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CORRIGENDA

Page iv line 10 “analysis of variance” should read “one way analysis of variance™

Page vi line 5, “The mRNA expression of APP protein and a number of proteins...” should read “The expression of
mRNAs for APP and a number of proteins...”

Figure 1 figure legend should read “Schematic representation of the mature nicotinic acetylcholine receptor (nicR) and
possible nicR subtypes constructed from different nicR protein subunits. (A) o and f subumts assemble with different
stoichiometry to form a functional membrane bound receptor that channels Na* and Ca®* from the extracellular space
through a central pore to the intracellular space. (B) While muscie type nicRs have a clearly defined subunit
composition (muscle nicRs can also contain € subunits); neuronal nicRs can cither be heteromeric like the a4p2 subtype
or homomeric like the o7 subtype. The ad32 and &7 nicR subtypes are the major nicRs found in mammalian brain.”
Page 9 line 9. “...c subunits found peripherally in muscle nAChR.” should read *...¢ subunits found peripherally in
muscle nAChR.”

Page 9 line 11 “...localised to sensory tissue; fig 1.0b” should read “...localised to sensory tissue (Lukas et al, 1999) ”
Page 14 line 1. “some NMDAR subunits ...” should read “some NMDAR subtypes...”

Page 14 line 5. “hypothesized role...." should read “has lead to the hypothesis that these receptors....

Page 14 line 6 “pathogenisis” should read “pathogenesis”

Page 15 line 22 “Schubert et al 1989 should instead be “Schubert & Behl 1993

Page 23 line 4 “A 10X PBS ... (pH 7.4)” should read “A 10X PBS is 1.3M NaCl, 70mM Na,HPO, and 30 mM
NaH,PO4 (pH 7.4}

Page 24 line 19 “...therefore ‘pan’ probes and do will not distinguish between ...” should read “...therefore ‘pan’
probes do not distinguish between ...

Page 26 line 9 and Page 46 line 6. For “counter” read “Packard TriCarb scintillation spectrometer”

Page 26 line 9 “Counts...” should read “The level of radioactivity...”

Page 26 line 18. The composition of “minimalist hybridization buffer solution” is 50% formamide, 4X SSC, 10%
dextran sulphate. SSC is 3M NaCl and 0.3M Na citrate (pH 7.0)

Page 26 line 18 “...vortexed...” should read “...mixed on a Vortex mixer...”

Page 30 line 2 *greyscales” should read “grey scales”

Page 43 Animal ethjcs considerations: All experiments were carried out according to the NHMRC Guidelines for the
care and use of animals approved by the Monash University Animal Experimentation Ethics Committee

Page 45 line 14 “ph” should read “pH”

Page 46 line 6 “spectrophotometer” should read “spectrometer”

Page 90 linel “affect” should be “effect”

Page 92. Animal ethics considerations: The animals recovered over a period of 1 hour. Animals were monitored daily
over the post-operative recovery periods until they were killed

Figure 4.9 and Figure 4.13 The greatest density of a7 nAChR transcripts was found in the Ca3 region of the
hippocampus while the greatest density of ***I-BGTbinding was in the Dg of the hippocampus. This is not unusual as in
situ hybridisation is limited to detecting subunit transcripts at the level of the cell body. Autoradiography of '**I-
BGTbinding can detect receptors at the level of the cell body or axons or dendrites. This is an important concept to bear
in mind when comparing subunit expression (using in situ hybridisation histochemistry) with mature receptor
localisation (using receptor autoradiography)

Page 162 line 20 “Relatively little, however, is keown about the specific nature of interaction between A peptides and
cholinergic neurons™ should read “Up until 2000, little was known about the specific nature of interaction between AB
peptides and cholinergic neurons, other than early studies that suggested that AB peptides could interact with neuronal
nicotinic receptors (Livett et al., 1993).”

Page 163 line 22 “methyllcaconitite” should read “methyliycaconitine”

Figure 6.4 and 6.5 The infusion of B-Amyloid (!1-40) rate is 300 pmol/day. These results show the effects following an
in vivo chronic treatment with B-Amyloid (1-40). Figure 6.3 shows the data for the direct in vitro effects of B-Amyloid
(1-40)

Page 199 line 24 “a3p3ad” should read “o3p3p4”

Page 199 line 25 “compare” should read “compared”

Page 200 line 11 “raise the notion” should read “suggest that”

Page 230 line 25 “... the normal functioning of cholinergic independently of a ..."” shouid read “...the normal
functioning of cholinergic neurons independently of a .,.”

Page 256 et seq The phrase “...[see comments]..."” should be deleted from within the citation on pages. 256, 259, 261,
265, 284, 298, 300, 301, 302

Page 277line 2 “Behavioural” should read “Behaworal"

Page 294 line 3 “BMJ” should read “Brit. Med. J”

Page 306 line 15 “contempory” should read “contemporary

Page 309 line 20 The phrase *...[In Process Citation)...” should be deleted from within the citation




The references below cited throughout the thesis should be amended as follows:-
“Boeckman et al 1994 should read™ Boeckmarn & Aizenman 1994
“Braak et al 1991 should read “Brosak and Braak 1991

“Clark et al 1993” should read “Clark & Goate, 1993"
“Coltingridge et al 1995" should read “Collingridge & Bliss 1995
“Conroy et al 1995 should read “Conroy & Berg 1995

“Davies et al 1976 should read “Davies & Maloney 1976”
“DeKosky et al 1990 should read “DeKosky & Terry 1994™
“Engelborghw et al 1997 should read “Engleborghts & De Deyn 1997”
“Flynn et al 1986 should read “Flynn &Mash 1986"

“Glenner et al 1984” should read “Glenner & Wong, 1984”
“Henke et al 1983" should read “Henke & Lang 1983"

“Johnson et al 1987 should read *Johnson & Ascher 1987"
“Kaiser et al 1998b shouid read “Kaiser & Wonnacott 1998b”
“Koelle et al 1949” should read “Koelle & Friedenwald 1949
“Kovaks et al 1998” should read “Kovaks and Tanzi 1998”
“Loiacono et al 1990 should read “Loiacono & Mitchelson 1990
“Loiacono et al 1999” should read “Loiacono & Gundlach 1999
“Luetje et al 1991 should read “Luetje & Patrick 1991”
“Magnusson et al 1993” should read “Magnusson & Cotman 1993”
“Masliah et al 1994" should read “Masliah & Terry 19947
“McDonald et al 1990” should read “Mc Donald & Johnston 1990”
“McGehee et al 1995b” should read “McGehee & Role 1995b”
“Nordberg ot al 1986 should read “Nordberg & Winblad 1986
“Nunan et al 2000” should read “Nunan & Small 2000”

“Perry et al 1995b” should read “Perry & Keller, 1995b”

“Racchi et al 1999" should read “Racchi & Govoni, 1999

“Role et al 1996 should read “Role & Berg 1996”

“Saransaan et al 1995 should read “Saransaan & Oja 19957
“Tanahashi et al 1998" should read “Tanahashi & Tabira 1998”
“Tariot et al 1996” should read “Tariot & Schneider 1996"

“Terry et al 1970 should read “Terry & Wisniewski 1970

“Utas et al 1997 should read “Ulas & Cotman 1997”

“Vizi et al 1999” should read “Vizi & Lenvai 1999”

“Warpman et al 1995" should read “Warpman & Nordberg, 1995
“Wisden et al 1994 should read “Wisden & Morris 1994
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Al)l)vevicﬁtions

Abbreviations commonly used throughout this thesis include -

o7ODN - antisense
oligodeoxyribonucleotide

probe targeted to o nBAChR mRNA
a-BGT - a-bungarotoxin

A — B-amyloid

ACHE - acetylcholine esterase

AD - Alzheimer’s disease

ANOVA - analysis of variance
ApoE — Apolipoprotein E

APP - amyloid precursor protein
APP-ODN - antisense |
oligodeoxyribonucleotide

probe targeted to APP695 mRNA
BACE - B-secretase APP cleaving
protein

[Ca®*}; = intracellular calcium
concentration

Cal-3 - fields of the hippocampus
ChAT - choline acetyltransferase
CSF - cerebrospinal fluid

EtOH - ethanol

EPSPs - excitatory post-synaptic
potentials

FAD - familial Alzheimer’s disease
GABA - y-aminobutyric acid

GAD - glutamic acid decarboxylase
HACU - high affinity choline uptake
ISHH - in situ hybridisation histochemistry
LTP - long term potentiation

MBN - magnocellular basal nucieus
mis-ODN — mis-sense
oligodeoxyribonucleotide

nAChR(s} - nicotinic acetylcholine
receptor(s)

nbM — nucleus.basalis of Meynert
NGF - nerve growth factor

NFTs - neurofibrillary tangles
NMDA(R) — N-methyl-D-aspartate
(receptor)

nNOS ~ neuronal nitric oxide synthase
NO - nitric oxide

NOS - nitric oxide synthase

ODN - oligodeoxyribonucieotide
OPCs - oligodendrocyte precursor cells

v

PBS - phosphate butfered saline

PET - positron emission tomography
PHFs — paired helical filaments

PKC - protein kinase C

PS1 — presenilin 1

PS2 - presenilin 2

ROD - relative optical density
sAPP(s) — secreted APP(s)

SSC - sodium citrate/sodium chloride
TACE - tumor necrosis factor-o-

‘converting enzyme

VZ — ventricular zone




Al)stvad:

The expression of receptors and other neurochemical markers has been examined,
predominately using the techniques of receptor autoradiography and in situ hybridisation
histochemistry, in rat models of neurological changes known to be present in Alzheimer’s
disease (AD).

