells on the side ipsilateral 
to the injection site. These cells, at least in part, are 
likely to be glia which have proliferated in response to 
the neuronal damage caused by the transported toxin. 
Immunocytochemical staining of sections using a aGFAP 
antibody showed extensive staining indicative of gliosis on 
the ipsilateral side with negligible staining on the 
contralateral side (Figure 4.6).

4.2.8 Quantification of glutamic acid decarboxylase (GAD! 
mRNA positive cells in volkensin treated animals.

To confirm further that the actions of volkensin were 
specific to neurones projecting to the injection site, in 
situ hybridisation for GAD mRNA was carried out. This 
enzyme is involved in the synthesis of GABA and is a well- 
established marker of interneurones. GAD-mRNA positive 
cells (Figure 4.7) were counted from the same areas as 
those showing loss of cresyl violet stained cells both in 
the supragranular and infragranular layers. No significant
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FIGURE 4.7: PHOTOMICROGRAPH OF RAT CEREBRAL NEOCORTEX
SHOWING IN SITU HYBRIDISATION WITH GAD mRNA. 
Photomicrograph of emulsion dipped sections of rat 
neocortex, on the ipsilateral side, following a 6 ng 
volkensin injection into the left striatum. GAD mRNA- 
positive cells are heavily labelled with silver grains 
(examples shown by black arrows). Sections were 
counterstained with cresyl violet. Scale bar 40
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difference in the number of GAD-mRNA positive cells/field 
were observed between ipsilateral and contralateral sides 
(Table 4.1).

4.3 DISCUSSION.
4.3.1 Histological interpretations of intrastriatal 
volkensin injections.

The dose of volkensin (2 and 6 ng) and post-operative 
survival times (28 days) used in the present study are 
different to those used by other workers. Wiley and Stirpe 
(1988), using volkensin concentrations ranging from 1 - 8  
ng reported that animals survived for between 2.5 - 12 days 
whilst detecting cell loss in the substantia nigra 
following injection into the striatum. Contestibile et al. 
(1990), performing hippocampal lesions with volkensin, 
observed that using 1.5 - 3 ng of volkensin most animals 
died after 3 - 5  days, whilst with a volkensin dose of 1.2 
ng the majority of animals survived for 10 days resulting 
in acceptable cell loss in the septum and CA3 of the 
hippocampus. Additionally, Crino et al. (1990) using the 
retrogradely transported immunotoxin OX7-saporin, observed 
limited cell death in neocortical lamina V following 
striatal injections after a 14 day survival period, whilst 
extensive cell death occurred in lamina VI following 
anterior thalamic nuclei injections. The differences in the 
relative toxicity of volkensin suggest that this factor may 
depend on the particular pathway being investigated. It 
should also be noted that volkensin was exceptionally
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difficult to dissolve, making it likely that doses quoted 
above are approximations.

Postoperative survival times required to obtain suitable 
cell loss differ considerably depending on the pathway 
being studied, suggesting that neuronal populations may 
vary in their susceptibility to the neurotoxin. A possible 
explanation for this could be that neuronal populations 
retrogradely transport the volkensin at different rates. 
This hypothesis is supported by the finding that cell death 
in the striatum following injection of volkensin into the 
substantia nigra takes substantially longer (21 days) than 
cell death in the substantia nigra following injection of 
toxin into the striatum (Harrison et al., 1990 and personal 
communication M. D. Black).

The present study demonstrates that volkensin produces 
a significant loss of a sub-population of neocortical 
pyramidal cells following injection into the striatum. The 
extent of this cell loss was dose dependent with cell 
numbers reduced to 57% of control following 6 ng injections 
compared to 71% of control following 2 ng injections 
(Figure 4.3). It is not possible, in these experiments, to 
exclude loss of infragranular pyramidal cells in the 
neocortex, which send their axons to other subcortical 
nuclei, passing through the striatum without synapsing. 
However, given the loss of other neurones projecting to the 
injection site, e.g. from the substantia nigra, it is 
certain that the population of pyramidal cells lost 
includes cortico-striatal projection neurones. Thus,
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although necrosis observed within the striatum involved all 
cells, the distant cell loss was confined to populations of 
neurones known to project to the striatum (i.e. the cells 
in the infragranular layer, Heimer et al., 1985; the 
substantia nigra, Fallon and Loughlin, 1985; the 
intralaminar nuclei of the thalamus, Powell and Cowan, 
1954; Powell and Cowan, 1956; see also Section 1.2.2).

In both the low and high dose animals, it is possible 
that infragranular cell loss occurs as a result of direct 
thalamic damage (this is more likely in the higher doses) 
and subsequent retrograde transport from this site. 
However, the cell loss observed in this study is primarily 
of the large pyramidal neurones (predominantly in layer V), 
whereas the cells of origin of the cortico-thalamic pathway 
are typically in layer VI (Crino et al., 1990). Even so, 
using horse radish peroxidase (HRP), a small number of 
layer V pyramidal cells were found to project to the 
thalamus (Wise and Jones, 1977), and therefore in the 
present study, cell loss due to retrograde transport from 
a thalamic site cannot be excluded from making a small 
contribution to the observed cell loss from layer V.

In this study the possibility that volkensin may spread 
from the injection directly, or from neurones initially 
transporting the toxic lectin and then releasing it into 
the surrounding neuropil upon cell lysis (from where it may 
be taken up by adjacent neurones) has been carefully 
considered. The fluorescent marker FITC-albumin which was 
co-injected with volkensin was intended as a preliminary
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indicator of the extent of toxin diffusion from the 
injection site. Although fluorescence was only observed in 
a localised area around the injection site (data not 
shown), implying minimal diffusion, interpretation of this 
observation is difficult since volkensin, unlike FITC- 
albumin, is an actively transported compound. Furthermore 
the diffusion rates of the two substances through the 
neuropile are likely to be quite different.

However, several other findings support the 
interpretation that only cells undergoing retrograde 
suicide transport of volkensin are destroyed. First, in 
situ hybridisation for GAD mRNA, a marker of neocortical 
interneurones was investigated. Since interneurones do not 
project to the striatum, any loss of GAD-mRNA positive 
cells would suggest that cell loss following volkensin 
injection may have been a consequence of either (i) passive 
diffusion or (ii) secondary spread from cells that 
retrogradely transported the toxin and subsequently lysed. 
No significant differences between the number of 
neocortical GAD-mRNA positive cells were observed between 
ipsilateral and contralateral sides (Table 4.1). Second, 
injection of the neurotoxic lectin ricin, similar in nature 
to volkensin, but only effective as a suicide transport 
agent in the PNS (Wiley et al., 1983, see Section 1.7.1), 
produced local lesions around the injection site but no 
observable cell loss in other areas or nuclei (Figures 4.3 
and 4.4) suggesting that cell loss by diffusion had not 
occurred. Third, immunocytochemistry for a GFAP showed
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extensive gliosis on the ipsilateral side but negligible 
staining on the contralateral side, implying the toxin does 
not diffuse short distances to the ipsilateral side. 
Finally, histological analysis revealed that the cell loss 
distant to the injection site conformed to known afferent 
projections to the striatum and was not seen in nuclei or 
areas closer to the injection site but without afferent 
axons to the striatum. Therefore, any cell loss seen in the 
infragranular layer of the neocortex or in the substantia 
nigra is unlikely to be due to passive diffusion of the 
toxin or to damage to surrounding cells following 
perikaryal lysis at the distant site.

The occurrence of cell loss from the supragranular 
layers of the neocortex following 2 ng injections of 
volkensin where no such loss is seen following larger 
injections is difficult to interpret. It is clear that, in 
the infragranular layers of the ipsilateral side, the cell 
loss following volkensin injections is mainly of larger 
neurones, greater than 180 ptm2 in cross-sectional area 
leading to a change in the cell population distribution 
(Figure 4.5) and in the mean cell size (Figure 4.4) which 
cannot be accounted for by shrinkage alone. Frequency 
histograms of the supragranular layers between ipsilateral 
and contralateral sides in the 2 ng dosed volkensin animals 
show no change in the cell population distributions between 
ipsilateral and contralateral sides (Figure 4.5), and there 
is also no significant difference in mean cell size (Figure
4.4). These findings suggest that the apparent loss of
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cells greater than 80^m2 could be due to a shrinkage below 
the exclusion criterion (set on the image analyser to 
exclude glia and smaller neurones), rather than any actual 
loss of cell numbers. It is not apparent why such a 
shrinkage should occur only in the 2 ng injected volkensin 
rats. However, the loss is relatively small and a number of 
technical considerations may contribute, including 
differences in staining intensity, lesion placement and 
choice of neocortical regions for analysis. These 
differences may also account for the observation that in 
the lower dose animals there were more cells counted 
compared to the higher dose.
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CHAPTER 5.
5.0 Autoradiographic analysis 5-HT1A and 5-HT2 receptors in 
animals in-iected with volkensin or ricin.

5.1 INTRODUCTION.
While the regional and laminar distribution of 

serotonergic receptor sub-types in the rat and human are 
well known, the cellular localization is not clearly 
understood. It has been postulated that all neurones within 
the cerebral neocortex are within reach of 5-HT innervation 
(Seguela et al., 1989), hence the diverse responses cells 
show to 5-HT application may relate in part to cell 
specific 5-HT receptor sub-types (McCormick and Williamson, 
1989; McCormick, 1990). The aim of this part of the present 
study, was to discover, using [3H] 8-OH-DPAT and [3H] 
ketanserin, if 5-HT 1A or 5-HT2 receptors were selectively 
enriched on the sub-population of pyramidal neurones 
destroyed following intrastriatal volkensin injection (see 
Chapter 4).

5.2 RESULTS.
5.2.1 r 3H1 8-OH-DPAT binding to the 5-HT1A receptor.
5.2.1.1 Effects of incubation and wash time.

As described in Section 2.6.1 an incubation time of 60 
min was considered to be at equilibrium and produced 
approximately 93% specific binding. The dissociation curve 
exhibited a t1/2 value of 3 min and a 10 min wash time 
generated 93% specific binding.
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5.2.1.2 Saturation analysis of r3H1 8-OH-DPAT binding in 
control rats.

Typical Scatchard analysis of [3H] 8-OH-DPAT binding to 
sections from normal animals in the superficial and deep 
neocortical layers are illustrated in Figures 5.1 and 5.2. 
Kd and Bmax values are mean ± SEM (n=3). In the superficial 
layers the mean Kd value was 0.95±0.12 nM and the mean Bmax 
values 19.38±1.75 fmoles/mg tissue equivalent. In the deep 
layers the mean Kd value was 0.84±0.04 nM and the mean Bmax 
value 41.7±2.2 fmoles/mg tissue equivalent.

5.2.1.3 Characteristics of r3H1 8-OH-DPAT binding in 
lesioned rat brain sections.

The laminar and regional distribution of [3H] 8-OH-DPAT 
binding in volkensin and ricin treated animals is shown in 
representative colour-coded autoradiograms (Figures 5.3 and
5.4). Within the neocortex binding was higher in the deep 
layers compared to the superficial layers and higher 
medially (Frl/Fr2) compared to laterally (Parl/Par2). In 
animals injected with volkensin the binding of [3H]-8-OH- 
DPAT on the side ipsilateral to the injection site was 
noticeably lower when compared to the contralateral side 
(Figure 5.3).

Quantitative analysis, within neocortical areas Frl/Fr2, 
of animals injected with 6 ng of volkensin (n=5), showed 
that in the superficial layers binding on the side 
ipsilateral to the injection site was unaltered compared to 
the corresponding region on the contralateral side.
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FIGURE 5.1: REPRESENTATIVE SATURATION ANALYSIS OF [3H] 8-OH- 
DPAT BINDING IN THE SUPERFICIAL LAYERS OF RAT NEOCORTEX. 
Experiments were performed using coronal rat brain sections 
(12 jjm) incubated in 0.17 M Tris-HCl (pH 7.6, containing 4 
mM CaCl2 and 0.01% ascorbate) for 60 min at 25°C in the 
presence of 0.5 - 5 nM [3H] 8-OH-DPAT. Non-specific binding 
was generated using 1 piM 5-HT.
Data points represent mean specific binding from 3-4 
sections determined autoradiographically from a single rat. 
Binding is to the superficial layers of Frl/Fr2. The main 
plot shows a representative Scatchard analysis, replotted 
from the EBDA program (McPherson, 1985), with a least 
squares regression line. Inset shows the saturation curve 
for the analysis.
The overall binding parameters are given in Section
5.2.1.2.
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FIGURE 5.2: REPRESENTATIVE SATURATION ANALYSIS OF [3H] 8-OH- 
DPAT BINDING IN THE DEEP LAYERS OF RAT NEOCORTEX. 
Experiments were performed exactly as described in Figure 
5.1. Data points represent mean specific binding from 3-4 
sections determined autoradiographically from a single rat. 
Binding is to the deep layers of Frl/Fr2. The main plot 
shows a representative Scatchard analysis, replotted from 
the EBDA program (McPherson, 1985), with a least squares 
regression line. Inset shows the saturation curve for the 
analysis.
The overall binding parameters are given in Section
5.2.1.2.



FIGURE 5.3: REPRESENTATIVE COLOUR-CODED AUTORADIOGRAMS OF 
[3H] 8-OH-DPAT BINDING IN VOLKENSIN INJECTED ANIMALS. 
Experiments were performed using coronal rat brain sections 
(12 }jm) incubated in 0.17 M Tris-HCl (pH 7.6, containing 4 
mM CaCl2 and 0.01% ascorbate) for 60 min at 25°C in the 
presence of 1 nM [3H] 8-OH-DPAT. Non-specific binding was 
generated using 1 jjM 5-HT.
Colour-coded autoradiograms illustrate specific binding in 
animals 28 days after receiving either (A) 6 ng volkensin 
or (B) 2 ng volkensin in the left striatum. The scale
indicates intensity of autoradiographic signal from violet 
(lowest) to red (highest).
Note the clear loss of binding in the deeper neocortical 
layers on the side ipsilateral to the injection. Injection 
site on left side.
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FIGURE 5.4: REPRESENTATIVE COLOUR-CODED AUTORADIOGRAMS OF 
[3H] 8-OH-DPAT BINDING IN RICIN INJECTED ANIMALS. 
Experiments on 12 jum coronal rat brain sections were 
performed using exactly the same conditions as those 
described in Figure 5.3.
Colour-coded autoradiograms illustrate specific binding in 
animals 28 days after receiving either (A) 2 ng ricin or 
(B) 10 ng ricin in the left striatum. The scale indicates 
intensity of autoradiographic signal from violet (lowest) 
to red (highest). Injection site on left side.
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However, in the deep layers [3H] 8-OH-DPAT binding (values 
are mean fmoles/mg tissue equivalent; contralateral values 
in parentheses) on the ipsilateral side was reduced to 68% 
of that in the corresponding contralateral neocortex 
16.7±1.2 (24.5±2.1) (P < 0.05, Student's paired t-test;
Figure 5.5). In some areas the binding was reduced to as 
much as 25% of control (see Figure 5.3), however smaller 
reductions were observed more anteriorly and posteriorly. 
Laterally, [3H]-8-OH-DPAT binding was examined in areas 
Parl/Par2. In the superficial layers there was a 
significant 69% reduction in binding on the ipsilateral 
side compared to the contralateral side 7.611.3 (11.011.3) 
(P < 0.05, Student's paired t-test; Figure 5.5). A similar 
reduction was observed in the deep layers, binding on the 
ipsilateral side being reduced to 60% of the contralateral 
side, 13.211.2 (22.011.0) (P < 0.001 Student's paired t- 
test; Figure 5.5).