Cholinergic neurons are thought to be particularly susceptible to the disease and
therefore the quantification of cholinergic markers, particularly nicotinic receptors
(nAChRs), in rat models of AD-ﬁke ncuropathology has been a major focus of the work
presented here.

.Chronic intracerebroventricular infusions of the [B-amyloid peptide caused a
significant reduction in the density of markers for high affinity ciwline uptake sites,
without affecting choline acetyliransferase or cholinesterase levels. The data suggests that
B-amyloid peptides may modulate cholinergic neuron function independently of any direct
neurotoxicity. This effect was potentialed by chronic nicotine treatment at doses similar to
those experienced by smokers, and brings into question the hypothesis that smoking may
be protective in relation to AD.

The loss of nicotinic receptors in AD is a persistent feature and one that has been
correlated with the cognitive deficits associated with the disease. The expression of mature
nAChRs and their corresponding subunit mRNAs was differentially affected by different
models of @-l&e neuropathology. While chronic B-amyloid infusions and selective
lesioning of the cholinergic basal forebrain, using 192-1gG-saporin, had little eﬂ‘ect;' non-
specific excitotoxic lesioning of basal forebrain nuclei resulted in a significant increase in
the mRNA expression of the a4, B2 and o7 subunit mRNAs.

The expression of N-methyl-D-aspartate receptor subunit mRNAs was also

differentially affected by the different pathological models used here. While selective
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lesioning of cholinergic basal forebrain neurons, using 192-lgG-saporin, caused an up-
regulation of the NR2A subunit, excitotoxic lesioning of these neurons caused an increase
in NR1 and NR2B mRN/. expression. Evidence has been presented suggesting that B-
amyloid peptides may directly activate NMDARs.

The mRNA expression of amyloid precursor protein (APP) and a number of
proteins thought to be involved in its metabolism has been examined. Evidence has been
presented suggesting there may be an important relationship between the o7 nAChR
subtype and the proteelytic processing of APP. Transient knockdown of the a7 nAChR
subunit protein resulted in a significant increase in the expression of mRNA for proteins
involved in the processing of APP along the non-amyloidogenic pathway, including
tumour necrosis factor-a-converting enzyme (TACE) and the presenilins (PS1 & PS2).
Transient knockdown of APP resulted in a significant reduction in the density of the a5
nAChR subtype.

The data preserted here demonstrates that different neuropathological changes that
occur in AD, such as increased B-amyloid levels and degeneration of the cholinergic basal
forebrain, differentially affects the expression of a variety of neurochemical markers. The
relative imiportance of each neuropathological model used here, and the resulting
neurochemical changes, have been discussed with regard to both the further progression

and potential therapy of the disease.
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Tnnoddnoion

“In Alzheimer's [disease] the mind dies first: Names, dates, places-the interior scrapbook

of an entire life-fade into mists of nonrecognition.” - Matt Clark, 1984.

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder affecting
approximately 10% of the population over 65 years of age and up to 50% ovzr the age of
85 (Hof et al., 1995). Clinically, AD is initially characterised by cognitive decline and the
impairment of the ability to form new memories. In 1907, describing the behaviour ofa 54

year old woman, Dr. Alois Alzheimer wrote:

“When the doctor showed her some objects, she first gave the right name for each, but
immediately afterwards she had already forgotien everything ... In her conversation, she
often used confused phrases, single paraphrasic expressions (milk-jug, instead of cup).
Sometimes she would stop talking completely. She evidently did not understand many
questions (and) ... she did not remember the use of particular objects.” (Alzheimer, 1907)

Dr. Alzheimer would later perform an autopsy on the patient’s brain and discover the
neuritic plaques and neurofibrillary tangles (NFTs) that are now regarded as pathological

hallmarks of AD. The presence of these neuritic plaques and NFTs represent the

neuropathological basis on which AD brains are distinguished from normal aged brains at

autopsy.
Aggregates of 7-10 nm filaments form in the extracellular space within the brains

of subjects with AD. These filaments are comprised of an insoluble form of a 4 kDa

. ) o e s ks e g e ] o o R Y R D e
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peptide termed p-amyloid (AB) (Glenner et al., 1984; Masters et al., 1985) which is derived
through both constitutive and stimulated proteolytic processing of the larger amyloid
precursor protein (APP) (Haass et al,, 1993b; Selkoe, 1994a; Selkoe et al., 1988). In AD,
AR deposition occurs diffusely throughout the parenchyma as amorphous, non-filamentous
aggregates termed ‘diffuse plaques’ (Glenner et al., 1984) and also in the form of spherical
structures with a dense inner core known as ‘neuritic plaques’. Neuritic plaques are o

surrounded by reactive microglial cells and astrocytes and are spatially localised with
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dystrophic neurites (Dickson, 1997; Terry et al.,, 1994). In addition to amyloid deposition,
profound changes in cyiorskelelal structure relélted to the abnormal phosphorylation of tau
proteins occur in neurons and their processes in AD. These changes are associated with
abnormal, highly insoluble filamentous structures called °paired helical filaments’ (PHFs)
that contribute towards the formation of tangle-like inclusions in cell bodies (Terry et al.,
1970). These neurofibrillary tangles (NFTs) remain in the extracellular space following the
complete degeneration of the affected neuron, The relationship between amyloid plaque
and NFT formation in AD brains is not well understood.

While NFTs and neuritic plaques are invariably associated with AD, the
significance of these morphological changes in relation-to the neurodegenerative cascade
underlying the disease remains largely unknown. The neurodegenerative process is
characterised by progressive neuronal and synaptic loss (Bartus et al., 1982; Davies et al.,
1976; DeKosk); et al., 1990; Lassman et al., 1992; Masliah et al., 1994; Storga et al., 1996
Terry et al, 1991; Terry et al, 1981) and a concomitant decrease in specific
neurotransmitters including acetylcholine, y-amino-butyric acid (GABA), glutamate,
noradrenaline and serotonin (Cowburn et al., 1990; Meltzer et al., 1998; Perry et al., 1977;
Storga et al, 1996; Yew et al., 1999; for review see Engelborghs et al., 1997) and their
corresponding receptors (Blin et al, 1993; Cross et al., 1984; Fiynn et al, 1986;
Ikonomovic et al, 1997; Jansen et al., 1990; Meana et al., 1992; Pizzolato et al., 1996;
Sugaya et al., 1990; Ulas et al., 1997; Warpman et al., 1995). Neuronal loss and in
particular the decline in synaptic density seen in AD is strongly correlated to the
development and progression of memory impairment and cognitive dysfunction (Arriagada
et an, 1992a; DeKosky et al, 1990; Samuel et al., 1994; Terry et al, 1991). The
relationship between the degenerative process and the clinical symptoms seen in AD is

likely to be based on the selective vulnerability of certain brain regions and neuronal types

to the disease process. For example, association neocortical areas are particularly
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susceptible, whereas primary motor and s¢nsory regions are less affected. The amygdala,
hippocampus and parahippocampus also demonstrate a high degree of susceptibility to
neuronal degeneration. In contrast, regions of the brain such as the striatum and cerebellum
may show some degree of plagque formation but do not develop significant neuropathology.
Due to the selective vulnerability of the cortex and hippocampus to the neurodegenerative
process associated with AD, the experimental work presented in this thesis has focussed, in
particular, on the analayis of these structures. There also appears to be a temporal staging
of neuronal degeneration that parallels the development of the clinical symptoms seen in
AD (Table 1.0; Braak et al., 1991; Zilles et al., 1995_). A number of studies have shown
that the neurodegenerative process in AD initiates in the entorhinal cortex layer 2 and then
spreads to the hippocampus, temporal cortex, fronto-parietal region, and subcortical nuclei
(Braak et al., 1991; Gomez-Isla ¢t al., 1996; Masliah et al., 1994). Neurodegeneration of
the intra-hippocampal circuitry results in disconnection between the dentate granular celis
and the Ca3 region, the Cal region and the subiculum (Samuel et al., 1994). All of these
major limbic system circuitries are critically important in learning and memory (Hyman et
al., 1986). The profound loss of subcortical basal forebrain nuclei and resulting loss of
cholinergic input to the neocortex seen in AD (Davies et al., 1976) has been consistently
correlated with learning and memory impairments (Bartus, 1986; Bartus et al., 1982;
Collerton, 1986; Fibiger, 1991; Flicker et al., 1985) and is widely regarded as one of the
most significant neurological events in relation to AD symptomatology. Indeed, the
cholinergic hypofunction associated with AD is the basis for the development and use of
acetylcholinersterase’ inhibitors as the primary form of therapy fer the disease. To date,
three different cholinesterase inhibitors have been approved by the FDA in the USA,
including tacrine, donepezil and galantamine, and the approval of others is expected to be
given in the near future (Davis, 1998; Tariot et al., 1996). However, despite the enormous

investment in this area of drug development there has been only limited and variable
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clinical success. The effectiveness of these drugs has been limited by factors such as
relatively poor brain delivery and toxicity due to non-specific targeting of cholinesterases
(Greig et al., 1995). The development of new treatment strategies for AD is complicated

by a lack of understanding of the mechanisms underlying the neurodegenerative process.