In animals injected with 2 ng of volkensin (n=6) there 
was no significant reduction in the level of binding 
medially (Frl/Fr2) in the superficial layers on the 
ipsilateral side compared to the contralateral side, whilst 
in the deep layers the binding on the ipsilateral side was 
reduced to 77% of that on the corresponding contralateral 
side, 30.518.3 (23.317.7) (P < 0.001, Student's paired t- 
test; Figure 5.5). Laterally, a significant reduction in 
[3H] 8-OH-DPAT binding on the ipsilateral side to 78% of the 
corresponding contralateral side was observed in the 
superficial layers, 8.913.2 (11.413.3) (P < 0.01, Student's
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FIGURE 5.5: [3H] 8-OH-DPAT BINDING IN VOLKENSIN INJECTED
ANIMALS. Experimental conditions were exactly as described 
in Figure 5.3. The histograms show a comparison of specific 
[ 3H ] 8-OH-DPAT binding in 12 jjm coronal brain sections from 
neocortical areas contralateral (open bars) and ipsilateral 
(filled bars) to a 6 ng (n=5) or 2 ng (n=6) intrastriatal 
volkensin injection.
Bars represent mean and error bars SEM. Binding was 
determined from 5-12 autroradiograms from each rat in the 
superficial and deep layers of Frl/Fr2 (medial) and 
Parl/Par2 (lateral).
* P < 0.05, ** P < 0.01, *** P < 0.001, significantly
different compared to the corresponding contralateral side 
(Student's paired t-test).
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FIGURE 5.6: [3H] 8-OH-DPAT BINDING IN RICIN INJECTED
ANIMALS. Experimental conditions were exactly as described 
in Figure 5.3. The histograms show a comparison of specific 
[3H] 8-OH-DPAT binding in 12 jjm coronal brain sections from 
neocortical areas contralateral (open bars) and ipsilateral 
(filled bars) to a 2 ng (n=4) or 10 ng (n=4) intrastriatal 
ricin injection.
Bars represent mean and error bars SEM. Binding was 
determined from 5-12 autroradiograms from each rat in the 
superficial and deep layers of Frl/Fr2 (medial) and 
Parl/Par2 (lateral).
No significant differences.
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paired t-test). In the deep layers binding was reduced to 
67% of the contralateral side, 16.5±6.2 (24.6±7.1) (P < 
0.001, Student's paired t-test; Figure 5.5).

All animals examined which showed cell loss medially 
from the deep neocortical layers of large infragranular 
pyramidal neurones, with sparing of interneurones and 
supragranular pyramidal neurones also had reduced [3H]-8-OH- 
DPAT binding (individual data not shown). Quantitative 
histological analysis was not performed in any of the 
lateral areas (see Chapter 4). It is also interesting to 
note that the decrease in [3H] 8-OH-DPAT binding in the 
infragranular layers was also seen in 2 animals 21 days 
after injection of 3-4 ng volkensin (data not shown), prior 
to any significant cell loss.

[3H] 8-OH-DPAT binding on the side ipsilateral to the 
injection site was not significantly different compared to 
binding on the contralateral side following injections of 
either 2 or 10 ng of ricin in neocortical areas Frl/Fr2 and 
Parl/Par2 (Figure 5.6).

5.2.1,4 Saturation analysis of T3H1 8-OH-DPAT binding in 
lesioned rats.

Scatchard analysis of [3H] 8-OH-DPAT binding to sections 
from animals receiving 2 ng volkensin revealed that the Kd 
value was not significantly different in neocortical areas 
ipsilateral to the striatal injection compared to similar 
areas contralaterally (Table 5.1, Figure 5.7). The reduced 
binding with InM [3H] 8-OH-DPAT in deep neocortical layers
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FIGURE 5.7: REPRESENTATIVE SATURATION ANALYSIS OF [3H] 8-OH- 
DPAT BINDING IN THE DEEP CORTICAL LAYERS OF A VOLKENSIN 
INJECTED RAT. Experiments were performed exactly as 
described in Figure 5.1. Data points of the Scatchard plot 
represent mean specific binding from 3-4 sections 
determined autoradiographically from a single rat. Binding 
is to the deep cortical layers of Frl/Fr2/ contralatral 
(■) and ipsilateral (□) to a intrastriatal injection of 2 
ng of volkensin. Data have been replotted from the EBDA 
program (McPherson, 1985), with a least squares regression 
line.
The overall binding parameters are given in Table 5.1.
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ipsilateral to the injection site (Figure 5.3) was 
accompanied by a reduction in the Bmax value in the deep 
layers of both Frl/Fr2 and Parl/Par2 (Table 5.1, Figure
5.7). The observed reduction in [3H] 8-OH-DPAT binding in 
the superficial layers of Parl/Par2 was not accompanied by 
a reduction in Bmax (Table 5.1).

5.2.2 r3H1 Ketanserin binding to the 5-HT2 receptor.
5.2.2.1 Effect of incubation and wash time.

As described in Section 2.6.2 ligand binding was 
considered to have reached equilibrium after an incubation 
time of 2 hr and at this time produced 42% specific 
binding. The dissociation curve (t1/2 value of 20 min) 
exhibited the highest level of specific binding (58%) with 
a wash time of 20 min.

5.2.2.2 Saturation analysis of r3H1 ketanserin binding in 
control rats.

Typical Scatchard analyses of [3H] ketanserin saturation 
binding data to sections from normal animals in the 
superficial and deep laminae are shown in Figures 5.8 and 
5.9. Kd and Bmax values are mean ± SEM (n=3). In the 
superficial layers the mean Kd value was 1.26±0.26 nM and 
the Bmax value 66.1110.0 fmoles/mg tissue equivalent. In the 
deep layers the mean Kd value was 0.7610.13 nM and the Bmax 
value 87.917.3 fmoles/mg tissue equivalent.
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FIGURE 5.8: REPRESENTATIVE SATURATION ANALYSIS OF [3H]
KETANSERIN BINDING IN THE SUPERFICIAL LAYERS OF RAT 
NEOCORTEX. Experiments were performed using coronal rat 
brain sections (12 ym) incubated in 0.17 M Tris-HCl (pH
7.7) for 120 min at 25°C in the presence of 0.1 - 6 nM [3H] 
ketanserin. Non-specific binding was generated using 1 yM. 
methysergide.
Data points represent mean specific binding from 3-4 
sections determined autoradiographically from a single rat. 
Binding is to the superficial layers of Frl/Fr2. The main 
plot shows a representative Scatchard analysis, replotted 
from the EBDA program (McPherson, 1985), with a least 
squares regression line. Inset shows the saturation curve 
for the analysis.
The overall binding parameters are given in Section
5.2.2.2.
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FIGURE 5.9: REPRESENTATIVE SATURATION ANALYSIS OF [3H]
KETANSERIN BINDING IN THE DEEP LAYERS OF RAT NEOCORTEX. 
Experiments were performed exactly as described in Figure 
5.8. Data points represent mean specific binding from 3-4 
sections determined autoradiographically from a single rat. 
Binding is to the deep layers of Frl/Fr2. The main plot 
shows a representative scatchard analysis, replotted from 
the EBDA program (McPherson, 1985), with a least squares 
regression line. Inset shows the saturation curve for the 
analysis.
The overall binding parameters are given in Section
5.2.2.2.
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5.2.2.3 Effects of 1 uM tetrabenazine sulphate on f3H1 
ketanserin binding.

The effects of the monoamine depleting agent, 
tetrabenazine, were examined by both "scratch and count" 
and autoradiographic film analysis. In "scratch and count" 
experiments in the presence and absence of 1 ]JM 
tetrabenazine, specific binding (% specific binding in 
brackets) was unaffected, 2054155 (54%) and 1979±109 dpm 
respectively (total binding was reduced by approximately 
300 dpm). Results are mean ± SEM for 3 control rats. The 
regional distribution of [3H] ketanserin binding was also 
examined in the presence of tetrabenazine. Illustrative 
autoradiograms of total binding are shown in Figure 5.10. 
In the neocortex tetrabenazine had no effect on the [3H] 
ketanserin binding. Specific binding (all values in 
fmoles/mg tissue equivalent, binding in the presence of 
tetrabenazine in parentheses) was also unaffected in the 
superficial layers 24.712.6 (25.312.7), the middle layers
43.413.2 (46.612.3) and the deep layers 23.012.3 
(23.711.2). Furthermore, no differences were observed in 
total and non-specific binding in the neocortex.

In the striatum no reduction in the level of specific 
binding was observed in the presence of tetrabenazine
12.710.3 (13.010.6), however total and non-specific binding 
were both reduced by 25% and 43% respectively in the 
presence of tetrabenazine; total binding 32.010.6 
(24.12.3), non-specific binding 19.310.9 (11.012.8).
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FIGURE 5.10: THE EFFECT OF TETRABENAZINE ON [3H] KETANSERIN 
BINDING. Representative colour coded autoradiogram 
reconstructions in adjacent coronal rat brain sections (12 
pm) of total [3H] ketanserin binding with (A) no addition 
and (B) in the presence of 1 pM tetrabenazine. The scale 
indicates intensity of the autoradiographic signal from 
violet (lowest) to red (highest). A clear loss of total 
binding in the striatum is apparent in the presence of 
tetrabenazine.
Sections were incubated for 2 hr in 0.17 M Tris-HCl (pH 
1.1), with 2 nM [3H] ketanserin, at 25°C. Non-specific 
binding was generated using 1 pM methysergide.



230
5.2.2.4 Characteristics of f3H1 ketanserin binding in 
lesioned rat brain sections.

The laminar and regional distribution of [3H] ketanserin 
binding in volkensin and ricin treated animals is shown in 
representative colour-coded autoradiograms (Figures 5.11 
and 5.12). Within the neocortex there was a band of highest 
binding in the middle layers with relatively lower binding 
in the more superficial and deeper layers. These layers 
will be referred to as superficial, middle and deep layers. 
Binding values are in fmoles/mg tissue equivalent and are 
means ± SEM, contralateral values are in parentheses.

In animals injected with 6 ng of volkensin (n=4) there 
was no significant reduction in the level of [3H] ketanserin 
binding medially (areas Frl/Fr2) on the side ipsilateral to 
the injection site compared to that on the contralateral 
side in either the superficial layers, middle or deep 
layers (Figure 5.13). There were also no significant 
reductions in [3H] ketanserin binding more laterally (areas 
(Parl/Par2) when comparing ipsilateral and contralateral 
sides (Figure 5.13).

In animals injected with 2 ng of volkensin (n=6) there 
were no significant reductions in binding medially on the 
ipsilateral side compared to the corresponding region of 
the contralateral side. However laterally, in the 
superficial layers, there was a significant reduction in 
[ 3H] ketanserin binding on the ipsilateral side to 91% of 
that on the contralateral side 25.1±2.9 (27.5±2.5) (P < 
0.05, Student's paired t-test; Figure 5.13). No significant
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FIGURE 5.11: REPRESENTATIVE COLOUR-CODED AUTORADIOGRAMS OF 
[3H] KETANSERIN BINDING IN VOLKENSIN INJECTED ANIMALS. 
Experiments were performed using coronal rat brain sections 
(12 jjm) incubated in 0.17 M Tris-HCl (pH 7.7) for 120 min 
at 25°C in the presence of 2 nM [3H] ketanserin. Non
specific binding was generated using 1 \aV[ methysergide. 
Colour-coded autoradiograms illustrate specific binding in 
animals 28 days after receiving either (A) 6 ng volkensin 
or (B) 2 ng volkensin in the left striatum. The scale
indicates intensity of autoradiographic signal from violet 
(lowest) to red (highest). Injection site on left side.



FIGURE 5.12: REPRESENTATIVE COLOUR-CODED AUTORADIOGRAMS OF 
[3H] KETANSERIN BINDING IN RICIN INJECTED ANIMALS. 
Experiments on 12 jj m coronal rat brain sections were 
performed using exactly the same conditions as those 
described in Figure 5.12.
The colour-coded autoradiogram illustrates specific‘binding 
in an animal 28 days after receiving 2 ng ricin in the left 
striatum. The scale indicates intensity of autoradiographic 
signal from violet (lowest) to red (highest). Injection 
site on left side.
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FIGURE 5.13: [3H] KETANSERIN BINDING IN VOLKENSIN INJECTED
ANIMALS. Experimental conditions were exactly as described 
in Figure 5.11. The histograms show a comparison of 
specific [ 3H ] ketanserin binding in 12 jum coronal brain 
sections from neocortical areas contralateral (open bars) 
and ipsilateral (filled bars) to a 6 ng (n=5) or 2 ng (n=6) 
intrastriatal volkensin injection.
Bars represent mean and error bars SEM. Binding was 
determined from 5-12 autroradiograms from each rat in the 
superficial, middle and deep layers of Frl/Fr2 (medial) and 
Parl/Par2 (lateral).
* P < 0.05, significantly different compared to the 
corresponding contralateral side (Student's paired t-test).
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FIGURE 5.14: [3H] KETANSERIN BINDING IN RICIN INJECTED
ANIMALS. Experimental conditions were exactly as described 
in Figure 5.11. The histograms show a comparison of 
specific [3H] ketanserin binding in 12 ^m coronal brain 
sections from neocortical areas contralateral (open bars) 
and ipsilateral (filled bars) to a 2 ng (n=4) intrastriatal 
ricin injection.
Bars represent mean and error bars SEM. Binding was 
determined from 5-12 autroradiograms from each rat in the 
superficial and deep layers of Frl/Fr2 (medial) and 
Parl/Par2 (lateral).
* P < 0.05, significantly different compared to the
corresponding contralateral side (Student's paired t-test).
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reductions were observed in the middle or deep layers.

Animals injected with 2 ng of ricin (n=4) showed no 
significant reductions medially in [3H] ketanserin binding 
between ipsilateral and contralateral (Figure 5.14). 
Laterally there were no significant reductions in binding 
in the superficial or middle layers, but there was however 
a significant reduction in binding on the ipsilateral side, 
to 86% of the contralateral side, in the deep layers 
24.1±2.6 (27.9±3.1) (P < 0.05, Student's paired t-test;
Figure 5.14).

5.3 DISCUSSION.
5.3.1 Experimental considerations.

The distribution of the 5-HT1A receptor detected using 
[3H] 8-OH-DPAT and the 5-HT2 receptor as seen using [3H] 
ketanserin were similar to those reported by other workers 
(Pazos and Palacios, 1985; Pazos et al., 1985a; Verge et 
al., 1986; Waeber et al., 1989; Radja et al., 1991) in rat. 
Quantitative comparisons are difficult since 
autoradiographic procedures vary between different 
laboratories. For example different incubation conditions 
may be used for a particular [3H] ligand, or different types 
of [3H ] standard may be used e.g [3H] brain paste or [3H] 
synthetic polymer standards). Furthermore few 
autoradiographic studies have examined binding of [3H] 
ligands quantitatively in the neocortex. Nevertheless, 
values for [3H] 8-OH-DPAT and [3H] ketanserin binding in the 
present study compare well with values obtained in other
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reports (see Tables 5.2 and 5.3).

The antioxidant properties of ascorbic acid have 
resulted in its use in the [3H] 8-OH-DPAT assay to reduce 
the oxidation of 5-HT. There is however some evidence that 
ascorbate at the concentrations normally used inhibits [3H] 
5-HT binding in membranes by two mechanisms; (i) by 
ascorbate induced lipid peroxidation (inhibited by the 
addition of CaCl2) and (ii) by a direct reversible effect 
independent of lipid peroxidation that is specific for the 
serotonin biding site (Leslie et al., 1980; 
Muakkassah-Kelly et al., 1982, 1983). Since the % specific 
binding in the present autoradiographic study is excellent 
and as all comparisons made here are between binding on the 
ipsilateral and contralateral sides these findings are 
considered to be of minimal importance. Moreover, the 
ascorbate effects described have only been examined using 
membrane binding techniques and [3H] 5-HT.

[ 3H ] ketanserin has been shown to bind to a site other 
than the 5-HT2 receptor (probably an amine transporter on 
dopaminergic terminals) in both the rat striatum and the 
rabbit neocortex (Leysen et al., 1988; Dewar et al. , 
1990b). Ignoring such an artifact may lead to the possible 
misinterpretation of the data. Addition of the monoamine 
depleting agent (uptake inhibitor), tetrabenazine, to the 
incubation media had no effect on [3H] ketanserin binding 
within the neocortex, whilst binding within the striatum 
was reduced (Figure 5.10). These findings are in agreement 
with those of Pazos et al. (1985a) and Leysen et al. (1988)
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and suggest that in the rat neocortex [3H] ketanserin 
binding is to the 5-HT2 receptor site.

5.3.2 Receptor distribution and localisation in lesioned 
animals.

The present study indicates that the heterogenous 
distribution of [3H] 8-OH-DPAT and [3H] ketanserin reflects 
differential cellular localization of 5-HT1A and 5-HT2 
receptors. The main finding was of reduced [3H] 8-OH-DPAT 
binding in areas of neocortex that showed loss of pyramidal 
neurones following intrastriatal volkensin injection. 
Another experimental paradigm (intracaudate injection of a 
different suicide transport agent, 0X7-saporin, and a 
shorter, 14 day survival period) reduced neither pyramidal 
cells of layer V nor 5-HT1A receptors (Crino et al., 1990). 
By contrast, intrathalamic injection using these conditions 
successfully destroyed cells of origin of the cortico
thalamic pathway and reduced 5-HT1A receptors in the 
cingulate cortex. Thus methods now exist for studying the 
biochemical properties of two sub-populations of cortical 
neurones.

The most likely interpretation of the observed reduction 
in [3H] 8-OH-DPAT binding is that 5-HT1A sites are enriched 
postsynaptically on the pyramidal cells of layer V, forming 
the cortico-striatal pathway, which are destroyed following 
intrastriatal volkensin injection. It is also possible that 
these receptors are found on the terminals of the axon 
collaterals of these neurones, since local axon collaterals
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originating from pyramidal cells are one of the most 
consistently demonstrated features of neocortical circuitry 
(Lund, 1973; Feldman, 1984; Kisvarday et al., 1986; Peters, 
1987).

It could be argued that 5-HT1A receptors are located on 
interneurones destroyed by uptake of toxin released 
following death of cortico-striatal pyramidal neurones. 
However, GAD-mRNA positive cells, interneurones, were 
preserved in the area that showed loss of pyramidal 
neurones (see Section 4.3.1) suggesting that transsynaptic 
degeneration or diffusion have not occurred to any great 
extent.

Another interpretation is that 5-HT1A sites are located 
presynaptically either as autoreceptors (i.e, located on 5- 
HT nerve endings) or heteroreceptors (on non 5-HT nerve 
endings). Autoreceptors are unlikely to be involved since 
there was no reduction in 8-OH-DPAT binding 18-21 days 
following 5,7 dihydroxytryptamine lesion of the medial 
forebrain bundle yet presynaptic markers (concentrations of 
5-HT, 5-HIAA and binding of a 5-HT uptake inhibitor) were 
markedly reduced (Hall et al., 1985; Verge et al., 1986; 
Francis et al., 1989). Moreover, although the striatum 
receives ipsilateral serotonergic innervation from the 
dorsal raphe (Tork and Hornung, 1990) and some evidence of 
neuronal loss from this structure was observed following 
intrastriatal volkensin (see Section 4.2.4), dorsal raphe 
neurones projecting to the striatum do not also form 
corticopetal fibres (as reviewed by Tork and Hornung,



1990). 5-HT1A heteroreceptors on the terminals of neurones 
which project from the injection site to the neocortex are 
also unlikely to be involved. The striatal area lesioned 
does not possess 5-HT pathways that project to the 
neocortex (Heimer et al., 1985) so the only possible 
corticopetal fibres that might bear such receptors are 
those of the thalamo-cortical pathways. In most animals 
there was some evidence of involvement of the anterior 
nuclei of the thalamus (due to direct spread from the 
injection site (see Section 4.2.3) but these areas 
primarily project to the cingulate and retrosplenial 
cortices and not to the neocortical areas studied here 
(Faull and Mehler, 1985). Perhaps the most persuasive 
argument against a corticopetal nerve terminal location is 
that there was no reduction in [3H] 8-OH-DPAT binding 
following intrastriatal ricin injection at either 2 or 10 
ng doses. Ricin (at the high dose) caused as much direct 
cell loss in and around the striatum as 2ng of volkensin 
(see Section 4.3.1) but did not destroy neocortical 
pyramidal neurones. Thus, if 5-HT1A sites were present on 
thalamo-cortical (or other corticopetal) projections a 
reduction in binding in the cingulate and retrosplenial 
cortices (or other neocortical areas) should have occurred 
but this was not a feature in this study. It is however not 
possible to completely exclude that 5-HT1A sites are 
heteroreceptors on terminals of neurones of the 
intralaminar nuclei group of the thalamus. Certain cells 
from these nuclei project to both the striatum and the
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neocortex (Faull and Mehler, 1985). Nerve terminals in the 
neocortex could therefore be destroyed due to retrograde 
degeneration of their cells of origin. This is most 
unlikely to explain the present results since the thalamo
cortical fibres of the intralaminar nuclei terminate 
sparsely in the neocortex (Faull and Mehler, 1985). 
Additionally, undercutting of cingulate cortex did not 
significantly reduce [3H] 8-OH-DPAT binding (Crino et al., 
1990) .

It also should be noted that in both the 6 and 2 ng 
injected volkensin animals some direct damage to the 
anterolateral thalamus was observed. It is therefore 
possible that retrograde transport from this site may 
occur, resulting in loss of some cortico-thalamic pyramidal 
neurones. This is highly unlikely to explain the reductions 
in binding observed since the damage to the anterior 
thalamus is small (particularly in the 2 ng volkensin 
injected animals) and since these neurones project 
primarily from the cingulate and retrosplenial cortices 
(Faull and Mehler, 1985). Nevertheless, such cell loss 
cannot be completely excluded from contributing a small 
part to the 5-HT1A receptor loss observed.

The 5-HT1a receptors that are affected in Frl/Fr2 appear 
to be primarily confined to the immediate vicinity of the 
cell body, since there was no significant reduction in 
binding in the superficial neocortical layers. By contrast, 
there is some evidence that 5-HT1A sites in Parl/Par2 are 
distributed over the apical dendrites as well as the cell
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bodies of the cells in neocortical layer V as the binding 
of InM [ 3H] 8-OH-DPAT was reduced in both superficial and 
deeper layers. The loss seen in the deeper layers is 
accompanied by a reduction in the total number of binding 
sites (Bmax) but not by a reduction in the affinity (Kd) of 
the receptor (Table 5.1). The reduction seen in the 
superficial layers was not however accompanied by a 
reduction in Bmax (or in receptor affinity) and so the 
significance of the reduction remains equivocal.

It should also be noted that the loss of 5-HT1A sites 
reported is probably an underestimation since Whitaker- 
Azmita and colleagues (Whitaker-Azmitia and Azmitia, 1989; 
Whitaker-Azmitia et al., 1990) have observed that 5-HT1A 
receptors are also found on astrocytes. These cells have 
been shown to be increased on the ipsilateral side of the 
neocortex as a result of the neuronal injury (Figure 4.6).

It is also interesting that the change in ligand binding 
marginally precedes the significant loss of infragranular 
neurones, indicating that autoradiography of this receptor 
may also be a useful marker of cells in the process of 
degenerating.

Since there was no significant loss in the binding of 
[ 3H] ketanserin it may be concluded that pyramidal neurones 
forming the cortico-striatal pathway are not enriched in 5- 
HT2 sites. These cells probably only contribute a small 
number of sites to the total 5-HT2 binding in the neocortex 
and hence any small reduction consequent upon loss of these 
cells would not be detectable overall. The present data is



consistent with these receptors being predominantly located 
on neocortical interneurones (Cross et al., 1984a; Procter 
et al., 1988a; Sheldon and Aghajanian, 1990) which were 
preserved in this model. The reduction in [3H] ketanserin 
binding in the most superficial layers of Par 1/Par 2 in 
animals receiving 2ng volkensin is unexplained but the 
statistical significance (p = 0.044) is low. It seems 
unlikely to be due to diffusion of the toxin since 
neocortical layers closer to the injection site were 
unaffected as were all neocortical layers in animals 
receiving 6 ng volkensin. No functional or anatomical 
explanation of this reduction is apparent. Resolution of 
this problem awaits further investigation. A loss of [3H] 
ketanserin binding was also observed laterally in the deep 
layers following a 2ng ricin injection. The importance of 
this observation is unclear, since significant reductions 
in [3H] ketanserin binding were not observed in the deep 
layers following volkensin injections.
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CHAPTER 6 .
6.0 Autoradiographic analysis of the NMDA receptor complex 
in animals injected with volkensin or ricin.

6.1 INTRODUCTION.
Excitatory amino acids such as glutamate and aspartate 

have been identified as the probable neurotransmitters of 
a large percentage of neocortical neurones in mammalian 
brain (Watkins et al., 1990; Young and Fagg, 1990); see 
also Section 1.3.3.1. Electrophysiological studies indicate 
that glutamate is almost universally excitatory, indicating 
the likely presence of glutamate receptors on most central 
nervous system neurones. At least four subtypes of 
excitatory amino acid receptor in brain have been 
identified (Young and Fagg, 1990) of which one is the ion 
channel linked NMDA receptor complex. The aim of this part 
of theis study was to determine whether the NMDA receptor 
complex was enriched on the sub-population of pyramidal 
neurones destroyed following intrastriatal volkensin 
injection (see Chapter 4). Three ligands have been used to 
label the complex at two different sites. The primary 
agonist site of the receptor was labelled with [3H] 
glutamate in the presence of kainate, quisqualate and an 
inhibitor of glutamic acid uptake. The glycine modulatory 
site was labelled with a novel antagonist [3H] L-689,560, 
as well as with [3H] glycine.
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6.2 RESULTS.
6.2.1 f3H1 Glutamate binding to the NMDA receptor complex.
6.2.1.1 Effects of incubation and wash time.

As described in Section 2.6.3 binding was considered to 
have reached equilibrium by 15 min, with 66% specific 
binding. The dissociation curve (t1/2 value of 72 sec) 
exhibited 78% specific binding with a wash time of 32 sec.

6.2.1.2 Saturation analysis of NMD A-sensitive r3H1 glutamate 
binding in rat brain.

Typical Scatchard analyses of [3H] glutamate binding, to 
sections from unlesioned animals, in the superficial and 
deep neocortical layers, are illustrated in Figures 6.1 and 
6.2. In the two animals examined, in the superficial layers 
the Kd values were 76 and 115 nM and the Bmax values 226 and 
367 fmoles/mg tissue equivalent. In the deep layers the Kd 
values were 85 and 95 nM and the Bmax values 182 and 257 
fmoles/mg tissue equivalent.

6.2.1.3 The effect of tissue section fixation on NMDA- 
sensitive f3H1 glutamate autoradiogram generation.

Fixing sections by dipping into 1.25% gluteraldehyde/ 
acetone following the washing step made little difference 
to the specific binding from "scratch and count" 
experiments. Specific binding from fixed sections was 
reduced by 8% (to 4879 dpm) compared to that of unfixed 
sections (5282 dpm). However, the effect of tissue fixation 
was noticeable when autoradiograms generated from fixed and
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FIGURE 6.1: REPRESENTATIVE SATURATION ANALYSIS OF NMDA-
SENSITIVE [3H] GLUTAMATE BINDING IN THE SUPERFICIAL LAYERS 
OF RAT NEOCORTEX. Experiments were performed using coronal 
rat brain sections (12 pim) incubated in 50 mM Tris-acetate 
(pH 7.2, containing 100 jjM SITS, 2.5 pM kainate, 1 jjM 
quisqualate, 10 /jM glycine and 50 piM spermidine. HC1) for 15 
min at 4°C in the presence of 25 - 600 nM [3H] glutamate. 
Non-specific binding was generated using 200 jiM NMDA.
Data points represent mean specific binding from 3-4 
sections determined autoradiographically from a single rat. 
Binding is to the superficial layers of Frl/Fr2. The main 
plot shows a representative Scatchard analysis, replotted 
from the EBDA program (McPherson, 1985), with a least 
squares regression line. Inset shows the saturation curve 
for the analysis.
The overall binding parameters are given in Section
6 .2 .1 .2 .
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FIGURE 6.2: REPRESENTATIVE SATURATION ANALYSIS OF NMDA-
SENSITIVE [3H] GLUTAMATE BINDING IN THE DEEP LAYERS OF RAT 
NEOCORTEX. Experiments were performed exactly as described 
in Figure 6.1. Data points represent mean specific binding 
from 3-4 sections determined autoradiographically from a 
single rat. Binding is to the deep layers of Frl/Fr2. The 
main plot shows a representative scatchard analysis, 
replotted from the EBDA program (McPherson, 1985), with a 
least squares regression line. Inset shows the saturation 
curve for the analysis.
The overall binding parameters are given in Section
6 .2 .1 .2 .



249

A
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FIGURE 6.3: REPRESENTATIVE COLOUR-CODED AUTORADIOGRAM OF
NMDA-SENSITIVE [3H] GLUTAMATE BINDING DEMONSTRATING THE 
EFFECTS OF FIXATION. Experiments were performed using 
coronal control rat brain sections (12 jjm) incubated in 50 
mM Tris-acetate (pH 7.2, containing 100 piM SITS, 2.5 jjM 
kainate, 1 ^M quisqualate, 10 ^M glycine and 50 \M 
spermidine. HC1) for 15 min at 4°C in the presence of 100 nM 
[3H] glutamate. Non-specific binding was generated using 200 
/jM NMDA.
Colour-coded autoradiograms illustrate specific binding in 
control sections with either (A) no fixation after washing 
or (B) fixation by dipping the sections into 1.25% 
gluteraldehyde in acetone following washing. The 'scale 
indicates intensity of autoradiographic signal from violet 
(lowest) to red (highest).
Note that the regional binding definition is clearer in the 
fixed sections.
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unfixed sections were compared (Figure 6.3). Although the 
total binding remained unaltered, differences in the 
regional distribution of binding were much clearer (less 
diffuse) in the sections that had been fixed.

6.2.1.4 Characteristics of NMDA-sensitive T3H1 glutamate 
binding in lesioned rat brain sections.

The laminar and regional distribution of NMDA-sensitive 
[ 3H] glutamate binding in volkensin treated animals is shown 
in a representative colour-coded autoradiogram in Figure 
6.4. Within the neocortex the level of binding in the 
superficial layers was greater than that in the deep 
layers. Specific binding values are mean fmoles/mg tissue 
equivalent ± SEM, contralateral values are in parentheses.

In animals injected with 6 ng of volkensin (n=5) there 
was no significant difference in binding medially between 
sides ipsilateral and contralateral to the injection site 
in the superficial layers. In the deep layers specific [3H] 
glutamate binding on the ipsilateral side was significantly 
reduced to 67% of the contralateral side 78.3±13.0 
(115.5±9.3) (P < 0.05, Student's paired t-test; Figure 
6.5). Laterally, in areas Parl/Par2, there were no 
significant differences in binding between the two sides in 
either the superficial or deep layers (Figure 6.5).

Specific binding in animals injected with 2 ng of 
volkensin (n=6) was reduced by approximately 50% when 
compared to the binding in 6 ng injected animals. 
Measurements taken medially from areas Frl/Fr2 and



FIGURE 6.4: REPRESENTATIVE COLOUR-CODED AUTORADIOGRAMS OF 
NMDA-SENSITIVE [3H] GLUTAMATE BINDING IN VOLKENSIN INJECTED 
ANIMALS. Experiments were performed using coronal rat brain 
sections (12 ^m) incubated in 50 mM Tris-acetate (pH 7.2, 
containing 100 ]jM SITS, 2.5 jjM. kainate, 1 jjM quisqualate, 
10 jjM glycine and 50 ]JM spermidine. HC1) for 15 min at 4°C 
in the presence of 100 nM [3H] glutamate. Non-specific 
binding was generated using 200 ^M NMDA.
Colour-coded autoradiograms illustrate specific binding in 
animals 28 days after receiving either (A) 6 ng vblkensin 
or (B) 2 ng volkensin in the left striatum. The scale
indicates intensity of autoradiographic signal from violet 
(lowest) to red (highest). Injection site on left side.
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FIGURE 6.5: [3H] GLUTAMATE BINDING IN VOLKENSIN INJECTED
ANIMALS. Experimental conditions were exactly as described 
in Figure 6.4. The histograms show a comparison of specific 
[ 3H] glutamate binding in 12 pm coronal brain sections from 
neocortical areas contralateral (open bars) and ipsilateral 
(filled bars) to a 6 ng (n=5) or 2 ng (n=6) intrastriatal 
volkensin injection.
Bars represent mean and error bars SEM. Binding was 
determined from 5-12 autroradiograms from each rat in the 
superficial and deep layers of Frl/Fr2 (medial) and 
Parl/Par2 (lateral).
* P < 0.05, significantly different compared to the
corresponding contralateral side (Student's paired t-test).
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laterally from areas Parl/Par2 showed no significant
differences in binding between sides ipsilateral and 
contralateral to the injection site.