Clinical Symptoms Structural Alterations

Memory impairntent

Entorhinal region

Memory impairment
+

Entorhinal region
+

Emotional Disturbance Limbic system
Memory impairment Entorhinal region
+ +

Emotional Disturbance Limbic system

+ +

Praxic and Gnostic dysfunctions Association cortex
Memory impairment Entorhinal region
+ +

Emotional Disturbance Limbic system

+ +

Praxic and Gnostic dysfunctions
+

Motor Deficit

Association cortex
+
Motor Cortex

Table 1.0. Parallel sequence of neuropathological changes and clinical symptoms that may occur in the
progression of Alzheimer’s disease. Table adapted from (Zilles et al., 1995).

A number of risk factors have been associated with the development of AD,
including age, genetic mutations, unknown environmental factors and apolipoprotein E
(ApoE) polymorphism. The greatest risk is certainly age. The incidence of AD increases
dramatically with age and extrapolations from current data suggest almost uniform
susceptibility to the disease if an individual lives to the age of 120 years (Hof et al., 1995).
The majority of AD cases are late in onset, lack an obvious genetic etiology and are
characterised as sporadic, whereas a small percentage of cases are early in onset (<65 years
old) and segregate strongly within families (FAD), suggesting a genetic etiology. Although
FAD accounts for only a small percentage of all cases of AD, the finding that specific

genetic niutations are a significant risk factor associated with FAD has generated a great
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deal of inrterest because of the insight that these mutations might provide in relation to the
pathology of the more common sporadic form of the disease. The mutations are found in at
least three different genes on three different chroinosomes: the APP gene on chromosome
21 (Goate et al., 1991), the PS-1 gene on chromosome 14 (Sherrington et al., 1995) and the
PS-2 gene on chromosome 1 (Levy-Lahad et al, 1995). The significance of these
mutations is discussed in greater detail in Chapter 3, 3.1 Introduction. In 1991, linkaze to
chromosome 19 was reported in families with late onset AD (Namba et al., 1991; Pericak-
Vance et al., 1991). One of the genes located on this chromosome codes fof the production
of apolipoproteinE (ApoE). ApoE polymorphism consists of three types — ApoE €2, ApoE
£3 and ApoE €4, which result in six different ApoE phenotypes in the population. A
number of studies have shown that the inheritance of one or two alleles of ApoE ¢4 is a
s:igm'ﬂcant risk factor associated with the incidence of both familial and sporadic forms of
AD (Corder et al., 1993; Saunders et al., 1993; Strittmatter et al., 1993; for review see
Roses, 1994).

One of the greatest challenges presented to the AD researcher is to relate the wide
variety of neurochemical changes seen in AD to the aforementioned risk factors and, in
particular, to establish some sort of hierarchy in terms of ‘cause and effect’ between
specific neurochemical changes. There is certainly some degree of contention and
ambiguity in the literature in regard to which changes constitute the pathological
alterations that contribute to the neurodegenerative cascade and which changes are largely
consequential of these pathological alterations. In ‘his context, the work presented here has
examined how various neurochemical markers are affected in rat models of specific
neurodegenerative and morphological changes thought to underlie the neurodegenerative

process in AD. The experimental manipulations employed included:

* Chronic intracerebroventricular AP infusion (Chapter 3)
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. Ilpmunotoxic lesioning of the cholinergic basal forebrain system
(Chapter 4)

» Excitctoxic lesioning of the nucleus basalis of Meynert (Chapter 5)

= Invitro treatment with A peptides (Chapter 6)

* Transient knockdown of the a; nicotinic receptor subunit protein

(Chapter 7)

/]

Transient knockdown of the amyloid precursor protein (Chapter 8)

A detailed account of these models and their relevance to the pathology of AD is
given in the relevant chapters. The neurochemical ;narkers examined in relation to these
models can be broadly defined as (i) cholinergic markers, (if) N-methyl-D-aspartate
receptor sul;tmits and (iii) amyloid precursor protein (APP) and related proteins involved in
the proteolytic processing of APP. The significance of these markers in relation to AD are

discussed below.

CHOLINERGIC MARKERS INAD

The cholinergic markers that have been examined in this study include choline
acetyltransferase (ChAT), acetylcholinesterase (AChE) and nicotinic acetylcholine
receptors (NAChRs).

In the mid-1970s three laboratories nearly simultaneously reported that the brains
of AD patients exhibited a significant loss in activity of the key acetyicholine-synthesising
enzyme, ChAT (Bowen et al,, 1976; Davies et al., 1976; Perry et al.,, 1977). This finding
was initially reported by Bowen et al (1976) who also found that the loss of ChAT activity:
was correlated with the cognitive impairment seen in AD patients. Reductions in AChE
levels have also been consistently reported in AD (Appleyard et al., 1992; Bierer et al.,

1995; Davies, 1979; Henke et al, 1983) and correlated with learning and memory
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impairments (Davis et al., 1999). Both ChAT and AChE are widely used as markers for
cholinergic neuron vi;bility in animal modc;,ls of neurodegeneration.

In addition to the loss of cholinergic neuronal activity, significant chaages in both
muscarinic and nicotinic acetylcholine receptor levels have been widely reported in AD
brains. Radioligand binding experiments have provided inconsistent results in relation to
hew muscarinic receptor levels are affected in AD with different studies reporting either
increased (Vogt et a'., 1992), decreased (Claus et al., 1997; Holman et al., 1985; Ladner et
al., 1999) or no change (DcKosky et al,, 1992; Schroder et al., 1991) relative to age-
matched controls. Th development of muscarinic agonists for the treatment of AD has
been largely unsuccessful. Many of these drugs have been evaluated clinically, but none
have shown reliable clinical efficacy and most have been associated with a prohibitive
leve; of side effects (Cassidy et al., 1994; Patel, 1995b). Nicotinic receptor pharmacology
is en area that has oroved to be far more promising. Over the past decade, epidemiological
and neurocheswi~a! data has accumulated to support a potentially important role for
neuronal nAChRs in AD. The evidence regarding how nAChRs are affected in AD has
bzen more consistent compared with data on muscarinic receptors and clinical trials with
nicotinic receptor agonists have so far proved more successful than earlier trials with
muscarinic drugs. A variety of radioligand binding and positron emission tomography
(PET) imaging studies have 1avariably shown a significant loss the density of nAChRs in
the brains of AD patients relative to age-matched controls (Flynn et al., 1986; Guan et al.,
2000; Nordberg et al., 1990; Nordberg et al., 1986; Sugaya et al., 1990; Warpman et al.,
1995). Along wit.h these results, the finding that smoking is associated with a delayed onset
of AD initially reported by van Duijn and Hofman (1991) has stimulated a great deal of
research into the potential use of nAChR ligands in the therapy of AD over the paét
decade. During that time a number of reports have described the ability of nicotine to

improve certain memory-related and cognitive functions in AD patients (Jones et al., 1992;
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Nordberg et al., ]9;8; Sahakian et al., 1989). Unfortunately nicotinic therapy is presently
limited by the large number of side effects associated with non-specific stimulation of
multiple nAChR subtypes and a lack of selective ligands for these subtypes.

Nicotinic receptors are excitatory ion channels constructed from a rumber of
protein subunits assembled pentamerically around a central pore which channels Na* and
Ca®" ions (fig 1.0a; for reviews sec Brioni et al., 1997; Colquhoun et al., 1997; Sargent,

1993).

heteromeric
neuronal nicR - - -

a3~a6 a4.|32
0,000 S 2~ Ty W ;
(.....r: - al i p-pd 132.. s
AN} j i §20OROY N0 muscle nicR Tl
90000000 20060 i @

a7-u9 lal

homomeric
A Na+iCa2 B neuronal nicR
at+iCa2+ .

Figure 1.0. Schematic representation of the mature nAChR (A) and possible nAChR subtypes constructed
from different nACHR protein subunits (B). Abbieviations: nicR, nicotinic receptor.

To date, at least 6 alpha (o, — a7) and 3 beta (B; - B4) nicotinic subunit proteins have been
identified in human and rat brain. (A number of other subunits have been identified which
have not been examined in this study including: the oy, B1, y and o subunits found
peripherally in muscle nAChRs; the ag subunit found in the chick; and the o, and recently
the oy subunits localized to sensory tissue; fig. 1.0b). Corresponding rat and human
nAChR subunits .have a high (>70%) degree of sequence homology (McGehee et al.,
1995b; Sargent, 1993). Xenopus oocyte transfection studies have been particularly usefui
in demonstrating that different combinations of nAChR subunits yield pharmacologically
distinct nAChR subtypes. The subunit composition of the receptor determines its

characteristics in terms of single channel properties (Papke et al., 1989), function (Patrick




P raducito

et al., 1993) and resporisc to different ligancis (Luetje et al., 1991). Some of the functional
receptor subtypes identified to date include oz, 03B, 0taP2, tapa, aaPects, oi3Paots, a3Pacts,
aq, g, and og (Conroy et al., 1995; Conroy et al., 1992; Luetje et al., 1991; Role, 1992;
Role et al., 1996; Vemallis et al., 1993; Wang et al., 1996; for review see Brioni et al.,
1997). Physiologically, nAChRs are distributed predominately at presynaptic sites and to a
lesser extent at postsynaptic and preterminal or somatic sites (Wonnacott, 1997). Evidence
to date suggests that the major role for nAChRs in the brain is in the presynaptic positive
modulation of neurotransmitter release (Gray et al., 1996; McGehee et al., 19953.;
Wonnacott, 1997; for reviews see Kaiser et al.,, 1998b; Vizi et al., 1999). A number of
studies have demonstrated that nAChR stimulation can enhance the release of
noradrenaline, dopamine, acetylcholine, y-aminobutyric acid (GARA) and glutamate in a
nAChR subtype’specific manner (Table 1.1).