Although autoradiograms were developed from animals 
injected with 2 ng of ricin they were of poor quality and 
results could be reliably quantified from one animal. 
Medially, specific binding was 95.4 (93.1) in the
superficial layers and 120.1 (120.8) in the deep layers.
Laterally, specific binding was in 83.6 (87.6) the
superficial layers and 101.3 (91.0) in the deep layers.

6.2.2 r3Hl Glycine binding to the glycine site of the NMDA 
receptor complex.
6.2.2.1 Effects of incubation and wash time.

As described in Section 2.6.4 binding was considered to 
have reached equilibrium after an incubation time of 30 
min, giving 85% specific binding. The dissociation curve 

1/2 value of 32 sec) produced 83% specific binding with a 
32 sec wash time.

6.2.2.2 Saturation analysis of r3H1 glycine binding in rat 
brain.

The Scatchard analysis of [3H] glycine binding to normal 
rat brain sections (performed in this case by "scratch and 
count") is illustrated in Figure 6.6. The Kd value was 564 
nM.
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FIGURE 6.6: REPRESENTATIVE SATURATION ANALYSIS OF [3H]
GLYCINE BINDING IN RAT NEOCORTEX. Experiments were 
performed using coronal rat brain sections (12 pm) 
incubated in 50 mM Tris-citrate (pH 7.4, containing 100 pH 
glutamate) for 30 min at 4°C in the presence of 50 - 500 nM 
[3H] glycine. Non-specific binding was generated using 1 mM 
glycine.
Data points represent mean specific binding from 4 sections 
determined by scintillation counting from a single rat. The 
main plot shows a representative Scatchard analysis, 
replotted from the EBDA program (McPherson, 1985), with a 
least squares regression line. Inset shows the saturation 
curve for the analysis.
The overall binding parameters are given in Section
6 .2 . 2 .2 .
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6.2.2.3 Strychnine sensitivity of f3H1 glycine binding.

Addition to the incubation medium of 100 pH strychnine 
was investigated by "scratch and count” and by 
autoradiogram generation. In experiments using sections 
from the 3 control rats, the specific binding in the 
presence of strychnine was 790±93 (93% specific) and
without was 719±65 (94% specific). Values are mean dpm ± 
SEM. No difference in the regional distribution of [3H] 
glycine binding was observed in autoradiograms produced 
from sections incubated in the presence and absence of 100 
pH strychnine.

6.2.2.4 The effect of tissue fixation on strychnine- 
insensitive f3H1 glycine binding.

Fixation of sections after the washing step by either 
dipping into 1.25% gluteraldehyde/acetone or by dipping 
into DIW and then into 1.25% gluteraldehyde/acetone reduced 
the specific binding as determined by "scratch and count" 
to 67% (2449 dpm) and 42% (1535 dpm) respectively of the 
specific binding of unfixed sections (3630 dpm). The % 
specific binding in both cases remained unaltered at 72% 
and 74% specific respectively compared to 73% specific 
binding in the unfixed sections. Autoradiograms from 
unfixed sections were also compared with those from 
sections generated from either of the two fixing 
procedures. Binding in autoradiograms generated from 
sections dipped only in fixative compared well with those 
from unfixed sections. However as for [3H] glutamate binding
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the regional and lamina distribution of the ligand was much 
clearer in autoradiograms produced from fixed sections (see 
Figure 6.3). Sections dipped in DIW and then fixed produced 
poor quality autoradiograms.

6.2.2.5 Characteristics of T3H1 glycine binding in lesioned 
rat brain sections.

The laminar and regional distribution of strychnine- 
insensitive [ 3H] glycine binding in volkensin treated 
animals is shown in representative colour-coded 
autoradiograms (Figure 6.7). Specific binding values are 
mean fmoles/mg tissue equivalent ± SEM, contralateral 
values are in parentheses.

In animals injected with 6 ng of volkensin (n=5) there 
was no significant difference in binding in the superficial 
layers of area Frl/Fr2, between sides ipsilateral and 
contralateral to the injection site. However, in the deep 
layers the binding on the ipsilateral side was 
significantly reduced to 80% of the corresponding 
contralateral side 27.9±5.4 (34.9±3.9) (P < 0.05, Student's 
paired t-test; Figure 6.8). Laterally, in areas Parl/Par2, 
there were no significant differences in binding between 
the two sides in either the superficial layers or the deep 
layers (Figure 6.8).

Specific binding in animals injected with 2 ng of 
volkensin (n=4) was reduced by approximately 20% when 
compared to the binding in the 6 ng volkensin injected 
animals. Measurements from both neocortical areas Frl/Fr2
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FIGURE 6.7: REPRESENTATIVE COLOUR-CODED AUTORADIOGRAMS OF 
[3H] GLYCINE BINDING IN VOLKENSIN INJECTED ANIMALS. 
Experiments were performed using coronal rat brain sections 
(12 /jm) incubated in 50 mM Tris-citrate (pH 7.4, containing 
100 jjM  glutamate) for 30 min at 4°C in the presence of 100 
nM [3H] glycine. Non-specific binding was generated using 
1 mM glycine.
Colour-coded autoradiograms illustrate specific binding in 
animals 28 days after receiving either (A) 6 ng volkensin 
or (B) 2 ng volkensin in the left striatum. The scale
indicates intensity of autoradiographic signal from violet 
(lowest) to red (highest). Injection site on left side.
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FIGURE 6.8: [3H] GLYCINE BINDING IN VOLKENSIN INJECTED
ANIMALS. Experimental conditions were exactly as described 
in Figure 6.7. The histograms show a comparison of specific 
[3H] glycine binding in 12 pm coronal brain sections from 
neocortical areas contralateral (open bars) and ipsilateral 
(filled bars) to a 6 ng (n=5) or 2 ng (n=6) intrastriatal 
volkensin injection.
Bars represent mean and error bars SEM. Binding was 
determined from 5-12 autroradiograms from each rat in the 
superficial and deep layers of Frl/Fr2 (medial) and 
Parl/Par2 (lateral).
* P < 0.05, significantly different compared to the
corresponding contralateral side (Student's paired t-test).
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and Parl/Par2, exhibited no significant differences between 
the side ipsilateral to the injection site and the 
corresponding contralateral side in either the superficial 
or deep laminae (Figure 6.8).

Although autoradiograms were developed from animals 
injected with 2 ng of ricin they were of poor quality and 
were impossible to quantify reliably.

6.2.3 f3H1 L-689.560 binding to the glycine site of the 
NMDA-receptor complex.
6.2.3.1 Effects of incubation and wash time.

As described in Section 2.6.5 the association curve 
equilibrium was reached by 2 hr and produced 74% specific 
binding. The dissociation curve (t 1/2 value of 34 min) and 
exhibited 79% specific binding after a wash time of 4 min.

6.2.3.2 Saturation analysis of r3H1 L-689.560 binding in rat 
brain sections.

Typical Scatchard analyses of [3H] L-689,560 binding to 
sections from normal animals in both the superficial and 
deep layers are shown in Figures 6.9 and 6.10. Kd and Bmax 
values are mean ± SEM (n=3). In the superficial layers the 
Kd value was 10.3±2.2 nM and the Bmax value 1.69±0.44 
pmoles/mg tissue equivalent. In the deep layers the Kd value 
was 13.7±4.4 nM the Bmax 1.50±0.38 pmoles/mg tissue 
equivalent.
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FIGURE 6.9: REPRESENTATIVE SATURATION ANALYSIS OF [3H] 
L-689,560 BINDING IN THE SUPERFICIAL LAYERS OF RAT 
NEOCORTEX. Experiments were performed using coronal rat 
brain sections (12 ym) incubated in 50 mM Tris-acetate (pH
7.0) for 120 min at 4°C in the presence of 1.5 - 100 nM [3H]
L-689,560. Non-specific binding was generated using 1 mM 
glycine.
Data points represent mean specific binding from 3-4
sections determined autoradiographically from a single rat. 
Binding is to the superficial layers of Frl/Fr2. The main 
plot shows a representative Scatchard analysis, replotted 
from the EBDA program (McPherson, 1985), with a least 
squares regression line. Inset shows the saturation curve 
for the analysis.
The overall binding parameters are given in Section
6 .2 . 3 .2 .
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FIGURE 6.10: REPRESENTATIVE SATURATION ANALYSIS OF [3H] 
L-689,560 BINDING IN THE DEEP LAYERS OF RAT NEOCORTEX. 
Experiments were performed exactly as described in Figure 
6.9. Data points represent mean specific binding from 3-4 
sections determined autoradiographically from a single rat. 
Binding is to the deep layers of Frl/Fr2. The main plot 
shows a representative scatchard analysis, replotted from 
the EBDA program (McPherson, 1985), with a least squares 
regression line. Inset shows the saturation curve for the 
analysis.
The overall binding parameters are given in Section
6 .2 .3 .2 .
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6.2.3.3 Pharmacological characterisation of T3H1 L-689.560 
binding in control rat brain sections.

A number of compounds, L-serine, glycine, 7- 
chlorokynurenic acid, D-serine and L-689,560 were tested 
for their ability to displace [3H] L-689,560 binding in 
normal rat brain sections (n=3) by "scratch and count”. 
From inhibition curves produced, the concentration required 
to displace 50% of [3H] L-689,560 binding (IC50) was 
calculated for each compound (Figure 6.11). The mean IC50 
values (n=3) were: L-serine: 62.6126.9 /jM, glycine:
217.5156 nM, 7-chlorokynurenic acid: 592.0192.5 nM, D-
serine: 569.71149 nM and L-689,560: 7.1610.9 nM.

Therefore the rank order of potency of these inhibitors 
was L-689,560 > glycine > D-serine = 7-chlorokynurenic acid 
> L-serine.

6.2.3.4 Characteristics of r 3H1 L-689.560 binding in 
lesioned rat brain sections.

The laminar and regional distribution of [3H] L-689,560 
binding in volkensin and ricin treated animals is shown in 
representative colour-coded autoradiograms (Figures 6.12 
and 6.13). Within the neocortex binding was higher in the 
superficial layers compared to the deep layers.

In animals injected with volkensin the binding of [3H] 
L-689,560 binding was generally lower on the side 
ipsilateral to the injection site when compared to the 
normal, contralateral side. Specific binding values are 
mean fmoles/mg tissue equivalent 1 SEM and contralateral
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FIGURE 6.11: REPRESENTATIVE INHIBITION CURVES FOR [3H] 
L-689,560 BINDING IN RAT BRAIN. Experiments were performed 
using coronal rat brain sections (12 pm) incubated in 50 mM 
Tris-acetate (pH 7.0) for 120 min at 4°C in the presence of 
5 nM [3H] L-689,560. Binding was displaced using increasing 
concentrations of either D-serine, L-689,560, glycine, 7- 
chloro-kyurenic acid or L-serine. Binding was determined by 
scintillation counting ("scratch and count"). 
Representative displacement curves from a single rat are 
shown. Each point represents mean binding from 4 sections 
determined by scintillation counting ("scratch and count"). 
Mean IC50 values ± SEM (n=3) are reported in Section
6.2.3.3.
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FIGURE 6.12: REPRESENTATIVE COLOUR-CODED AUTORADIOGRAMS OF 
[3H] L-689,560 BINDING IN VOLKENSIN INJECTED ANIMALS.
Experiments were performed using coronal rat brain sections 
(12 jum) incubated in 50 mM Tris-acetate (pH 7.0) for 120 
min at 4°C in the presence of 5 nM [3H] L-689,560. Non
specific binding was generated using 1 mM glycine. 
Colour-coded autoradiograms illustrate specific bihding in 
animals 28 days after receiving either (A) 6 ng volkensin 
or (B) 2 ng volkensin in the left striatum. The scale
indicates intensity of autoradiographic signal from violet 
(lowest) to red (highest). Injection site on left side.
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FIGURE 6.13: REPRESENTATIVE COLOUR-CODED AUTORADIOGRAMS OF 
[3H] L-689,560 BINDING IN RICIN INJECTED ANIMALS.
Experiments on 12 pim coronal rat brain sections were 
performed using exactly the same conditions as those 
described in Figure 6.12.
The colour-coded autoradiograms illustrate specifier binding 
in animals 28 days after receiving either (A) 2 ng ricin or 
(B) 10 ng ricin in the left striatum. The scale indicates 
intensity of autoradiographic signal from violet (lowest) 
to red (highest). Injection site on left side.
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binding values are in parentheses.

In animals injected with 6 ng of volkensin (n=5) 
measurements taken medially (areas Frl/Fr2) exhibited no 
significant difference in the superficial layers between 
ipsilateral and contralateral sides, whilst in the deep 
layers binding on the ipsilateral side was significantly 
reduced to 85% of the corresponding contralateral side 
351.4±12.4 (414.8±24.7) (P<0.05, Student's paired t-test; 
Figure 6.14). More laterally, in areas Par2/Par2, [3H] L- 
689,560 binding on the ipsilateral side in the superficial 
layers was significantly reduced to 69% of the 
contralateral side, 391.4137.6 (565.0±32.3) (P < 0.05,
Student's paired t-test; Figure 6.14). Specific binding was 
also significantly reduced to 71% of the contralateral side
283.2115.0 (397.6136.4) in the deep layers (P < 0.05,
Student's paired t-test; Figure 6.14).

In animals injected with 2 ng of volkensin (n=6), the 
level of binding was reduced by approximately 25% compared 
to binding in 6 ng volkensin animals. Medially, there was 
no significant difference in the superficial layers between 
the ipsilateral and contralateral sides. However, binding 
was significantly reduced to 89% of the contralateral side 
249.0136.9 (278.5129.6) in the deep layers (P < 0.05,
Student's paired t-test; Figure 6.14). In neocortical areas
Parl/Par2, binding in the superficial layers on the
ipsilateral side was reduced to 72% of the contralateral 
side, 306.7121.1 (427.5134.0) (P < 0.05, Student's paired 
t-test) whilst in the deep layers no significant reduction
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FIGURE 6.14: [3H] L-689,560 BINDING IN VOLKENSIN INJECTED
ANIMALS. Experimental conditions were exactly as described 
in Figure 6.12. The histograms show a comparison of 
specific [ 3H ] L-689,560 binding in 12 pm coronal brain
sections from neocortical areas contralateral (open bars) 
and ipsilateral (filled bars) to a 6 ng (n=5) or 2 ng (n=6) 
intrastriatal volkensin injection.
Bars represent mean and error bars SEM. Binding was 
determined from 5-12 autroradiograms from each rat in the 
superficial and deep layers of Frl/Fr2 (medial) and 
Parl/Par2 (lateral).
* P < 0.05, significantly different compared to the
corresponding contralateral side (Student's paired t-test).
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FIGURE 6.15: [3H] L-689,560 BINDING IN RICIN INJECTED
ANIMALS. Experimental conditions were exactly as described 
in Figure 6.12. The histograms show a comparison of 
specific [ 3H ] L-689,560 binding in 12 ]jm coronal brain
sections from neocortical areas contralateral (open bars) 
and ipsilateral (filled bars) to a 2 ng (n=4) or 10 ng 
(n=4) intrastriatal ricin injection.
Bars represent mean and error bars SEM. Binding was 
determined from 5-12 autroradiograms from each rat in the 
superficial and deep layers of Frl/Fr2 (medial) and 
Parl/Par2 (lateral).
No significant differences.



269
was observed (Figure 6.14).

All animals examined which showed cell loss medially 
from the deep neocortical layers of large infragranular 
pyramidal neurones also had reduced [3H] L-689,560 binding, 
except for one 2 ng volkensin animal which showed a 2% 
increase in binding (individual data not shown). 
Quantitative histological analysis was not performed in the 
lateral areas.

[3H] L-689,560 binding in neocortical areas Frl/Fr2 and 
Parl/Par2 was unaffected, in both the superficial and deep 
layers of the ipsilateral side compared to the 
corresponding contralateral side, following 2 ng and 10 ng 
injections of ricin (Figure 6.15).

6.3 DISCUSSION.
6.3.1 Experimental considerations.

The distribution of the NMDA receptor complex as 
visualised using [3H] glutamate and [3H] glycine was similar 
to that observed by other workers (Monaghan and Cotman, 
1985; Maragos et al., 1988; McDonald et al., 1990; 
Fletcher, 1991). Quantitative autoradiographic comparisons 
as described in Section 5.3.1 are difficult to make. [3H] 
glutamate and [3H] glycine binding parameters from the 
present study are compared with those from other reports in 
Tables 6.1 and 6.2. [3H] glutamate binding (Table 6.1) using 
100 nM [3H] glutamate compared well with values from other 
reports. [3H] glycine binding did not compare well with 
binding values at a single [3H] glycine concentration, as
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was case for the Kd value obtained from saturation analysis 
(Table 6.2). It is possible that because McDonald et al.
(1990) used tissue stored for less than 24 hours, the 
reduced binding could be a storage effect (although none of 
the other ligands were affected in a similar manner). Since 
comparisons made in this study were between ipsilateral and 
contralateral sides the observed reduced binding should not 
alter the interpretation of the data.

It was also found that in animals injected with 2ng of 
volkensin there was an uncharacteristic laminar 
distribution of [3H] glutamate and [3H] glycine binding. In 
the superficial layers the mean specific binding was not 
higher than in the deep layers, as would normally be 
expected (Figures 6.4 and 6.7). Furthermore, overall 
specific binding in sections from these animals was reduced 
by approximately 50 ([3H] glutamate), 20% ([ 3H] glycine) and 
25% ([3H] L-689,560) compared to binding in the 6 ng
animals. These observations remain unexplained but were not 
characteristic of the other [3H] ligands.

In membrane binding studies (as reviewed by Cordi et 
al., 1990) glycine agonists have been reported to increase 
[3H] glutamate binding and glutamate agonists [3H] glycine 
binding, by increasing the affinity of the particular 
receptor site. Glycine and glutamate were added to each of 
the respective [3H] ligand assays, without any noticeable 
effects on binding. This is in agreement with the findings 
of McDonald et al. (1990) who reported no increase in [3H] 
glycine binding following addition of L-glutamate. The



273
polyamine spermine (and to a lesser extent spermidine) have 
been shown by some to enhance [3H] glycine and [3H] CPP 
binding (a glutamate site antagonist) in membrane studies 
(as reviewed by Williams et al., 1991) but not others 
(Procter et al., 1991b). Addition of 100 /iM spermine or 
spermine.HCl reduced the specific binding by over 50% (data 
not shown). This is difficult to explain but glycine 
contamination has been found in these commercially obtained 
compounds (Foster A.C. personal communication) and may 
account for this unexpected inhibition. Therefore, spermine 
was not used in [3H] glycine experiments. Since spermine and 
spermidine have also been shown to increase [3H] CPP, 50 piM. 
spermidine.HCl was added to the incubation media to account 
for any differences that may arise between incubations as 
a result of endogenous polyamines. Addition of this 
compound had little effect on the specific binding of [3H] 
glutamate.

The pharmacological specificity of [3H] L-689,560 has 
been investigated in a report using rat membranes 
(Grimwooed et al., 1991). In this study a comparison of the 
IC50 values of 21 compounds (including agonists, partial 
agonists and antagonists) for [3H] glycine and [3H] L- 
689,560 binding indicated a 1:1 correlation with a 
correlation coefficient of 0.97. The pharmacological 
characteristics of [3H] L-689,560 binding demonstrated in 
the present study by autoradiography compare well with 
those from the membrane binding study (Grimwood et al., 
1991). Pharmacological evidence, together with
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autoradiographic data which demonstrated a similar 
neocortical distribution of binding to that observed with 
both [3H] glycine and [3H] glutamate, demonstrate that [3H] 
L-689,560 is binding to the glycine-site of the NMDA 
receptor complex. The non-specific signal using this ligand 
was lower and more consistent than that observed with the 
[3H] amino acids utilised in this study. This may account 
for [3H] L-689,560 binding being significantly reduced in 
more neocortical areas ipsilateral to the intrastriatal 
injection site, as the variability of specific binding in 
both 6 and 2 ng volkensin rat brain sections was noticeably 
lower than with [3H] glutamate or glycine.

6.3.2 Receptor distribution and localisation in lesioned 
animals.

The main finding of the present study is of a reduction 
in markers of the NMDA receptor complex in areas of 
neocortex that showed loss of pyramidal neurones. The most 
likely explanation for the reduction is that NMDA receptor 
complexes are present postsynaptically on pyramidal cells 
of layer V forming the cortico-striatal pathway, which are 
destroyed following intrastriatal volkensin injection. It 
is also possible that they are present on the terminals of 
axon collaterals of these cells (see Section 5.3.2), but 
this is unlikely since there is no evidence supporting the 
existence of NMDA autoreceptors (see later). Another 
possibility is that these NMDA receptor complexes are 
located on interneurones destroyed by uptake of toxin
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released following death of pyramidal neurones. However, 
GAD-mRNA positive cells were preserved in the area that 
showed loss of pyramidal neurones (see Section 5.3.2) 
suggesting that transsynaptic degeneration has not occurred 
to any great extent.

Another interpretation is that NMDA receptor complexes 
are either autoreceptors (i.e., located on glutamate nerve 
endings, perhaps collaterals of layer III cortico-cortical 
cells) or heteroreceptors (on other, non-glutamate nerve 
endings). Most evidence to date suggests that the NMDA 
receptor complex does not function as an autoreceptor, 
within the neocortex (A.P. Barrie and D.G. Nicholls, 
personal communication, Nicholls and Attwell, 1991) or in 
the striatum (Greenamyre and Young, 1989a). NMDA 
heteroreceptors on the terminals of neurones which project 
from the injection site to the neocortex are also unlikely 
to be involved. The striatal area lesioned does not project 
to the neocortex (Heimer et al., 1985) so the only possible 
corticopetal fibres that might bear such receptors are 
those of the thalamo-cortical pathway. In most animals 
there was some evidence of involvement of the anterior 
nuclei of the thalamus (due to direct spread from the 
injection site, Section 4.2.3) but these areas project to 
the cingulate and retrosplenial cortices and not to the 
neocortical areas studied here (Faull and Mehler, 1985). 
Further evidence against a NMDA receptor complex 
corticopetal nerve terminal location is that there was no 
reduction in [3H] L-689,560 binding following intrastriatal
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ricin injection. Ricin at the high dose caused as much 
direct damage as 2ng of volkensin but did not destroy 
neocortical pyramidal neurones (Section 4.3.1). Thus, if 
NMDA receptor complex sites were present on thalamo
cortical (or other corticopetal) projections a reduction in 
binding in the cingulate and retrosplenial cortex (or other 
neocortical areas) should have occurred. This was not a 
feature in this study. It is however not possible to 
completely exclude that NMDA sites are either 
heteroreceptors on the terminals of neurones of the 
intralaminar nuclei group of the thalamus or postsynaptic 
receptors on the cell bodies of neurones projecting from 
the neocortex to the anterior nuclei of the thalamus (see 
Section 5.3.2). These observations are however unlikely to 
explain the observed reductions in binding (see Section 
5.3.2).

As with the 5-HT1A receptors the NMDA receptor complexes 
lost in regions Frl/Fr2 are consistent with these receptors 
being predominantly associated with pyramidal cell bodies, 
since no significant reductions were observed in the 
superficial layers. More laterally, in areas Parl/Par2, 
binding results suggest that the NMDA receptor complex is 
associated with pyramidal cell bodies. Furthermore, the 
data suggests that in this area NMDA receptor complexes are 
even more concentrated on the apical dendrites of these 
neurones, since significant differences between ipsilateral 
and contralateral sides were observed in the superficial 
layers of both low and high dose volkensin animals.



The net reduction in binding of [3H] markers for the NMDA 
receptor complex in rats receiving unilateral intrastriatal 
volkensin is less marked than that observed for the 5-HT1A 
receptor (see Section 5.2.1.3). This suggests that a larger 
proportion of 5-HT1A than NMDA sites are enriched on layer 
V pyramidal neurones forming the cortico-striatal pathway. 
This is consistent with the laminar distribution of these 
binding sites (visualized by autoradiography) where 5-HT1A 
sites are enriched in deep neocortical layers (Pazos and 
Palacios, 1985) and NMDA sites are more uniformly 
distributed with highest numbers in the superficial layers 
(Maragos et al., 1988). Since glutamate and aspartate are 
considered to be the putative neurotransmitters at the 
majority of neocortical synapses, it is likely that NMDA 
receptor complexes are concentrated on neurones throughout 
the neocortex. Consequently, a clear reduction in markers 
of the NMDA receptor complex, resulting from only a 30% 
loss of a sub-population of pyramidal neurones, may be 
obscured because of the abundance of NMDA receptor 
complexes on the cell bodies and dendrites of other
neocortical neurones.
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CHAPTER 7 .
7.0 Autoradiographic analysis of the Mx receptor in animals 
injected with volkensin or ricin.

7.1 INTRODUCTION.
Muscarinic receptors are distributed widely throughout 

the brain and have been implicated in control of numerous 
central functions (Suanders and Freedman, 1989; Hartvig et 
al., 1989). There is both pharmacological and molecular 
evidence for muscarinic heterogeneity (Hammer et al., 1980; 
Bonner et al., 1987; Peralta et al., 1987; Bonner et al., 
1988). [3H] pirenzepine binds with highest affinity to the 
Mx receptor and with lower affinity to the M3, M4 and M2 
receptors. In this part of the present study, [3H] 
pirenzepine was used to determine if the Mx receptor sub- 
type was enriched on the sub-population of pyramidal 
neurones destroyed following intrastriatal volkensin 
injection (see Chapter 4).

7.2 RESULTS.
7.2.1 r3H1 Pirenzepine binding to the Mx receptor.
7.2.1.1 Effects of incubation and wash time.

As described in Section 2.6.6 an incubation time of 90 
min was considered from the association curve to be at 
equilibrium and at this time there was approximately 85% 
specific binding. The dissociation curve exhibited a t1/2 
value of 600 min and using a wash time of 5 min 88% 
specific binding was shown.
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7.2.1.2 Characteristics of r3H1 pirenzepine binding in 
lesioned rat brain sections.

The laminar and regional distribution of [3H] pirenzepine 
binding in volkensin and ricin treated animals is shown in 
the representative colour-coded autoradiograms (Figures 7.1 
and 7.2). Within the neocortex binding was found to be 
higher in the deep layers compared to the superficial. In 
animals injected with volkensin the binding of [3H] 
pirenzepine on the side ipsilateral to the injection site 
was lower when compared to the contralateral side. Specific 
binding values are mean fmoles/mg tissue equivalent ± SEM 
and contralateral binding values are in parentheses.

Quantitative analysis, within neocortical areas Frl/Fr2, 
in animals injected with 6ng of volkensin (n=4) showed no 
significant reductions in binding in the superficial layers 
on the side ipsilateral to the injection site compared to 
the contralateral side. In the deep layers however, binding 
on the ipsilateral side was significantly reduced to 76% of 
the corresponding region in the contralateral neocortex, 
53.6±4.0 (70.612.4) (P < 0.05, Student's paired t-test; 
Figure 7.3). Laterally, [3H]-pirenzepine binding was 
examined in areas Parl/Par2. There were no significant 
reductions in binding in either the superficial or deep 
layers (Figure 7.3).

In animals injected with 2 ng of volkensin (n=6) there 
was no significant reduction in binding medially (Frl/Fr2) 
in the superficial layers on the ipsilateral side when 
compared to the contralateral side, whilst in the deep
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FIGURE 7.1: REPRESENTATIVE COLOUR-CODED AUTORADIOGRAMS OF 
[3H] PIRENZEPINE BINDING IN VOLKENSIN INJECTED ANIMALS. 
Experiments were performed using coronal rat brain sections 
(12 pm) incubated in PBS for 90 min at 25°C in the presence 
of 2.5 nM [ 3H] pirenzepine. Non-specific binding was 
generated using 10 pM atropine sulphate.
Colour-coded autoradiograms illustrate specific bihding in 
animals 28 days after receiving either (A) 6 ng volkensin 
or (B) 2 ng volkensin in the left striatum. The scale
indicates intensity of autoradiographic signal from violet 
(lowest) to red (highest). Injection site on left side.
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FIGURE 7.2: REPRESENTATIVE COLOUR-CODED AUTORADIOGRAMS OF 
[3H] PIRENZEPINE BINDING IN RICIN INJECTED ANIMALS. 
Experiments on 12 jjm coronal rat brain sections were 
performed using exactly the same conditions as those 
described in Figure 7.1.
The colour-coded autoradiogram illustrates specific*binding 
in an animal 28 days after receiving 2 ng ricin in the left 
striatum. The scale indicates intensity of autoradiographic 
signal from violet (lowest) to red (highest). Injection 
site on left side.
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FIGURE 7.3: [3H] PIRENZEPINE BINDING IN VOLKENSIN INJECTED
ANIMALS. Experimental conditions were exactly as described 
in Figure 7.1. The histograms show a comparison of specific 
[ 3H ] pirenzepine binding in 12 /jm coronal brain sections 
from neocortical areas contralateral (open bars) and 
ipsilateral (filled bars) to a 6 ng (n=4) or 2 ng (n=6) 
intrastriatal volkensin injection.
Bars represent mean and error bars SEM. Binding was 
determined from 5-12 autroradiograms from each rat in the 
superficial and deep layers of Frl/Fr2 (medial) and 
Parl/Par2 (lateral).
* P < 0.05, ** P < 0.01, significantly different compared 
to the corresponding contralateral side (Student's paired 
t-test).
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FIGURE 7.4: [3H] PIRENZEPINE BINDING IN RICIN INJECTED
ANIMALS. Experimental conditions were exactly as described 
in Figure 7.1. The histograms show a comparison of specific 
[3H] pirenzepine binding in 12 jum. coronal brain sections 
from neocortical areas contralateral (open bars) and 
ipsilateral (filled bars) to a 2 ng intrastriatal ricin 
injection.
Bars represent mean and error bars SEM. Binding was 
determined from 5-12 autroradiograms from each rat in the 
superficial and deep layers of Frl/Fr2 (medial) and 
Parl/Par2 (lateral).
No significant differences.
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layers binding on the was reduced to 89% of that on the 
corresponding contralateral side, 62.2±3.1 (69.6±2.8) (P < 
0.01, Student's paired t-test; Figure 7.3). Laterally 
(Parl/Par2), no significant reduction in [3H] pirenzepine 
binding was observed in the superficial layers. In the deep 
layers binding was significantly reduced on the ipsilateral 
side to 83% of binding on the contralateral side, 49.9±2.3 
(59.9±3.6) (P < 0.01, Student's paired t-test; Figure 7.3).

All animals examined which showed cell loss medially 
from the deep neocortical layers also had reduced [3H]- 
pirenzepine binding (individual data not shown). 
Quantitative histological analysis was not performed in the 
lateral areas.

The binding of [3H] pirenzepine was not significantly 
reduced in the neocortex on the side ipsilateral to the 
injection site following intrastriatal injection of 2 ng of 
ricin (n=4) in either Frl/Fr2 or Parl/Par2 (Figure 7.4).

7.3 DISCUSSION,
7.3.1 Experimental considerations.

The distribution of the Mx muscarinic cholinergic 
receptor (Mx receptor) determined by autoradiography in this 
study was in general agreement with those observed by other 
workers (Spencer et al., 1986; Cortes and Palacios, 1986; 
Atack et al., 1989; Smith et al., 1991). Quantitative 
autoradiographic comparisons are difficult to make (see 
Section 5.3.1). Specific binding values obtained in the 
present study in the neocortex (50-93 fmoles/mg tissue
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equivalent, 2.5 nM [3H] pirenzepine) compare favourably with 
values obtained by Atack et al. (1989) (52 fmoles/mg tissue 
equivalent using 1 nM [3H] pirenzepine) and Smith et al.
(1991) (132-244 fmoles/mg tissue equivalent using 10 nM [3H] 
pirenzepine).

7.3.2 Receptor distribution and localisation in lesioned 
animals.

This study demonstrates a reduction in [3H] pirenzepine 
binding in areas of neocortex that showed loss of pyramidal 
neurones following intrastriatal volkensin injection. The 
most likely explanation for the reduction is that Mx 
receptors (and probably a proportion of M4 receptors) are 
present either postsynaptically on the pyramidal cells of 
layer V forming the cortico-striatal pathway or on the 
terminals of axon collaterals originating from these layer 
V neurones (see Section 5.3.2).