One of the attractions associated with research into nAChR based therapy of AD
lies in the complexity of the neuronal nAChR system and the potential to target specific
neuronal systems in selected brain regions using nAChR subtype selective ligands. The
major nAChR subtypes found in both rat and human brains are the heteromeric ouf3;
subtype and the homomeric o subtype. The snake toxin o-bungarotoxin (a-BGT) is a
selective ligand for the o; nAChRs and has been used widely in radioligand and
autoradiographic studies to study oz nAChR levels and distribution. The chloroalkoloid,
epibatidine, first extracted from the skin of the Ecuadorian frog Epipedobates tricolor
(Daly et al,, 1978), is commonly used to examine the density and distribution of the o8,
nAChR subtype. Epibatidine binding predominately reflects the presence of the oups
nAChR subtype, which is the most common subtype in the brain and accounts for over
'90% of a-BGT insensitive binding. While significant reductions in the density of o.p;
have been consistently reported (Nordberg et al., 1986; Warpman et al., 1995; Whitehouse
et al., 1986), studies of post-mortem AD brain tissue have found either a reduced number

10
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(Burghaus et al., 2000; Guan et al., 2000; Wevers et al., 1999) or no significant change
(Martin-Ruiz et al., 1999; Sugaya et al., 1990) in the level of a7 nAChR subunit protein
and an increase in a7 subunit mRNA expression in AD brains relative to aged matched

controls (Hellstrom-Lindahl et al., 1999).

Neurotransmitter _ Region Suggested subtype Awvthor
Noradrenaline Hippocampus oo (Scrshen et al., 1997; Vizi et
al., 1995)
Hippocampus o3P (Clarke et al., 1996; Luo et al.,
1998)
Dopamine Striatum (Grady et al., 1992; Rapier et
al., 1990)
Striatum ay(0es)Pa (Clarke et al., 1996)
_ Striatum o3P (Kulak et al., 1997)
Acetylcholine Hippocampus a,yB; (Loiacono et al., 1990; Tani et
al., 1998a)
y-aminobutyric acid  Hippocampus o3z {Alkondon et al., 1997b; Lu et
al., 1998a)
Giutamate Ventral tegmental area o, (Schilstrom et al., 2000)
Serotonin Hippocampus {Kenny et al., 2000)

Table 1.1. A number of neuronal nAChR subtypes have been suggested to have a role in the positive
modulation of the release of a variety of neurotransmitters in the brain.

Despite the extensive amount of research that has been conducted in the area of
nicotinic pharmacology in regard to AD, the relationship between the nAChR loss and
other neurodegenerative and morphological changes seen in AD brains is not particularly
well understood. One of the aims of the work presented here has been to explore this
relationship by examining how oyP2 and o7 nAChRs are affected at both the receptor and
subunit mRNA level in rat models of specific pathological changes seen in human AD.
Additionally, identifying particular nAChR subunits or subtypes as. being specifically

involved in certain aspects of AD pathology may play an important role in the
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development of new nAChR drug therapies. At present, nAChR therapy is associated with
a significant level of side effects that are probably related to the non-specific targeting of a
wide range of nAChR subtypes. Clearly it would be beneficial to target only those nAChR
subtype/s that mediate the therapeutic properties of nicotine in relation to AD. The
neuroprotective and memory-related actions reported for novel a; selective nAChR ligands
have indicated that this receptor subtype is a potentially important target in regard to
nAChR based therapy of AD (Meyer et al, 1998b). However, relauvely little is .‘known
about precisely how the a7 nAChR mediates therapeutic and neuroprotective effects, or
how a loss in the density of this receptor may be related to changes in other neurochemical
markers as part of the neurodegenerative process associated with AD. The effect of
transient knockdown of the a7 nAChR subunit on the expression of other neurochemical
markers that may be important in AD is another area that has been investigated as part of

the work presented here.

N-METHYL-D-ASPARTATE RECEPTOR SUBUNIT EXPRESSION

N-methyl-D-aspartate receptor (NMDAR) pharm~cology has been circumstantially
linked to AD based on the findings that NMDARSs play a crucial role in learning and
memory processes and that excessive stimulation of NMDARs is associated with
neurotoxicity. Further investigations have indeed shown that glutamatergic
neurotransmission (Cowbum et al., 1990} and NMDAR levels (Krystal et al., 1999; Sze et
al., 2001) are affected in AD brains.

NMDARs are ligand gated ionotropic receptors belonging to the same family of
transmembrane ion channels as the nAChRs. The NMDARs mediate fast, excitatory
glutamatergic transmission and are characterized by a high permeability to Ca®* jons

(MacDermott et al., 1986), a voltage dependent Mg?* block (Nowak et al., 1984) and slow
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gating kinetics (Johnson et al., 1987). Like nAChRs, NMDARs are constructed from a
number of distinct protein subunits. In 1991, the first NMDAR subunit ¢DNA, NR1, was
isolated by expression cloning using Xenopus oocytes (Moriyoshi et al, 1991). Low
stringency cDNA library screening and polymerase chain reaction techniques have since
been used to clone the genes for four additional subunits termed NR2A, NR2B, NR2C and
NR2D (Ishii et al.,, 1993; Meguro et al., 1992; Monyer et al., 1992). In mammalian cells,
NMDAR function is dependent on the presence of the NR1 subunit in combination with at
least one other type of NR2A-D subunit (Boeck man et al., 1994; Mclihinney et al., 1996).
Different subunit combinations result in pharmacologically unique NMDAR subtypes
which differ in their properties in terms of: strength of the Mg®* block (Monyer et al.,
1994; Monyer et al., 1992); sensitivity to modulation by glycine (Ishii et al., 1993; Wafford
et al., 1993); desensitization and ofiset decay (Kohr et al., 1994; Monyer et al.,, 1994;
Monyer et al., 1992); and affinities for specific agonists and antagonists (Ishii et al., 1993;
Monyer et al., 1994; Monyer et al., 1992; Moriyoshi et al., 1991; Wafford et al., 1993).
Radioligand binding studies have led to the identification of at least four
pharmacologically distinct NMDA receptor subtypes (Lynch et al., 1994). A study
comparing the expression of the NR2A-D subunits and the expression of heteromeric
NMDA receptor combinations in Xenopus oocytes concluded that these four previously
identified native NMDARs differ in their NR2 composition and that the NR2 subunits
significantly contribute to the anatomical and pharmacological diversity of NMDAR
subtypes (Bulier o5 al., 1994).

One of the key roles for NMDARs in the brain is in the initiation and maintenance
of the activity-dependent synaptic plasticity referred to as long term potentiation (LTP)
(Collingridge, 1987; Collingridge et al., 1995; Morris et al, 1986). LTP is thought to
represent the physiological basis for learning and memory and is mediated by calcium flow

through NMDAR channels, which ultimately leads to alterations in the strength of
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interneuronal synaptic connectivity. Some NMDAR subunits appear to have a greater role
in learning and memory (Tang et al., 1999). The high permeability of NMDARs to calcium
is also thought to be the basis for excitotoxicity resulting from excessive NMDAR
stimulation (Choi, 1988; McDonald et al, 1990). The potential for NMDARs to cause
excitotoxic neuronal damage has lead to the hypothesized role of these receptors in the
pathogenisis of neuropsychiatric disorders such as AD (Olney, 1989; Thomas, 1993).

At least four different laboratories studying three different non-human species
(mice, rats, monkeys) have reported that the NMDAR transmitter system becomes
markedly hypofunctional with advancing age (Gonzales et al., 1991; Magnusson et al,,
1993; Saransaari et al., 1995; Wenk et al., 1991). There are some inconsistencies in the
available literature concerning how NMDARs are affected in AD. Radioligand binding
studies have shown either a significant loss in cortical and hippocampal NMDAR levels
relative to age-matched controls (Greenamyre et al., 1987; Greenamyre et al., 1985) while
others have reported no change (Geddes et al.,, 1986; Monaghan et al., 1987). At the
subunit level, a recent study has reported that NR1, NR2A, and NR2B subunit proteins are
significantly reduced in AD brains and that this loss in subunit proteins is correlated with
cognitive deficits (Sze et al,, 2001). It is not clear, however, whether this change in
subunit level is reflective of a reduction in the expression of mRNA for these proteins or a
result of neuronal loss.