It could be argued that these Mx receptors are located 
on interneurones destroyed by uptake of toxin released 
following death of pyramidal neurones. However, GAD-mRNA 
positive cells were preserved in the area showing loss of 
pyramidal neurones suggesting that transsynaptic 
degeneration or cell loss by diffusion had not occurred to 
any great extent (see Section 4.3.1).

Another interpretation is that Mx receptors are either 
autoreceptors (i.e., located on cholinergic nerve endings, 
possibly from the basal nucleus) or heteroreceptors (on 
other, non-cholinergic nerve endings). Studies in which
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fluorescent tracer histology was combined with AChE 
histochemistry, found that neurones associated with the 
basal nucleus projected diffusely in a roughly rostro 
caudal manner upon the frontal, parietal and occipital 
cortex (Bigl et al., 1982; Woolf et al., 1983). However, Mx 
receptors are considered to be primarily postsynaptic a 
hypothesis supported by several studies. Atack et al., 1989 
observed no change in [3H] pirenzepine binding in the 
neocortex one week after lesioning the basal nucleus in 
rat. Furthermore, it has also been reported that despite 
extensive cell loss in the basal nucleus of Meynert in 
Alzheimer's disease subjects (Whitehouse et al., 1982; 
Doucette et al., 1986), [3H] pirenzepine binding was not
different from control in the neocortex although 
presynaptic M2 receptors were significantly reduced (Mash 
et al., 1985; Aruajo et al., 1988; Vogt et al., 1991). Mt 
heteroreceptors on the terminals of neurones which project 
from the injection site to the neocortex are also unlikely 
to be involved. The striatal area lesioned does not project 
to the neocortex (Heimer et al., 1985) so the only possible 
corticopetal fibres that might bear such receptors are 
those of the thalamo-cortical pathway. As described in 
Section 5.3.2 this is unlikely to contribute to the loss in 
binding observed since these areas primarily project to the 
cingulate and retrosplenial cortices and no reduction in 
[ 3H] pirenzepine binding following intrastriatal ricin 
injection was observed. Therefore, if Mx receptor sites were 
present on thalamo-cortical (or other corticopetal)
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projections a reduction in binding in the cingulate and 
retrosplenial cortex (or other neocortical areas) should 
have occurred. This was not a feature in this study. It is 
however not possible to completely exclude that Mx receptors 
are either heteroreceptors on the terminals of neurones of 
the intralaminar nuclei group of the thalamus or on the 
cell bodies of neurones projecting from the neocortex to 
the anterior thalamic nuclei (see Section 5.3.2). These 
observations are most unlikely to explain the observed 
reductions in [3H] pirenzepine binding.

In animals injected with 6 ng volkensin [3H] pirenzepine 
binding was significantly reduced in the deep layers 
medially, but laterally. This is likely to be due to the 
decreased n value. Had 5 rats been available for analysis 
instead of 4, a significant reduction in both areas would 
probably have been found. In both the 6 and 2 ng volkensin 
injected animals significant reductions in binding were 
only seen in the deep layers. This suggests that Mx 
receptors are likely to be primarily located on the cell 
bodies of pyramidal neurones and not on apical dendrites, 
in contrast to the findings in lateral neocortical areas 
with respect to the 5-HT1A and NMDA-sensitive glutamate 
receptor sites (see Sections 5.3.2 and 6.3.2).

The reduction in binding Mx receptor binding, in the deep 
layers of the ipsilateral neocortex, in rats receiving 
unilateral intrastriatal volkensin is less marked than that 
seen for 5-HT1A sites. This suggests that a larger 
proportion of 5-HT1A than Mx sites are concentrated on layer
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V pyramidal neurones forming the cortico-striatal pathway.
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CHAPTER 8 .
8.0 Radioligand binding to the glycine site of the NMDA 
receptor complex in human brain using the novel ligand r3H1 
L-689.560.

8.1 INTRODUCTION.
It has been proposed that when pathological conditions, 

such as Alzheimer's disease, are to be studied, minimal 
tissue fractionation should be employed to reduce the 
possibility that the constitution of fractions from 
diseased and control tissue may not be equivalent (White et 
al., 1978; Sims et al., 1981; Procter et al., 1991b). This 
consideration has led workers to avoid the use of P2 or 
other selective fractions of brain tissue for radioligand 
binding (Kornhuber et al., 1988; Procter et al., 1989b), 
but see (Cowburn et al., 1988b; Ninomiyia et al., 1990). 
[3H] glycine binding has been very difficult to measure in 
human samples. Procter et al. (1991) was unable to 
effectively measure [3H] glycine binding in unfractionated 
total membranes because of the high proportion of 
undisplaceable (non-specific) binding, so development of a 
time consuming sub-fractionation procedure was necessary.

These drawbacks have now been overcome using the novel 
synthetic ligand [3H] L-689,560. The specificity of this 
ligand for the glycine site of the NMDA receptor complex 
has been demonstrated both in the rat and human using 
membrane preparations (Grimwood et al., 1991; Leeson et 
al., 1991; Gulati and Foster, 1991) and by autoradiography
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(see Section 6.3.1). In the current study, [3H] ligand 
binding using total membrane fractions has been assayed in 
Alzheimer's disease and control samples.

8.2 RESULTS.
8.2.1 Association and dissociation of r3H1 L-689.560 binding 
in human brain.

As described in Section 2.7.3 an association curve was 
generated with incubation times ranging from 2 to 180 min, 
using membranes prepared from the occipital cortex of 4 
control adult patients (two each of protracted and sudden 
death matched for age and storage time) . From the curve 
generated (see Figure 2.13), equilibrium was reached by 120 
min (t1/2 = 24 min) at which time there was 69% specific 
binding. The observed t1/2 value obtained from the 
dissociation curve was 83 min (see Section 2.7.3).

8.2.2 Saturation analysis of r3H1 L-689.560 binding in human 
brain.

Saturation analyses of [3H] L-689,560 binding to
membranes (as above and a neurosurgical sample) were 
performed over a wide range of ligand concentration (0.75 
to 75 nM). Representative Scatchard and saturation plots 
are shown in Figure 8.1. These are consistent with binding 
to a single saturable site. The Kd and Bmax values were 
similar between tissue samples assayed, with the mean Kd 
value being 4.91±0.50 nM and the mean Bmax value 1.31±0.01 
pmoles/mg protein (Table 8.1).
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FIGURE 8.1: REPRESENTATIVE SATURATION ANALYSIS OF [3H] 
L-689,560 BINDING IN HUMAN OCCIPITAL CORTEX. Experiments 
were performed using total membranes incubated in 50 nM 
Tris-acetate (pH 7.0) for 120 min at 4°C in the presence of 
0.75 - 75 nM [3H] L-689,560. Non-specific binding was
generated using 1 mM glycine.
The main plot shows a representative Scatchard analysis, 
replotted from the EBDA program (McPherson, 1985), with i 
least squares regression line. Inset shows the saturation 
curve for the analysis.
The overall binding parameters are given in Table 8.1.
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8.2.3 r3H1 L-689.560 binding in Alzheimer's disease and 
control brain.

Total membranes were prepared from the superior parietal 
cortex (13 control and 14 Alzheimer's disease patients), 
the frontal cortex (13 control and 12 Alzheimer's disease 
patients) and the cortex of the temporal pole (6 control 
and 6 Alzheimer's disease patients). The demographic 
features of the material is shown in Table 8.2. For each 
brain region samples were matched for age, postmortem delay 
and storage time. Binding at both 1 and 10 nM ligand 
concentrations was independent of the patient gender (Table 
8.5) and hemisphere studied (data not shown).

Table 8.3 shows that binding is lower in Alzheimer's 
disease than controls. In the parietal cortex from patients 
with Alzheimer's disease binding was significantly reduced 
using 1 nM [3H] L-689,560 (82% of control, P < 0.05,
Student's t-test). No significant reduction in binding was 
observed at the higher ligand concentration (Table 8.3). 
Membrane binding in frontal cortex also showed significant 
reduction but this was at both the lower (83% of control, 
P < 0.01, Student's t-test) and higher (81% of control, P 
< 0.01, Student's t-test) [3H] ligand concentrations. No 
significant reductions in membrane binding were observed in 
the temporal cortex (Table 8.3).

8.2.4 Possible confounding factors on r3H1 L-689.560 binding 
in human brain.

Tissue samples were matched for age, postmortem delay
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and storage time. Nonetheless, in both the parietal and 
frontal cortex no significant correlations (Pearson's 
correlations for unranked data) were observed between [3H] 
L-689,560 binding (1 or 10 nM) and age, postmortem delay or 
storage time in either Alzheimer's disease or control 
samples (Table 8.4). Furthermore, binding was independent 
of patient gender (Table 8.5) and hemisphere studied (data 
not shown). [3H] L-689,560 binding in samples from
Alzheimer's disease cases was also independent of drug 
treatment (Table 8.6). A similar analysis of drug treatment 
was not possible on control samples due to paucity of 
information.

8.2.5 Effects of agonal state on r3H1 L-689.560 binding in 
Alzheimer's disease and control membranes.

Tissue samples used in this study were not matched for 
agonal state since the majority of the Alzheimer's disease 
patients had died of bronchopneumonia (protracted deaths) 
and controls of similar characteristics are rather rare 
(Table 8.2). To determine the effects of the immediate pre
terminal state on [3H] L-689,560 binding, additional samples 
from parietal and frontal cortex were obtained from another 
series of brains (4 Alzheimer's disease and 5 controls) in 
which the patients had died suddenly.

In parietal cortex [3H] L-689,560 was independent of 
agonal state in samples of both Alzheimer's disease and 
control subjects (Table 8.7). However, in the frontal 
cortex, binding in samples from Alzheimer's disease
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subjects depended upon this factor and was significantly 
lower in those with protracted deaths at both [3H] ligand 
concentrations. By contrast, binding in samples from the 
frontal cortex of control subjects was independent of 
agonal state (Table 8.7).

Table 8.7 also shows that when binding in samples from 
the frontal and parietal cortex of subjects with sudden 
death was examined, no disease specific changes were 
observed. However, in the parietal cortex from Alzheimer 
patients with protracted deaths, a significant reduction in 
binding compared with controls was observed at the lower 
ligand concentration (85% of control, P < 0.05, Student's 
t-test). No reduction was observed at the higher ligand 
concentration (Table 8.7). In the frontal cortex, binding 
in Alzheimer subjects with protracted deaths showed a 
significant reduction in binding at both 1 nM (85% of 
control, P < 0.05, Student's t-test) and 10 nM (80% of 
control, P < 0.05, Student's t-test) concentrations of [3H] 
ligand.

8.2.6 Regional binding of r3H1 L-689.560 human neocortex.
Demographic features of the control tissue samples 

studied for are shown in Table 8.8.
Binding in occipital cortex was observed to be 

significantly higher compared to parietal, frontal and 
temporal cortex at both [3H] ligand concentrations (P < 
0.05, ANOVA and least significant difference test; Table 
8.9). Binding in the presence of 10 nM [3H] L-689,560 was
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significantly lower in the parietal cortex compared to the 
other cortical areas (P < 0.05, ANOVA and least significant 
difference test; Table 8.9).
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TABLE 8.3: [3H] L-689,560 BINDING IN CONTROL 
AND ALZHEIMER'S DISEASE TISSUE.

SPECIFIC BINDING 
(fmoles/mg protein)
1 nM lOnM

PARIETAL CORTEX
Control tissue (n=13) 191.5±7.9 626.0133.5

AD tissue (n=14) 168.2±7.1* 596.8126.3

FRONTAL CORTEX
Control tissue (n=13) 192.115.1 776.4128.4

AD tissue (n=12) 160.718.4** 625.9136.4**

TEMPORAL CORTEX
Control tissue (n=6) 171.8116.0 779.4164.3

AD tissue (n=6) 168.5115.1 704.5171.3

Experiments were performed using total membranes incubated 
for 2 hr at 4°C in Tris-acetate buffer (pH 7.0) with 1 or 
10 nM final [3H] ligand concentrations. Non-specific binding 
was defined with 5 mM glycine and was typically 70 % of the 
total binding.
All samples within brain areas are matched for age, 
postmortem delay, and storage time.
Values are mean fmoles/mg protein ± SEM.
* P < 0.05, ** P < 0.01, significantly different to control 
(Student's t-test).
AD = Alzheimer's disease.
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TABLE 8.6: DRUG EFFECTS ON [3H] L-689,560 BINDING IN
ALZHEIMER'S DISEASE BRAIN.

SPECIFIC BINDING 
(fmoles/mg protein)
1 nM lOnM

PARIETAL CORTEX
Receiving drugs (n=ll) 168.3±10.0 613.3±28.4

Drug free (n=3) 167.7±9.6 536.3±62.6

FRONTAL CORTEX
Receiving drugs (n=9) 157.9±10.3 616.1±47.1

Drug free (n=3) 168.6114.9 655.3143.5

TEMPORAL CORTEX
Receiving drugs (n=4) 163.1115.7 802.7151.0

Drug free (n=2) 137.2, 221.4 561.0, 455.3

Experiments were performed using total membranes incubated 
in the presence of 1 or 10 nM [%] L-689,560, as described 
in Table 8.3.
Values are mean fmoles/mg protein 1 SEM.
No significant differences.
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TABLE 8.9s REGIONAL [3H] L-689,560 BINDING IN HUMAN BRAIN.

SPECIFIC BINDING 
(fmoles/mg protein)
1 nM lOnM

Parietal cortex (n=18) 186.2±5.8 651.4128.7a
Frontal cortex (n=18) 191.8±5.3 756.8133.8
Occipital cortex (n=ll) 245.4111.0* 1145.2126.1*
Temporal cortex (n=6) 170.7116.0 779.3164.3

Experiments were performed using total membranes incubated 
in the presence of 1 or 10 nM [3H] L-689,560, as described 
in Table 8.3.
Values are mean fmoles/mg protein ± SEM.
* P < 0.05, binding to the occipital cortex significantly 
higher compared to other cortical areas (ANOVA and least 
significant difference tests).
a P < 0.05, binding to the parietal cortex significantly 
lower compared to other cortical areas (ANOVA and least 
significant difference tests).
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8.3 DISCUSSION.
8.3.1 The glycine site of the NMDA receptor complex in 
human brain.
8.3.1.1 r3Hl L-689.560 binding in human brain.

Binding of [3H] L-689,560, at both ligand concentrations, 
in parietal, frontal and temporal cortex was significantly 
lower compared to the occipital cortex (Table 8.9). This 
probably reflects the greater number of neurones found in 
the occipital cortex (Rockel et al., 1980).

Saturation analysis performed in this study, in 
occipital cortex, exhibited a mean Kd value of 4.93 nM and 
Bmax value of 1.27 pmoles/mg protein (Table 8.1). This Bmax 
value may however not be representative of the total number 
of binding sites in the neocortex, because of the increased 
neuronal density in this brain region. The Kd value obtained 
in the present study agrees with that obtained by Gulati et 
al. (1991) using [3H] L-689,560 and P2 membranes of human 
cerebral neocortex (Kd: 3.29 nM) . Bmax values are not
directly comparable due to the fact that different membrane 
preparations were used and the cortical area in the latter 
study was not specified. The affinity of [3H] L-689,560 for 
the glycine site is far higher than that observed using [3H] 
glycine binding (Kd: 1200 nM; Procter et al., 1991). The 
Bmax value (1.27 pmoles/mg protein) obtained in the present 
study using total membranes, is lower than that determined 
with [3H] glycine using a preparation of semi-purified total 
membranes from frontal cortex (Bmax: 2.26 pmoles/mg protein; 
Procter et al., 1991b) and probably reflects the difference
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in purity of the two preparations. Bmax values for [3H] 
glycine and [3H] glutamate binding in total membrane 
fractions from the frontal cortex (0.64 and 0.77 pmoles/mg 
protein, respectively; Procter et al., 1991b; Kornhuber et 
al., 1988) were lower than those observed in the present 
study. This difference is probably indicative of the higher 
cell density in occipital cortex described earlier (Rockel 
et al., 1980). It should also be noted that [3H] L-689,560 
binding parameters were generally similar for a 
neurosurgical sample from the frontal cortex (Kd and Bmax 
values of 4.85 nM and 1.52 pmoles/mg protein respectively; 
Table 8.1). Although only one neurosurgical sample was 
assayed, this result is unexpected as lower binding has 
been observed in the frontal cortex compared to occipital. 
This therefore suggests a possible reduction in [3H] ligand 
binding postmortem.