As with many of the neurochemical changes seen in AD, the relationship between
the reported changes in NMDAR subunit levels uand the neurodegenerative and
morphological changes seen in AD is not understood. The work presented here has
attempted to identify which NMDAR subunits might be particularly important in AD and
which specific pathological changes might affect these NMDAR subunits by examining
how NMDAR subunit mRNA expression is affected in the aforementioned rat models of

AD-like neurodegeneration. The variability in the distribution and pharmacological
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characteristics of the different NMDAR subtypes provides a complicated framework for
the rational development of selective NMDAR based drug therapies for AD, Investigations
at the receptor subunit level may be particularly useful in attempts to identify unique

NMDAR subtypes that are selectively affected in AD

APP AND RELATED PROTEINS

The term APP designates a complex group of type I integral membrane
glycoproteins, 100 — 140 kDa in relative molecular mass with a single transmembrane
domain, that undergoes N- and O- linked glycosylation, phosphorylation, sulphation and
proteolytic cleavage (Oltersdorf et al., 1990; Schubert et al., 1989b; Selkoe et al., 1988;
Weidemann et al., 1989). Heterogéneity of APP molecules arises from alternative splicing
of a single gene, which in humans is located on the long arm of chromosome 21. The
major form of APP in the brain exsists as a 695 amino acid protein (APP695) associated
predominately with neurons, while minor isoforms including APP717, APP751 and
APP770 tend to be associated with glial cells (Mattson et al., 1993; Mucke et al., 1995;
Mucke et al., 1994). Although APP is expressed in virtually all mammalian cells and has
been the subject of intensive investigation for over a decade, a unifying concept regarding
a biological role for this protein is still to emerge. A considerable body of data has
indicated a role for APP in promoting neuronal survival. Exogenously added APP or C-
terminally truncated fragments of APP, normally secreted from the cell surface during
proteolytic processing, can protect primary neuronal cultures or cell lines from a variety
toxic insults including hypoglycemia, glutamate excitotoxicity or AB toxicity (Goodman et
al., 1994a; Mattson et al., 1993a; Schubert et al., 1989b). APP appears to exert its

protective effects by stabilizing intracellular calcium ([Ca®};) levels (Mattson et al,

1993a).
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APP is proteolytically ﬁrocesscd by at leasi three secretase enzymes along two
distinct metabolic pathways (fig. 1.1; for reviews see Hardy, 1997; Nunan et al., 2000;
Selkoe, 1994c; Selkoe, 1994a; Selkoe et al.,, 1988). The APP molecule is initially cleaved
by either a-secretase within the B-amyloid sequence or by B-secretase at the NH; end of
the p-amyloid sequence resulting in the secretion of a soluble N-terminal fragment of APP

(sAPP) from the cell surface (Anderéon et al, 1991; Haass et al, 1992).

Extraceflular “1Cylosol
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Figure 1.1. The non-amyloidogenic and amyloidogenic proteolytic APP processing pathways mediated by o
secretase, P-secretase and y-secretase. Abbreviations: A, p-amyloid; sAPPa, secreted APP-o; SAPPB,
secreted APP-B.A recent study has reported that o and f-secrefase processing may be sompetitive in nature
whereby processing by one sccretase precludes the action of the other (Skovronsky et al., 2000). Following
o/B-secretase processing, the remaining merabrane bovnd C-terminal fragment is cleaved within the lipid
membrane by y-secretase (Seubert et al., 1992).
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Non;amyloidogcnic processing of APP occurs via the o pathway following o-secretase
mediated cleavage within the B-amyloid sequence, which results in the secretion of the N-
terminal fragment of APP (sAPPa) from the cell surface, and subsequent cleavage by y-
secretase, which liberates a fragment of the B-amyloid sequence (Aﬁ(lj;u)) termed ‘p3°.
The physiological significance of p3 .3 not well understood at this stage. The
amyloidogenic § pathway is mediated by f and y-secretase cleavage, which results in the
secretion of the N-terminal fragment of APP (sAPPP) and liberation of the P-amyloid
peptide sequence. Following o/B-secretase cleavage, the exact cleavage site of the
remaining C-terminal fragment may vary; resulting primarily in the formation of a
relatively soluble 40 amino acid B-amyloid peptide (AP (i40)) but also the longer 42 amino
acid isoform (APq.42)). It is not clear whethef this is due to poor specificity of y-secretase at
the cleavage site or the activity of multiple enzymes. Under normal physiological
conditions, the longer APa42) peptide typically accounts for less than 10% of total AB
production but up to 25% of AB produced in neuronal cells (Tienari et al., 1997; T}lmer et
al, 1996). AB( 42 is more hydrophobic and considerably less soluble then AP.40) and
readily forms AP fibrils in vitro via a nucleation dependent mechanism (Jarrett et al.,
1993). Despite APz representing a small fractionn of AP production, this is the major
isoform found in neuritic plaques (Fukumoto et al, 1996; Roher et al, 1993) and its
accumulation is thought to act as a template for the fibrillation of otkerwise soluble A4,
(Jarrett et al., 1993).

The identification of the «, B and y-secretase proteins is an area that is presentlj/
receiving a great deal of attention in relation to AD research. The y-secretase protein hzis
l;een the subject of most of this attention and consequently its activity is well
characterized. The two most likely candidates for the role of y-secretase are presenilin-1

(PS1) and presenilin-2 (PS2). Presenilins (PSs) are integral membrane proteins with eight
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putati?é transmembrane dmﬁains, encoded by genes on chromosomes 14 (PS1) and 1
(PS2) (Nishimura et al., 1999). A number of mutations have now been identified in PSs
(predominately PS1) which are associated with FAD and many of these mutations result in
an increase in the AB(42y’AB .40 ratio (Kovacs et al., 1998; Scheuner et al.; 1996). There
is a good deal of cvidence to suggest that PSs are in fact y-secretases. Certainly PSs are
required for y-secretase activity as demonstrated by the finding that knockout of both PS1
and PS2 completely abolis'.cn - secretase activity (Herreman et al., 2000). Furthermore,
both PSs are localized to the site of y-secretase processing {endoplasmic reticulum/Gelgt
apparatus) (Kovacs et al., 1996) and form staBle complexes with APP (Weidemann et al.,

1997; Xia et al., 1997). it should be noted however that the PSs have never been shown to
possess protease activity, which casts some doubt over their identity as y-secretases. The
activities of o and f-secretase have also been extensively studied in relation te AD
research (for review see Racchi et al., 1999). One of the important features associated with
processing of APP by a-secretase is that the cleavage site is within the AP sequence and so
it is generally thought that the a-secretase pathway mitigates Af formation. If indeed o
and [B-secretase compete for the same cellular machinery as has been suggested
{Skovronsky et al,, 2000), stimulation of the a-secretase pathway may prevent the amount
of AR formed during APP processing by reducing the relative amount of amyloidogenic f3-
secretase processing. Another important feature of o-secretase processing is that the
resu”’.. v secrete N-terminal fragment, sAPPo, may have trophic and neuroprotective
activities (Mai'sie et al., 1993b; Small, 1998). Although the identity of the a-secretase
protein is not carrents; nown, a likely candidate is a member of the ADAM (a disintegrin
and Iiletalloprotea-.-:e) samily called tunior necrosis factor-o -~ »verting enzyme (TACE).
TACE has been shown to cut APP at the a-secretase cleavage site in vitre, and inhibitors

of TACE block the stimulated secretion of sAPPa from cells (Black et al., 1997; Buxbaum
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et al., 1998; Moss et al., 1997). l-urthermore, fibroblasts from TACE knockout mice
generate lower levels of sAPPa (Buxbaum et al., 1998). The B-secretase APP cleaving
protein (BACE) has been identified by several groups following genetic screening and
direct enzyme purification and sequencing (Hussain et al., 1999; Lin et al., 2000; Sinha et
al., 1999a; Vassar et ai., 1999; Yan et al., 1999), BACE is a member of the pepsin family
of aspartyl proteases that is expressed initially as a preproprotein and then efficiently
processed to its mature form in the Gelgi (Haniu et al., 2000). A related transmembrane
aspartyl protease (BACE 2) shows similar substrate specificity (Farzan et al., 2000; Yan et
al., 1999) but is not highly expressed in the brain (Bennett ¢t al., 2000). BACE is expressed
coordinately with APP in many regions of the brain, particularly in neurons, and has a
subcellular distribution similar to that of B-secretase (Vassar et al., 1999). Regardless of -
whether the PSs, TACE and BACE actually represent the secretases that cleave APP or
alternatively, act indirectly as cofactors, the critical involvement of these proteins in APP
processing and subsequent production of physiologically important molecules such as AB

and sAPPa makes them interesting targets in AD research.

Given the important relationship between AR accumulation and AD, changes in the
expression and processing of APP are certainly likely to be related to the disease process.
A significant amount of evidence has accumulated over the last decade implicating APP in
the pathogenesis of AD, including reports that: mutations in the APP gene are associated
with early onset forms of the disease (Clark et al., 1993; Goate et al., 1991); oves-
expression of mutated APP in transgenic mice results in AD-like pathology (Games et al,,
1995); APP degradation products accumulate in br.:ins of patients with AD (Sisodia et al.,
1990); and that APP abnormally accumulates in neuritic plaques and in synaptic terminals
(Arai et al., 1991; Cole et al., 1989; Cras et al., 1991; Masliah, 1995; Masliah et al., 1992). |
Much of the research has focused on investigating how APP and its metabolism might be

involved in the pathogenesis of the disease rather then looking at how the
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neurodegenerative processes in AD aﬁ’ept APP and the secretase enzymes which process it.
One of the aims ot: this project has been to investigate how rat models of specific aspects of
AD, such as degeneration of the basal forebrain nuclei and accumulation of AP, might
affect the mRNA expression of APP695 and a number of the proteins which have been
shown to have important roles in its metabolism including PS1, PS2, TACE and BACE.
The effect of transient knockdown of APP695 on other neurochemical markers that may be
important in AD is also an area- that has been investigated here.