8.3.1.2 r3H1 L-689.560 binding in Alzheimer's disease brain.
There is evidence to suggest that the glycine site of 

the NMDA receptor ion channel is selectively altered in 
Alzheimer's disease. Procter et al. (1989b), observed 
significantly reduced [3H] MK-801 binding to the frontal 
cortex of patients with Alzheimer's disease under "maximal" 
(glutamate and glycine stimulated) binding conditions. No 
significant differences were observed in the absence of the 
added amino acids or in the presence of glutamate alone. 
Furthermore, in the preparation of semi-purified membranes 
from the frontal cortex a significant reduction in the Bmax
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value was found for [3H] glycine binding in Alzheimer's 
disease compared with controls (Procter et al., 1991b). In 
the present study [3H] L-689,560 binding was investigated 
in the frontal, parietal and temporal cortex. Significant 
reductions in binding were observed in the frontal cortex 
at both [3H] ligand concentrations (P < 0.01, Student's t- 
test; Table 8.3), as was found using [3H] MK-801 and [3H] 
glycine. Binding was also significantly reduced in the 
parietal cortex at only the lower concentration of [3H] 
ligand.

The most likely explanation for the observation that a 
difference between Alzheimer's disease and control samples 
was consistently detected only in the frontal cortex is 
that the pathology tends to be most prominent in the 
temporal and parietal lobes. It is possible that in these 
regions no consistent reductions were observed in the 
binding assays expressed per milligram protein because of 
excessive loss of structures organised in a columnar manner 
(Duychaerts et al., 1985; Pearson et al., 1985). According 
to this hypothesis, binding in the frontal cortex should be 
less affected by atrophy as this region is more likely to 
still be undergoing active degeneration at the time of 
death.

8.3.1.3 r3H1 L-689.560 binding and possible confounding 
factors.

Patients immediate preterminal state seemed to affect 
maximal [3H] MK-801 binding without effect on basal and



glutamate stimulated values (Procter et al., 1989b). 
Therefore, particular care has been taken in the present 
study to investigate possible epiphenomena affecting [3H] 
L-689,560 binding. For each cortical area, samples were 
matched for age, postmortem delay and tissue storage time 
at -70°C (Table 8.2). Moreover, no correlations between [3H] 
ligand binding and any of the above factors were observed. 
Binding values were also independent of sex, drug treatment 
and hemisphere studied (Tables 8.5 and 8.6). The Alzheimer 
and control groups were not matched for mode of death (see 
Section 8.2.5), prolonged deaths being over-represented in 
the diseased subjects (Table 8.2). To investigate this
factor an additional series of brains with sudden deaths 
were assayed. The results of Table 8.7 suggested that [3H] 
L-689,560 binding was affected by mode of death in frontal 
cortex, as a significant reduction in binding was observed 
in the Alzheimer's disease samples having protracted death 
compared to those of sudden death. However, this 
observation does not satisfactorily account for the
apparent Alzheimer's disease related difference observed in 
this study, since significant differences in binding 
between control and Alzheimer's disease samples were 
observed in frontal and parietal cortex when protracted 
death cases alone were compared (Table 8.7). Furthermore, 
the pioneering study by White (1976) on GAD activity (the
prototypical marker of agonal state, see Harrison et al.,
1991) indicated that the frontal cortex was the least 
affected by immediate pre-terminal status of the various
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the cortical areas studied.

The findings of the present and previous study (Procter 
et al., 1989b; Procter et al., 1991b), together with those 
of (Cowburn et al., 1988b; Cowburn et al., 1988a), that 
showed no loss of [3H] glutamate binding in the frontal 
cortex, suggest that in Alzheimer's disease the agonist 
site and cation channel of the NMDA receptor complex are 
unaltered, but the number of glycine sites are reduced. It 
has recently been reported that there were almost twice as 
many [3H] MK-801 binding sites than for [3H] TCP in both the 
human and rat neocortex, but not the striatum (Steele et 
al., 1991b). Furthermore, [3H] MK-801 binding was much more 
sensitive to glycine than [3H] TCP binding, suggesting that 
sub-types of the NMDA receptor complex may exist that are 
differentially sensitive to glycine. It is possible that in 
Alzheimer's disease, a sub-type of the NMDA receptor 
complex, with a greater number of glycine sites, is located 
on neuronal structures that are selectively affected by the 
disease process. This would explain the reduction in 
cortical binding of [3H] L-689,560 and [3H] glycine, with 
sparing of [3H] glutamate binding, observed in the disease. 
There is further support as the binding of [3H] MK-801 but 
not that of [3H] TCP was significantly reduced under maximal 
conditions in diseased tissue (Steele et al., 1991a).
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CHAPTER 9 .
9.0 GENERAL DISCUSSION.
9.1 On the findings in human samples.

Cerebral atrophy is common in the dementias that occur 
in the presenium and the elderly. Alzheimer's disease, 
usually considered the commonest cause of cerebral atrophy, 
is characterised histopathologically by intense 
neurofibrillary degeneration (tangles) and senile plaque 
formation in the cerebral neocortex. Several studies have 
investigated the two major cell types, pyramidal cells and 
interneurones, in the neocortex. Such investigations are of 
potential value because some of the perikarya of pyramidal 
cells are particularly vulnerable to neurofibrillary 
degeneration. Indeed a proportion were thought by Alois 
Alzheimer to have disappeared in the index case.

As described in Section 1.3, the biochemical assessment 
of pyramidal neurones in postmortem material is difficult. 
A summary of some of the neuroanatomical and neurochemical 
determinations made in material from living patients is 
shown in Figure 9.1. The samples were obtained from 
neurosurgical craniotomies typically 3 to 4 years after the 
emergence of symptoms. The loss of neuronal structures is 
based on investigations of pyramidal cell density (Neary et 
al., 1986) and synaptic integrity (DeKosky and Scheff,
1990) determined in the temporal and frontal cortex, 
respectively. Although in both studies there were 
significant differences between Alzheimer's disease and 
control tissue, it should be emphasised that it is
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FIGURE 9.1: ALZHEIMER'S DISEASE: AN OVERVIEW OF
NEUROTRANSMISSION FROM NEUROSURGICAL CRANIOTOMIES. Neuronal 
degeneration was based on counts for numbers of synapses 
(65% of control, cortical layer III determined in frontal 
cortex; Dekosky and Schaff, 1991) and pyramidal cells (62%, 
cortical layers III and V determined in temporal cortex, 
using cell counts adjusted to exclude corrections for 
cortical thickness; Neary et al., 1986). Tissue values were 
based on data pooled for frontal and temporal cortex 
(temporal cortex samples are overepresented) for various 
measures of each transmitter and its nerve terminal (as 
reviewed Palmer and Bowen, 1989). Values for nerve 
terminals for which reuptake inhibitors were not available 
were excluded (see Francis and Bowen, 1990). Data for post 
synaptic receptors were determined using [^H] MK-801 in the 
presence of added amino acids (Procter et al., 1989) and 
[ H] 5-HT (Bowen et al. , 1983). Transmitter glutamate was
based on the estimate that it represents 40% of the total 
glutamate content (see Lowe et al., 1990). Somatostatin 
like immunoreactivity of ventricular CSF was determined 
previously (Francis et al., 1987).
Non-significance is identified by 100% of control.
ND = not determined.
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difficult to assess the suitability of the controls. In the 
former study, the nature of the controls is not described 
at all, whilst in the other report Alzheimer's disease 
biopsy samples are compared only with autopsy controls. 
Although this raises doubts about the validity of these 
results, the importance of neocortical pyramidal cells in 
Alzheimer's disease is clear since in both studies 
significant correlations were found between cell and 
synaptic counts and the rating of dementia.

Among the neurochemical measures studied, those of 
acetylcholine seem to be the most severely and consistently 
affected. Presynaptic 5-HT markers (5-HT release and 
uptake, 5-HT and 5-HIAA tissue content), and to a lesser 
extent NA, are also reduced, although postsynaptic indices 
and VCSF concentrations of these compounds are unaltered 
(Figure 9.1). The previous studies have shown that the 
extent of changes in the cholinergic markers were 
independent of lobe assayed, whereas 5-HT markers were 
lower in temporal (38% of control) compared to frontal 
(71%) cortex, as was that of glutamate (65% and 100% 
respectively). In an autopsy study using the same methods, 
ChAT activities were significantly reduced in all 13 
neocortical areas studied, whilst 5-HT values (5-HT and 5- 
HIAA content) were significantly reduced in only 4-5 areas 
of the 10 assayed (Procter et al., 1988a; Palmer et al.,
1988). Furthermore, serotonergic pathology did not relate 
to psychological test scores (Palmer et al., 1987a). 
Overall, these observations indicate that even in the later
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stages of the disease serotonergic synapses may not be as 
severely affected as those of the cholinergic system. This 
is supported by the present data showing that 5-HIAA 
concentration was unaltered in the VCSF of Alzheimer's 
disease subjects.

Evidence of presynaptic glutamatergic pathology, based 
on a conservative estimate of the proportion of transmitter 
glutamate, suggests that the density of nerve endings is 
reduced by 18% (see Figure 9.1). This is similar to the 25% 
reduction in the postsynaptic marker ([3H] MK-801 binding), 
although it is unclear whether this reduction is due to 
fewer NMDA receptor complexes, reduced neuronal density or 
reflects a disease related abnormality in the glycine 
regulatory site of the NMDA receptor complex. No changes in 
the concentration of aspartate or glutamate were observed 
in VCSF. The most straightforward interpretation is that 
this approach failed to substantiate the observed reduction 
in numbers of pyramidal neurones in deep neocortical 
layers.

It is interesting to note that although aspartate 
concentration is significantly increased in Alzheimer's 
disease tissue, no such increase was found in VCSF. Thus in 
this study there is no evidence to support the view of 
Young and colleagues of cell degeneration induced by 
excitotoxic mechanisms (see Section 1.5.4.5).

There is no direct evidence relating glutamatergic 
transmission to the degree of dementia, although indirect 
evidence suggests the importance of this transmitter system
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to memory and behaviour. As described in Section 1.5.4.5 a 
number of observations suggest that glutamatergic 
transmission is reduced and pyramidal neurones degenerate 
in Alzheimer's disease, and both of these observed 
pathologies are probably clinically relevant. Moreover, 
degeneration of glutamatergic neurones in the disease seems 
to be prominent based on autopsy studies of the hippocampus 
(Hyman et al., 1984; Kowall and Beal, 1991), a structure 
critical for memory. Animal studies have also demonstrated 
the importance of the NMDA receptor-ionophore complex in 
the neuronal pathways underlying learning and memory (see 
Section 1.5.4.5) .

The neocortical degeneration observed in Alzheimer's 
disease, probably results in an abnormality of 
glutamatergic neurotransmission. This in turn would result 
in a reduction of excitatory input to other neurones and a 
subsequent reduction in neocortical neuronal activity. Work 
from the present study using [3H] L-689,560 adds support to 
the above hypothesis (see Section 8.3.1). Excitatory amino 
acid receptor agonists, such as glutamate, have been 
proposed as possible cognitive therapeutic agents, but 
these are potentially dangerous since they can cause 
excitotoxic damage (see Section 1.5.4.5). Manipulation of 
the glycine site of the NMDA receptor complex may therefore 
be a more suitable method of partly correcting pyramidal 
cell dysfunction in Alzheimer's disease and elevating 
neuronal activity (Bowen, 1990). The success of such an 
approach also depends on a number of other factors,
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including the magnitude of any neuronal loss, the state of 
the receptor complex binding sites and the effect of 
endogenous ligands. Compounds most suitable for such a 
treatment strategy would be partial agonists which would 
avoid the problems associated with over stimulation. If the 
glycine site of NMDA receptor complexes in diseased brain 
areas is not saturated with endogenous ligand then a 
partial agonist at the glycine site may restore receptor 
function without causing over-activation. One such 
compound, currently undergoing clinical trials, is the 
antibiotic D-cycloserine (Hood et al., 1989; Chessell et 
al., 1991).

It should also be emphasised that [3H] L-689,560 receptor 
binding performed in this study on postmortem tissue 
provides additional data, to that of (Procter et al., 
1989a; Procter et al., 1989b; Procter et al., 1991b), to 
show that human brain contains NMDA receptor complexes that 
display a similar pharmacology to those in the rat. This 
could be important as drugs acting on the complex are as 
likely to provide treatment for cerebral ischaemia as 
anything else. Appropriate clinical trials of antagonists 
of the complex are being planned or initiated (Garthwaite 
and Meldrum, 1990).

9.2 On the findings in the rat.
In work carried out on rats in this study a selective 

sub-population of neocortical pyramidal neurones was 
destroyed following unilateral striatal injection of the
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toxic lectin volkensin. Sections from these animals were 
processed for autoradiographic studies using [3H] ligands 
binding to various receptors: 5-HT1A ([3H] 8-OH-DPAT), 5-HT2 
([3H] ketanserin), muscarinic Mx ([3H] pirenzepine), NMDA 
([3H] glutamate, glycine and L-689,560) and kainate ([3H] 
kainate; performed by Mr.Iain Chessell) receptors. From 
these autoradiographic studies, it was apparent that not 
all receptors were associated to the same extent with the 
affected pyramidal cells, as summarized in Table 9.1. The 
effectiveness of the [3H] ligands used, with respect to 
their use as markers of this sub-population of pyramidal 
neurones, was: [3H] 8-OH-DPAT »  [3H] pirenzepine > [3H] L- 
689,560 > [3H] glutamate, [3H] glycine > [3H] ketanserin.

The summary of the localisation of the receptor changes 
shown in Figure 9.2, shows that except for [3H] ketanserin, 
binding of all the [3H] ligands was significantly reduced 
medially (Frl/Fr2) in the deep but not superficial layers. 
This suggests that the receptors are associated 
predominantly with pyramidal cell bodies. In the more 
lateral area (Parl/Par2), [3H] 8-OH-DPAT and [3H] L-689,560 
binding was reduced throughout the depth of the neocortex, 
suggesting localisation of 5-HT1A and NMDA receptor sites on 
both cell bodies and apical dendrites. [3H] Pirenzepine 
seemed to be localised only on cell bodies, whilst of the 
other ligands, only [3H] ketanserin showed evidence of 
receptor loss laterally in the most superficial layers. The 
latter result is difficult to explain since no receptor 
loss was observed in the deeper layers (see Section
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TABLE 9
BINDING

. 1 s OVERVIEW 
OF UNILATERAL

OF THE 
STRIATAL

EFFECTS ON 
VOLKENSIN

CORTICAL RECEPTOR 
INJECTIONS.