Following decades of intensive research that has established AD as the most widely
studied neurodegenerative disorder to date, a number of theories have emerged which
attempt o characterize the etiology of AD in terms of a single, mnifying event that
underiies the neurodegenerative process. The two most prominent theories are the amyloid
cascade hypothesis (for review see Hardy, 1997) and the cholinergic hypothesis (for
review see Bartus, 2000), which suggest primary and causative roles for Ap accumulation
and cholinergic dysfunction respectively in the disease process as will be discussed in the
following chapters. Although there is little doubt that A accumulation and cholinergic
function are critically important factors associated with the disease, it is likely that these
events are necessary but not sufficient for the pathogenesis of AD. Indeed, most
researchers would argue that the etiology of the disease is likely to be characterised by the
persistence of the combination of a number of specific genetic and environmental factors
over extended periods of time. Unlike many other neurodegenerative conditions, such as
Parkinson’s disease, which are characterised primarily by the dysfunction of a single
neuronal system, these factors lead to the dysfunction and degeneration of multiple
neuronal systems in AD. Consequently, it seems likely that preventative and particularly
palliative treatment of the disease will involve a combination of therapeutic approaches.
The central aim of this thesis has been to explore the relationship between specific aspects

of the neurodegenerative and morphological changes scen in AD and the function and
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expression of a variety of neurochemical markers that may contrioutc to the
neurodegenerative process and/or represent therapeutic targets. Based on the selective
vulnerability of the cortex and hippocampus to the neurodegenerative changes scen in AD,
and the importance of these structures in the process of learning and memory, the work
presented throughout this thesis has focused specifically on the quantification of these
neurochemical markers in various hippocampal and cortical regions. Establishing the
nature of the relationship between the multitude of neurochemical changes see in AD,
particularly in terms of cause and effect, is something that still largely lies ahcad of AD
researchers and will be an important part .of gaining a better understanding of the

pathogenesis of the disease.
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A number of techniques which are have been used repeatedly throughout this body
of work are descrived here in detail and are readdressed briefly in the relevant chapters.
Unless otherwise stated, all reagents were obtained through either Sigma Aldrich or RBI.

Phosphate buffered saline (PBS) was often used in surgical procedures. A 10 x PBS
solution was prepared as 1.0 M NaCl, 70 mM anhydrous Na,PO, and 30 mM Na,PO4.H20
(pH 7.4).

Glass slides used for tissue mounting were baked at 200°C for 4 hours to eliminate
any RNAase activity. Each slide was dipped in a solution of 0.01% (v/v) poly-L-lysine/

diethyl pyrocarbonate (DEPC)' -treated dH;0, air dried and stored at -20 °C.

2.1 INSITU HYBRIDISATION HISTOCHEMISTRY

The technique of in situ hybridisation histochemistry (ISHH) has been used
extensively throughout this study to demonstrate the anatomical distribution and relative
levels of expression of various mRNA species. The end product of an ISSH experiment is a
radiographic image depicting mRINA expression at the level of the cell body in a given
tissue sample. The protocol used is essentially based on the methods described by Wisden

et al., (1994) and updated by Loiacono et al., (1999).
Fixing and Delipidation
Fresh, frozen, shide mounted tissue sections were allowed to come to room

temperature before being dehydrated in graded ethano! (EtOH)/DEPC-dH,0 solutions and

treated with chloroform as follows: 5 min 70% EtOH, 2 min 95% EtOH, 2 min 100%

' DEPC treated dH,0 (1ml/L) was used in place of regular dH,0 when making solutions to eliminate the
presence of biological contaminants such as RNAse.
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EtOH, 10 min chloroform, rinse 100% EtOH. Following the last EtOH rinse the sections
were either stored in absolute EtOH at 4°C or air dried for immediate use. This process
delipidates the tissue sections, which significantly reduces background noise and fixes cell
membranes thereby effectively trapping mRNA within the cells and thus ensuring it
remains tissue bound during the course of the experiment. In comparison to the more
common 10% paraformaldehyde fixation method, the use of fresh, frozen sections
delipidated in chloroform enables better presentation of tissue mRNA at the expense of a

slight reduction in the preservation of tissue morphology.
Preparation of Oligonucleotide Probes

Synthetic oligonucleotide probes complementary to selected base sequences within
the full mRNA sequence encoding for the various proteins of interest were synthesised by
Life Technologies (Melbourne, Australia). All probe sequences used have been listed in

table 2.0.
All oligonucleotides were constructed of 45 bases with no modifications. The
sequences were checked for cross-recognition in a BLAST search and can be retrieved

from Genbank using the specified accession numbers. As a number of splice variants are
known to exist for the a4 NAChR subunit, oligonucleotide probes were designed to target
regions common between the variants. The probes targeting the oy subunit are therefore

‘pan’ probes and do will not distinguish between different oy subunit mRNA splice

variants.
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Table 2.0. Sequences and
acression details for the
oligonucleotides use? for
mRNA detection in ISHH
experiments.

TFarget

Accessiasn #

Sequence of oligonucleotide

Reference

ol

L31621

5’-TTCGAACAGGTACTGGAACAGGCGGTGCTCAGCTTCTGAGGCACT-3’
5"-GACCCAAGTGOGCATGGTGTGTGTGGTTGGAGTTCTATAGTGCAC-3'
5'-ATCTTGGCAGGGGTAGCCTTCCTTGCAGCTTTTGGAGTCTGCACG-3'

(Boulter et al., 1987)

ad

L31620

5*-ACATGCTGGACACTCAGGGACCTGGCTTTGATGAGCATTGGAGCC-3”
5'-CTGGGGACACAGGAGATGGTTCCTTGCATGTGCATTTGCATGGAG-3'
S -TGTCTTCTGCCTTGAGGTGGTCTGCAATGTACTGGACGCCTTCTA-3’

{Goldman et al., 1987)

als

J05231

5’-ATCTTACGAACCCAGGGCGCCATAGCGTTGTGTGTGGAGGAAGAG-3*
5’ -TTGGTAGGGTTTGCCAGGATGCAGATGCTAGGCCTTCACTAGTGC-3’
5’-GCACACCCATGGTCCCAGCTACTCAGGAGGTTTTGTGCTAGCCCA-3’

{Boulier et al., 1990)

ob

108227

5'-TCAAAGTGCACCGTGACGGGATCAGAAACGTTTTCCACTGGCCGG-3’
5’-AGGAACATGGTCTTCACCCACTTGGGCATGGTATGCGTTGCTGGG-3'
5GGTGGGTGCTCTGAATTCTCTGTTACCCACTGTGCAGGCTGCTGG-3’

Unpublished.

al

$53987

5'-ACAAGGOATGAGCAGATTGAGGCCATAGTAGAGTGTCCTACGGCC-3’
5’ -GTCCTCTCCGGGCCTCTTCATGCGCAGAAACCATGCACACCAGTT-3
5'-TGCCCTCCAGGCCTCGGAAGCCAATGTAGAGCAGGTTGCCATTGC-3’

(Segueia et al,, 1993)

B2

L31622

5’-AGCCAAGCCCTGCACTGATGCAGGGTTGACAAAGCAGGTACATGG-3’
5'-TCGCATGTGGTCCGCAATGAAGCGTACGCCATCCACTGCTTCCCG-3’
5'-AGGCTGCAGGAACATGCCGACGGTCCCAAAGACACAGACAAAGAC-Y

{Bouiter et al., 1987)

B3

J04636

5'-AGGGGGCCATGGGATGGTACGTTGAGGAAGATCTGTGGTGGACAT-3’
5’-TCGGAGGCCTTCTCGAGGAAAGCGACCAGAACTCTTTCTCCATCG-3’
5’ - TACGATTGCATGGCTCTGCTTCCTGTCAGCATGCCAGCCGCTGTC-3

(Deneris et al., 1989)

APP69S

AY011335

5’-GCTGGCTGCCGTCGTGGGAACTCGGACCTACCTCCTCCACAGACTC-3’

{(Murphy et al., 2001)

PS1

D83948

5'-TGGCCACCACAACGACCATGCAGAGGGTCACAGGAACAAAGAGCA-3’
5'-AGGGCACTGATCATAATGAGATACGCCTGCTGCAGTCGGAGTGGG-3"
5'-CTCCCAGTGCCAGTGTCCTGTGTCTCTTCCCTCTCTGTTCCTTGT-3”

(Takabhashi et al., 1996)

PS2

ABQ04454

5'-AACGTGATGTAGGGCTCTCGGCTGACATCAAGGACGTCCGCTCAT-3’
3*-TGGCTGCTGCCTTGCCCACCAGAACGCTGTAGAAGATGAAGTCTC-3’
5'-GGAGCATCAGGGAGGACATGATCAGCCAGCCATGGATGAACTTGT-3’

(Tanahashi et al., 1998)

BACE

AF190727

5 -TGGCCGGACTTTCCCCTCAGGTTGTCCACCATCTCCACAAAGCTG-3’
5*-GTGGGTCTGCTTCACCAGGGAGTCAAAAAAGGGCTCCAAGGAGTC-3’
5'-CAAAAGCCATCCGGGAACTTCTCCGTCGAGGAGGCTGCCTTGATG-3’

{Vassar et al., 1999)

TACE

AJO12603

5’-GAGAAACTGCTCACATTGGGAAGCGGAGGTGATCTTCCCAGCACG-3*
5"-AGGTTCAGCTCGCCTCTTCACTCGACGGACAAACTCTTCAGATGC-3’
5'-CTCTGCATCGACGTAAGGCACACATGGGCCAGAAAGGTTCCTGCA-3’

Unpubiished.

NRI1/2A/2B

Provided by H. Monyer, University of Hiedelberg, Germany.