6 ng VOLKENSIN 2 ng VOLKENSIN
MEDIAL LATERAL MEDIAL LATERAL

DPAT superficial 78 69 85 78*
deep 68* 60*** yy*** 67***

KET superficial 86 100 100 91*
middle 82 86 94 93
deep 85 83 90 91

GLU superficial 82 88 96 93
deep 67* 71 86 81

GLY superficial 90 92 94 100
deep 80* 85 100 96

560 superficial 91 69* 92 72*
deep 85* 71* 89* 80

PZ superficial 90 95 98 98
deep 76* 80 89** 83**

Values are % of the contralateral side, from mean specific 
binding values determined by autoradiography.
* P < 0 . 0 5 ,  * P < 0.01, *** P < 0.001, significantly different 
to the contralateral side, as determined from mean binding 
values (Student's paired t-test).
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[ 3H] 8-OH-DPAT [3h ) k e t a n s e r i n  [ 3h] PIRENZEPINE

[ 3H] GLUTAMATE o r  GLYCINE [ 3H] L -6 8 9 ,5 6 0 [ 3H] KAINATE

FIGURE 9.2: AN OVERVIEW OF RECEPTOR LOCALISATION FOLLOWING 
UNILATERAL INTRASTRIATAL VOLKENSIN INJECTIONS. This figure 
summarises the receptor loss in rat neocortex, as 
determined by autoradiography, in both deep and superficial 
neocortical layers following striatal volkensin injections. 
A pyramidal neurone is schematically drawn projecting from 
the inf ragranular layers to the striatum of each rat 
hemisphere in cortical areas Frl/Fr2 and Pcrl/Par2 as 
measured for each [ H] ligand. The boundaries of area 
Frl/Fr2 are exhibited by the filled arrowheads and the 
boundaries of area Parl/Par2 by the open arrovheads (top 
left brain hemisphere) . The pyramidal cells are drawn in 
such a manner that the cell body of the neurone is 
represented by a triangle and the apical dencrites by a 
line protruding from the cell body towards the cortical 
surface. The shaded areas in each rat hemisphere represent 
the regions in which significant reductions in binding 
occur for each [ H] ligand, following unilateral striatal 
volkensin injection. A reduction in binding, of a 
particular [ H] ligand, in the deep layers suggests that 
cells possess those particular receptors on bhe cell 
bodies, whilst a reduction binding in the superficial 
layers suggest the presence of the receptors on the apical 
dendrites.
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5.2.2.4). The experiments performed using [3H] kainate are 
preliminary so further work will be needed to confirm the 
effects of pyramidal cell loss on the binding distribution.

From this work the most selective marker of this sub
population of pyramidal neurones is [3H] 8-OH-DPAT binding, 
marking the 5-HT1A receptor. The connection between 5-HT 
transmission and glutamatergic transmission has been quite 
extensively studied in animals. Electrophysiological 
studies in rat (in both brain slices and in vivo) have 
demonstrated the inhibitory nature of 5-HT on neocortical 
neurones, probably mediated by 5-HT1A receptors on pyramidal 
neurones and 5-HT2 receptors on inhibitory interneurones 
(Sheldon and Aghajanian, 1990; Mantz et al., 1990; see 
Figure 9.3). Moreover, Araneda and Andrade (1991) reported 
that in layer V pyramidal cells of the rat association 
cortex 5-HT induced cell hyperpolarisation mediated by 5- 
HT1a receptors, although in contrast to the previous 
studies, 5-HT2 agonsits were reported to enhance pyramidal 
cell excitability. These findings are in agreement with 
those of Davies et al. (1988). Despite the contradictory 
observations concerning 5-HT responses mediated by the 5-HT2 
receptor, there is general agreement that 5-HT responses 
mediated by the 5-HT1A receptor inhibit cortical neuronal 
activity. Corollary studies have also demonstrated that Ca2+ 
dependent glutamate release, measured in preparations of 
rat cerebellum, was consistently inhibited by 5-HT via 
presynaptic 5-HT^like receptors, similar to the 5-HT1A 
receptor (Maura et al., 1991; Maura et al., 1988; Raiteri
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et al., 1991; Raiteri et al., 1986). Furthermore, 5-HT1A 
receptor partial agonists have been observed to mimic the 
hyperpolarising action of 5-HT on the resting membrane 
potential in neurones of the hippocampus (McPherson, 1985; 
Andrade and Nicoll, 1987) and neocortex (Davies et al., 
1987).

In contrast to the above studies,Mennini and Miari 
(1991) have reported that serotonin positively modulates 
[3H] glutamate binding in the rat hippocampus and suggest 
that this is consistent with the hypothesis that 5-HT is a 
direct positive modulator of glutamate receptor sub-types 
and glutamatergic transmission.

Electrophysiological studies in fresh human 
neurosurgical samples, have shown that 8-OH-DPAT resulted 
in hyperpolarisation and an increase in membrane 
conductance in temporal cortical and hippocampal pyramidal 
neurones (McCormick and Williamson, 1989). In addition, 
receptor autoradiography (Pazos et al., 1987; Waeber et 
al., 1989; Cross and Slater, 1989; Zilles et al., 1990) 
Stephens P.H., unpublished data) has confirmed that the 
binding of [3H] 8-OH-DPAT is useful for studying 5-HT1A 
receptors in the neocortex of human brain. These 
observations suggest that, 5-HT1A receptor sites in the 
human neocortex are functionally similar to those in the 
rat, and are enriched on a specific structure, probably 
pyramidal neurones. However, an important species 
difference should be emphasised. In the rodent neocortical 
5-HT1a receptors are predominantly found in the deep
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layers, whilst in the primate they are predominantly in the 
superficial layers (Cross and Slater, 1989; Waeber et al.,
1989). This observation suggests that in humans the 
receptor is predominantly present on ipsilateral projecting 
cortico-cortical pyramidal neurones (DeFelipe and Jones, 
1988b), and is consistent with the hypothesis that these 
receptors may be important in the regulation of the 
activity of these cells. Work from this study may therefore 
have important implications concerning pyramidal cell 
function, and the pathology and treatment of 
neuropsychiatric conditions, such as Alzheimer's disease.

9.2.1 Implications for treatment.
As described earlier (see Section 9.1), degeneration of 

neocortical excitatory (glutamatergic) pyramidal neurones 
in Alzheimer's disease probably subsequently results in a 
reduction of neuronal activity. The data from this study 
suggests a pharmacological approach for either inhibiting 
or enhancing glutamatergic transmission using specific 5- 
HT1A receptor agonists and antagonists respectively. 
Treatment of Alzheimer's disease patients with a 5-HT1A 
receptor antagonist should facilitate the effects of the 
remaining proportion of transmitter glutamate by inhibiting 
the tonic hyperpolarising action of 5-HT on pyramidal 
neurones (see Section 9.2 and Figure 9.3), thereby 
compensating for the reduced excitatory input caused by the 
degenerative process.

Another corollary of the importance of 5-HT with respect
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to glutamatergic neurotransmission in Alzheimer's disease, 
is the observation that decreased 5-HT availability can 
enhance learning and memory (Ogren, 1982; Trickelbank et 
al., 1984). Furtehrmore, procedures designed to enhance 5- 
HT activity have been reported to impair avoidance 
responding (Essman, 1973; Fibigier et al., 1978; Ogren and 
Johansson, 1985) and discrimination learning (Wetzel et 
al., 1980). The novel compound tianeptine (an activatorof 
5-HT uptake), which has been shown to have positive effects 
on acquisition and retention of learning in rodents 
(Jaffard et al., 1991; File and Mabbutt, 1991) could be 
exerting its effects by reducing hippocampal extracellular 
5-HT (Whitton et al., 1991). Indeed this compound has been 
shown to activate glutamatergic hippocampal CAL pyramidal 
neurones (Dresse and Scuvee-Moreau, 1991), suggesting that 
the inhibitory effects mediated by 5-HT (as discussed 
earlier) on these neurones may be primarily mediated via 
the 5-HT1a receptor rather than the 5-HT2 receptor.

It has previously been suggested that there is some 
evidence of the involvement of neocortical neurones in 
depression, possibly a result of reduced activity (see 
Section 1.6.1). Therefore, drugs that enhance the activity 
of such neurones in vivo may also function as 
antidepressants. It is interesting that the 5-HT1A receptor 
ligand used in the present study, 8-OH-DPAT, has 
antidepressant-like effects in animals (Kennett et al., 
1987), yet reduces extracellular 5-HT concentrations 
(Hutson et al., 1989). This is unexpected as defective
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serotonergic transmission has been widely implicated in 
depressive illness and evidence supporting this has been 
found in the present study (see Section 3.3.2.2) . The above 
paradox may be resolved by hypothesising that 8-OH-DPAT, 
which has a partial agonist property, reduces or blocks the 
hyperpolarising action of 5-HT on human pyramidal neurones. 
Thus the antidepressant-like action of 5-HT1A partial 
receptor agonists (Robinson, 1991) maybe due to the 
activation of neocortical pyramidal neurones.

5-HT1a agonists may also be important in the development 
of neuroprotective agents in cerebral ischemia (e.g. 
stroke). The hyperpolarisng effect that these compounds may 
have on pyramidal neurones would decrease glutamatergic 
activation, and therefore the likelihood of calcium influx 
(via NMDA receptor complexes) and associated excitotoxic 
damage (see Section 1.5.4.5). Indeed in rodents, the 5-HT1A 
partial receptor agonists CM57493, BAYR 1531, ipsapirone 
and 8-OH-DPAT have been shown to possess neuroprotective 
properties when administered after an ischemic insult 
(Nuglisch et al., 1990; Bode-Gruel et al., 1990). Further 
work is needed to evaluate the mechanism and the 
development of full receptor agonists and antagonists will 
assist such work.

9.2.2 Implications for in vivo imaging.
Scanning data obtained by PET from subjects with 

Alzheimer disease have been reported to correlate with 
cognitive deficits (Cutler et al., 1985; Miller et al.,
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1987). This technique, which showed selective glucose 
hypometabolism in the parietotemporal lobes was sensitive 
to atrophy (Chawluk et al., 1987). Pathology was most 
prominent in these lobes (see Section 1.5.3) and 
hypometabolism was not reported in vitro when assessed in 
neocortical biopsies (Sims et al., 1983b), so the scans 
probably provide evidence of early neuronal degeneration in 
parietotemporal areas, also revealed by blood flow imaging 
(Gustafson et al., 1987; Neary et al., 1987). Work from the 
present study, suggests that the 5-HT1A receptor is a 
selective marker of pyramidal neurones and strengthens the 
inference that the reduction in 5-HT1A receptors observed in 
Alzheimer's disease (Middlemiss et al., 1986b; Bowen et 
al., 1989) indexes loss of a sub-population of pyramidal 
neurones from the neocortex. Development of PET ligands 
specific for the 5-HT1A receptor may therefore provide a 
specific method for determining the extent of pyramidal 
cell pathology. This may help in the early diagnosis of the 
disorder.

Although a diverse array of serotonergic radioligands 
are available for in vitro assays, few reports of 
radioligand binding in vivo, following intravenous 
injection, have been reported. For a ligand to be suitable 
as an in vivo label for PET, it should exhibit the 
following properties: (i) capable of crossing the blood
brain barrier effectively, (ii) possess a slow dissociation 
rate from the receptor at physiological temperature, (iii) 
to be relatively stable metabolically, (iv) capable of
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suitable labelling e.g n C or 18F, (v) safe at the dosages 
required and not accumulate excessively in any organ system 
(Hartig and Lever, 1990). Little progress has been made in 
the development of selective PET ligands for 5-HT receptor 
subtypes, with the possible exception of the 5-HT2 receptor. 
A specific 5-HT2 receptor ligand, [n C] methyl-bromo-LSD, is 
now available in humans, although this may cross react with 
ci^-adrenergic receptors and D2 receptors in certain brain 
areas such as the basal ganglia (Wong et al., 1987; Maziere 
and Maziere, 1990; Hartig and Lever, 1990). In vivo 
labelling of the 5-HT1A receptor has been approached using 
an iodinated derivative of 8-OH-DPAT, with visualisation 
by SPET. This compound although displayed similar in vivo 
autoradiographic distributions in the rat brain to those 
observed in vitro, but it had the drawback of exceptionally 
high non-specific binding (Kung et al., 1986). Another 
group of compounds that might target 5-HTĵ  receptors are the 
indolealkylamines. One such compound, N,N-[11C]-dimethyl- 
tryptamine, has been reported to cross the blood brain 
barrier effectively, although the distribution in vivo may 
reflect active transport sites as well receptor specific 
and non-specific binding sites (Hartig and Lever, 1990). 
Whilst a suitable in vivo ligand has yet to be discovered 
for the 5-HT1a receptor, substantial advances are being 
made, and new compounds, particularly antagonists, are 
under current investigation and development (Bjork et al., 
1991; Liau et al., 1991).

It is important that the effects of prolonged drug
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treatment on 5-HT1A receptors be considered, since this may 
complicate interpretation of in vivo data in 
neuropsychiatric subjects. Conflicting evidence exists 
concerning changes in 5-HT1A receptors following chronic 
administration of antidepressant drugs in experimental 
animals. Repeated administration of the tricyclic
antidepressant imipramine, has been reported to reduce [3H] 
8-OH-DPAT binding by about 30% in neocortical and
hippocampal homogenates with no change in affinity (Mizuta 
and Segawa, 1988). In contrast, in an autoradiographic 
study, Weiner et al. (1989) observed a 25-30% increase in 
[3H ] 8-OH-DPAT binding in hippocampus, but no change in the 
neocortex or the dorsal raphe, following a 21 day
administration of amitriptyline. Fluoxetine and the 5-HT1A 
agonist gepirone, resulted in a 20% decrease in [3H] 8-OH- 
DPAT binding in the dorsal raphe, but no change in the 
neocortex or hippocampus. It was suggested that the
increased sensitisation of hippocampal neurones following 
chronic amytriptyline treatment was due to a drug-induced 
increase in 5-HT1A receptor binding sites, whilst the 
decrease in 5-HT1A sites in the raphe following fluoxetine 
or gepirone was a result of a drug-induced desensitisation 
of the receptors (Weiner et al., 1989). In a similar study, 
no evidence was found of up- or down-regulation of 5-HT1A 
receptors in the neocortex or raphe, and minimal evidence 
of up-regulation in the hippocampus (1 out of 5 drugs 
studied significantly increased binding in CA2/CA3) 
following chronic administration of 5-HT uptake and
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monoamine oxidase inhibitors (Hensler et al., 1991).

9.3 Future studies.
Based on the findings of the present study, future 

studies have been planned to investigate the effects of 5- 
HT1a agonists and antagonists (also of D-cycloserine) on 
aspartate and glutamate release in neocortical pyramidal 
neurones of the cortico-striatal pathway, by in vivo 
microdialysis.

A study currently in progress using neocortical 
placement of volkensin should establish whether layer III, 
cortico-cortical projection neurones, are enriched with 
NMDA and other glutamate receptors. Such data, together 
with that examining the distribution of other receptors in 
the present animal model (e.g. kainate, GABAa and GABAb) 
will indicate whether various compounds currently under 
investigation in academic and industrial laboratories are 
likely to be of use to either follow in vivo pyramidal cell 
loss in neurodegenerative diseases (Ferrarese et al., 1990; 
Blin et al., 1991) or to be of therapeutic value 
(e.g.Christensen et al., 1989; Chessell et al., 1991).

One limitation of the autoradiographic technique used in 
this study is its resolution. Molecular biology in the 
field of neurotransmitter receptors has enabled the 
production of oligonucleotide probes to identify specific 
receptor mRNAs, enabling detection of cells capable of 
synthesising a particular receptor. This technique, coupled 
with receptor autoradiography, will therefore be useful in
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the further characterisation of specific neuronal 
populations. Recent studies in which the cloning and 
functional characterisation of the 5-HT1A receptor (Albert 
et al., 1990) and the NMDA receptor complex (Kumar et al., 
1991; Moriyoshi et al., 1991; Cunningham and Michaelis,
1990) have been reported will enable the development of 
probes suitable for in situ hybridisation. Indeed recent 
work by Chalmers and Watson (1991) has reported the 
anatomical distribution of 5-HT1A receptor mRNA by in situ 
hybridisation. 5-HT1A mRNA was not expressed in any regions 
that did not also exhibit 5-HT1A receptor binding, with the 
relative levels of binding of for each technique being 
comparable in both the hippocampus and the neocortex.

Alzheimer's disease has been considered by some to be 
primarily a genetic disorder involving chromosome 21, yet 
recent studies have failed to establish this in families 
where the disease appears late in life (Pericak-Vance et 
al., 1988). Though it is generally accepted that genes and 
amyloid related proteins may play a role in the 
pathogenesis of the disease, it is unlikely that these are 
the only factors in the majority of cases. However, some 
consider that the study of amyloidosis is of unequivocal 
importance in developing strategies for treatment and 
prevention of the disease (Selkoe, 1990; Goate et al.,
1991). Nevertheless, until the cause of Alzheimer's disease 
is understood it is vital that, work based on the 
transmitter abnormalities of the disease be continued. Such
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work may help in the early and accurate diagnosis of 
Alzheimer's disease and, in the elucidation of novel drug 
treatments targeted at treating the symptoms of specific 
neurotransmitter deficits.
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APPENDIX; STRUCTURES OF SOME OF THE TRITIATED COMPOUNDS 
USED IN THIS THESIS.
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