Personal communication

nNQOS

X59949

5"-TCACCAGGAAGCCCAGACCTCCCACTTTGCGTTTGAAGAGACGAA-3’
5 -TTCATCATGTTCCCCGATGTCCTGGAGGTTGGCCTTGGTGCTTTT-3’

(Bredt et al., 1991)
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The probes were diluted in DEPC-dH,0 to a working stock concentration of 3
ng/ml and stored at -20°C. Each probe was radiolabelled at the 3’ end with a o - Bp
deoxyadenosine 5° - triphosphate ([**Pla-dATP; 3000 Ci/mmol; NEN™ Life Science

roducts Inc., USA ) nucleotide tail using a standard terminal transferase labelling kit
(Boehringer Mannheim, Australia). The reaction was carried out at 37°C and terminated by
the addition of 38 ul DEPC-dH;0. This solution was then added to pre-spun Sephadex
columns’ and centrifuged at 2000 rpm for 2 min in order to separate unincorporated tracers
from the radiolabelled probes. A 1 ul sample of each probe was assessed for the extent of
specific labelling using a Packard TriCarb scintillation counter. Counts for successfully
labelled probes were generally between 1.0 x 10° and 3.0 x 10° dpmy/pl.

As indicated in table 2.0, up to three separate probes were synthesised for the
detection of each individual mRNA target due to the relatively low levels of expression in
the brain. A spacing of at least 100 base pairs was left between the end of one probe and
the beginning of the next, so that the addition of the radiolabelled tail would not restrict the

access of other probes t¢ the targeted mRNA sequence during the hybridisation process.
Hybridisation

For each mRNA target. the corresponding probe/s were diluted 50-fold in a
minimalist hybridisation buffer solution and vortexed for 5 min. (i.e. to make the buffered
solution for the a7 nAChR subunit, 50 pl of each of the ihree separately radiolabelled
oligonucleotides were added to a final volume of 2.5 ml of the hybridisation buffer). Slide

mounted sections were air dried, placed in sterile petri dishes, covered with 100 ul each of

the appropriate buffered probe solution and covered with a Parafilm™ slip. A small wad of

? Spin sofution was prepared as 14 ml 5 M NaCl, 10 ml | M Tris (pH 8.0), 5 ml sodium dodecyl sulphate,
466 ml DEPC-dH,0 and 20 g Sephadex G-25™ (Pharmacia, Australia). The solution was autoclaved and
stored at 4 °C. Spin columns were constructed by placing a small wad of glass wool at the base of 1 ml
syringes, filling the remaining volume with spin solution and centrifuging at 2000 rpm for 2 min.
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tissue paper soaked in a 50% v/v solution of formamide in 5x sodium citrate/sodium
chloride (SSC; pH 7.0)° was added to the petri dish to prevent drying of the tissue sections.
The petri dishes were covered and placed in an oven at 42 °C for 16 hours during which

time hybridisation of the labelled probes to the tissue bound mRNA took place.
Washing

Following hybridisétion the Parafilm™ slips were removed and slides were rinsed
briefly in a room temperature solution of SSC, transferred to SSC at 60°C for 1 hour,
rinsed in SSC then 0.1x SSC and finally dehydrated in graded solutions of ethanol/DEPC-
water. After drying, the slide-mounted sections were apposed to B-max Hyperfilm
(Amersham, USA) in light-safe cassettes (24 x 30 cmy; Planex, Australia) for various
periods of time, depending on the mRNA being examined. Exposure times were as
follows:

a APP695: 72 hours
o NMDAR NR1 subunit: 10 days

o nAChR oy subunit: 2 weeks.

o #AChR a3, al, a6, a7, B2 & B3 subunits; NMDAR 2A & 2B subunits;
BACE; PS1: 3 weeks.
o TACE; PS2; nNOS: 5 weeks.
Films were processed at room temperature in light-safe conditions (Ilford 906 grade
red-light filter, Australia) as follows: 5 min in a solution »f Phenisol X-ray film developer
(lliford, Austalia), rinsed in a mixture of water and stopbath (Iiford, Austalia) for 1 min and

fixed in hyperfilm rapid-fixer (Ilford, Austalia) for 10 min.

% 20 stock is 3 M NaCl and 3 M sc-'jum citrate in DEPC-dH.O 27




Moetheds

2.2 PHIEPIBATIDINE AUTORADIOGRAPHY

Th;a protocol for [*H]epibatidine autoradiography was based on that described by
Perry et al., (1995b). Slide mounted sections were incubated with 0.46 nM |’H]epibatidine
(66.60 Ci/mmol, Dupont, USA) at room temperacure for 40 mip in an incubation buffer
consisting of 50 mM Tris-HCI (pH 7.0), 120 mM NaCl, 5 mM KCl, 2.5 mM CaCl; and 1
mM MgCl,. Non specific binding was determined by the addition of 300 uM (-)-nicotine
in adjacent sections. Ft-)llowing incubation, the slides were taken through 2 x 5 min rinses
in ice-cold buffer. The sections were ther. dried immediately with a stream of air and
apposed to tritium-sensitive film (Hypermax Hyperfilm; Amersham, USA) in light-safe
cassettes for 12 weeks. A set of standard tritium scales (Amersham, USA) were also
apposed to film for each experiment. Films were developed at room temperaturé for 5 min,

rinsed in water and stopbath for 1 min and fixed for 10 min, as previousty described.

2.3 ['#I] - RUNGAROTOXIN AUTORADIOGRAPHY

The protocol for {'*1Ja-BGT was based on that used by Whiteaker et al., (1999).
Slide mounted sections were pre-incubated in binding buffer consisting of 144 mM NaCl,
1.5 mM KCl, 2 mM CaCl, 1 mM MgS0;, 200 mM Tris-HCI, 20 mM HEPES and 0.1%
(w/v) bovine serum albumin {oH 7.5) for 20 min at room iemperature. Slides were then
incubated with 2 nM ['Z°1]Tyr**-a-Bungarotoxin (['**1}a-BGT; 152 Ci'mmol; NEN™ Life
Science Products Inc., USA ) in binding buffer for 4 h at room temperature. Non-specific
binding was determined by incubating adjacent sections from each animal in the same
conditions but with the addition of 10 mM (-)-nicotine in the binding buffer. All washing
was done at 0°C and consisted of: 2 x 10 min in binding buffer, 2 x 5 s in 0.1x binding

buffer and 2 x 5 s in 5 mM HEPES (pH 7.5). Slides were dried with a stream of air
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immediately after washing and apposed to B-max Hyperfilm (Amershamn, USA) for 5 days.
Films were developed at room temperature for 5 min, rinsed in water and stopbath for 1

min and fixed for 10 min, as previously described.

2.4 ACHE HISTOCHEMISTRY

AChE levels were quantified using a modification of the method previously
described by Koelle et al., (1949). Slide mounted sections were incubated for 45 min at
37°C in an incubation medium of the following composition: 150 mg acetylthiocholine,
195 ml acetate buffer' (pH 6.0), 15 ml 0.1 M sodium citrate, 30 ml 30 mM copper
sulphate, 30 ml dH,0 and 30 ml S mM potassium ferricyanide. Following incubation, slide
mounted sections were rinsed in dH;O, dehydrated in graded ethanol/dH,O solutions
(rinsed in 70% EtOH, 95% EtOH, 100% EtOH), treated with xylene and cover-slipped for

analysis.

2.5 QUANTITATION

Images generated through the ISHH and receptor binding protocols were digitally
captured on PC under a windows 98 operating system using a COHU high performance
CDD came... and graphical interface card (USA) and a Nikon lens (Micro-NIKKOR,
55mm, 1:2.8, Japan). A Biotec-Fischer lightbox (Germany) was used as the lightsource

underneath the images. The optical density of selected anatomical regions was quantified

using Scion Image software (www.scioncorp.com). For mRNA images, {'*I}jo-BGT

* 50 mM sodium acetate adjusted to pH 6.0 with 50 mM acetic acid.
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autoradiographs, and histochemical AChE stains the system was calibrated against a set of
graded greyscales (Kodak; ﬁg.‘ 1), allowing for quantitation in terms of relative optical
density (ROD). For tritium applications, including [*H]epibatidine and [*H}hemicholinium
autoradiographs, the system was calibrated against a set of standard tritium scales (fig 2.0),
allowing for quantitation in terms of nCi/mm?. Tritium scales were generated by apposing
a set of standard tritium scales (Amersham, USA), with a known tritium content in

nCi/mm?2, to tritium sensitive film for the same time as the slide mounted tissue.

Tritium scale Kodak grevscale

Figure 2.0. Tritium and grey scales were used to calibrate the Scion imaging software for measurement of
the optical density of specific anatomical regions in the radiographic or histological images. The
radioactivity associated with each gradation in the tritium scale, in nCi/mm?, is as follows: (a) 1.4, (b) 2.2, (c)
3.3, (d) 5.5, (e) 8.8, (f) 13.1, (g) 21.2 and (h) 33.5. The arbitrary ROD units assigned to the Kodak greyscale
were as follows: (i) 0.1, (ii} 0.2, {(iii) 0.3, (iv) 0.4, (v) 0.5, (vi) 0.6, (vii) 0.7, (viii) 0.8, (ix) 0.9 and (x) 1.0.

Using the Scion imaging software, it was possible to generate calibration curves of
optical density against either nCi/mm’ using the tritium scale, or ROD using the Kodak
scale. Based on the relationship between tritium content in the tritium scales and optical
density, a log-log linear curve fit was used. A linear curve fit was used for the optical
dentity/ROD data. Measurements of optical density for radiographic and histological
images were expressed in terms of either nCi/mm® or ROD through interpolation or
extrapolation of the appropriate calibration curve.

Every effort was made to minimise artefactual variation in optical density between

control and treatment groups in a given experiment. Factors that may introduce such
30
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variaticn into experiments where the results are measured in terms of optical density
include:

o Film sensitivity, film exposure time, film processing parameters.

o Efficacy of probe radiolabelling, age and specific activity of the
radionucleotide.

o Lightbox intensity, ambient lighting when capturing images.

o Lens aperture and focal length,

These factors were not controlled for, in regard to sets of data not intended for
statistical comparison. Consequently, the ROD measurement corresponding to, for
example a certain mRNA, may vary in different sets of control tissue from different
experiments. However, it has not been the intention of the work presented here to comment
on the measurement of neurochemical markers in naive animals. Rather, the intention has
been specifically to compare differences in the measurement of neurochemical markers
between control and iceated tissue in a given experiment. In this context, factors that may
introduce artefactual variation were strictly controlled for. Groups of control and treated
tissue sections intended for direct statistical comparison were always exposed to the same
sheet of film and digitally captured under the same conditions in terms of lighting and lens
specifications, This ensured that any differences in optical density between control and
treatment groupé was due to experimental manipulation and not artefactual variation.

ROD or nCi/mm’ measurements for all treatment groups were always taken from
the left hemisphere. No assessment has been made regarding possible bilateral effects
associated with experimental manipulation. Differences in ROD or nCi/mm’ between
control and treatment groups were assessed statistically using either one-way analysis of
variance (ANOVA) with the appropriate post-test, or an unpaired t test, depending on the
number of treatment groups. These statisitical tests were always performed on the mean
value of measurements taken from at least 4 animals. Where possible the average of

duplicate measurements taken from each animal was used. P values of less then 0.5 have

3!




Methedds

been taken to signify statistical significance throughout this thesis. The statistical tests used

for each experiment have been discussed further in each chapter.

A schematic of a coronal section of rat brain 3.6 mm caudal to bregma, showing
: some of the anatomical regions commonly analysed in this study has been presented below
in figure 2.1. This figure is particularly useful for illustrating the distribution of cortical

layering.

Bregma-3.6

Figure 2.1. Schematic representation of 2 coronal section of rat brain 3.6 mm caudal to bregma, adapted
from the atlas of Paxinos and Watson {1986). Anatomical regions commonly analysed throughout the work
presented here have been labelled. Abbreviations: Cal ~ 3, fields of the hippocampus; C1, cortical layer 1;
C2-3, cortical layers 2 — 3; C4, cortical layer 4; C3, cortical layer 5; C6, cortical layer 6; GrDG, granular
layer of the dentate gyrus; HiF, hippocampal fissure; MolDG, molecular tayer of the dentate gyrus; Rad,
stratum radiatum hippocampus.
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3.1 INTRODUCTION

Describing the neuropathology of his first reported case in 1907, Alois Alzheimer

Wwrote:

“Scattered through the entire cortex, especially in the upper layers, one found miliary foci
that were caused by the deposition of a peculiar substance in the cerebral cortex”

(Alzhexmer, 1907).

This ‘peculiar substance’ has since been identified as the B-amyloid peptide and is
the major constituent of the neuritic plaques that histopathologically characterise the
disease (Glenner et al., 1984; Masters et al., 1985). Following almost a century of research
since Alois Alzheimer’s initial findings, there is still some debate as to whether or not the
AP peptide plays a causative role in the pathogenesis of AD. Certainly, there has been
some compelling evidence to emerge from this research that implicates the involvement of
AP in the disease process on some level. For instance, cerebral Af deposition is an
invariant feature of AD, and the fibrogenic A4z isoform which is intimately associated
with dystrophic dendrites, axons, microglia and astrocytes in the form of neuritic plaques
(Dickson, 1997; Terry et al., 1994) .s substantially more abundant in the limbic and
association cortices of AD brains than in those from age-matched controls in virtually all
cases. Perhaps the most important finding which supports a role for AB in AD
pathogenesis relates to the relationship that has been shown to exist between genetic

mutations that affect the metabolism of APP and the incidence of early onset or familial

34




-

P bt =g Rrrenie s

forms o “he disease (table 3.0). Various mutations in either the APP, PS1 or PS2 genes

are assu..ted with clinical and pathological features of AD and cause either a significant

increase in the production of AP or a shift in the metabolism of APP which favours the

production of APt42y over APi40). Transgenic mice that over-express mutated forms of

APP exhibit certain aspects of AD pathology (Games et al, 1995). Furthermore,

individuals with Down’s syndrome, who possess an extra copy of the APP gene, develop

amyloid plaque like morphology and exhibit certain clinical symptoms associated with AD

such as dementia (Giaccone et al., 1989; Mann et al., 1989; Mann et al., 1986; Motte et zil.,

1989; Wisniewski et al., 1985). A useful review of the genetics of AD has been published

by Lendon et al., (1997).
Gene Mechanism Biochemical Effect Author
APP Extra copy of the APP Increase in total Ap (Wisniewski et al.,
(Down’s gene (chromosome 21 production. 1985)

syndrome) trisomy).

APPyj6 Mutation at y-secretase Increase in the ratio (Eckman et al.,

(Florida) cleavage site. of AB..2/ABti«o). 1997)

APPyy; Mutation at y-secretase Increase in the ratio {Goate et al., 1991;

(London)  cleavage site. of ABqa2y A0 Suzuki et al., 1994)

APPgro671  Mutation at B-secretase Increase in total AP (Cai et al,, 1993;

(Swedish)  cleavage site. production. Citron et al., 1992;

Mullan et al.,
1992)
APPgo; Mutation at a-secretase Vascular amyloid (Levy et al., 1990)
(Dutch) cleavage site. deposition, cerebral
haemorrhage.
APPgq, Mutation at a-secretase Cerebral (Hendriks et al.,
(Flemish)  cleavage site. hacmorrhage, reduced 1992)
p3 formation.

PS1/PS2 Missense mutations cause  Increase in the ratio (Borchelt et al.,
altered processing at y- of AB112/AB40)- 1996; Sherrington
secretase cleavage site. ct al., 1995; Tomita

et al., 1997)

Table 3.0. Genetic mutations which cause B-amyloid deposition and plaque formation and associated with

the incidence of early onset familial AD. Abbreviations: AB, B-amyloid; APP, amyloid precursor protein;
PS1/2, presenilin-1/2.
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The aforementioned data a‘long with the lack of evidence for a specific defect in

metabolism, loss of trophic factor, or viral or toxic agent other then AP that can be said to

be etiologic for AD, has lead to the emergence of the ‘amyloid cascade hypothesis’. The

general form of this hypothesis predicts that all causes of AD should have in common the
feature that they make AP deposition more likely, and that the accurnulation of AP is the
primary event underlying' the pathogenesis of the disease (Hardy, 1997). While there is a
good deal of evidence to support such an idea, a considerable amount of work still needs to
be done before the amyloid cascade hypothesis can be validated as an accurate description
of the causative, pathogenic mechanism underlying AD. Much of this work will involve
exploring the relationship between AP and the progressive neurodegeneration seen in AD.

A pervading assumption among supporters of the amyloid cascade hyi)othesis is
that AB is toxic to nerve cells. This has been somewhat of a contentious issue in AD
research and there have been numerous studies that have both supported and refuted this
assumption. On balance, it seems that AP peptides are likely to possess neurotoxic
properties in vitro which are dependent on both the concentration and tertiary conformation
of the peptide (Mattson et al., 1992; Pike et al, 1993; Yanker et al., 1990). More
aggregated forms of the peptide, such as AB(42), have been shown to exhibit greater
neurotoxicity in neuronal cell culture systems compared with the more soluble AP0
form of the peptide (Pike et al., 1993). Interestingly, while neurotoxic concentrations of A
peptides have typically been in the order of 1 — 100 pg/ml, low concentrations of AP have
been reported to have neuroprotective properties in vitro (Whiston et al., 1989; Yanker et
al., 1990). The results in regard to the neurotoxicity of AP peptides in vivo have generally
been much less consistent then those generated from in vifro studies (table 3.1). Transgenic
mice that show extensive deposition of amyloid in the form of plaques and increased serum
levels of AB(.42) do not display concomitant neuronal loss (Games et al., 1992; Hsiao et

al., 1996). Studies that involve the injection of synthetic A peptides directly into the
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brains of rats have reported either neurotoxicity and/or associated behavioural deficits (e.g.
Giovannelli et al., 1995; Harkany et al., 1995; Nitta et al., 1997) or a lack of neurotoxic
effect or any discernable AD-like pathology (e.g. Abe et al., 1994; Winkler et al., 1994).

Clearly, there are a number of physiologically relevant factors present during in vivo

studies, such as glial-neuron interactions and the influence of many transmitter systems,
which do not affect results generated from in vitro paradigms. While Af1.42) has been
shown to be the more neurotoxic form of AP in vitro, a study by Shin et al., (1997) has

reported that injections of APup but not APuaz contributed to the experimental

formation of AD-like amyloid fibrils in vivo.

Author A Target brain Major Conclusion

Sequence  region

(Abe et al., 1994) 1-28, 25-35, Medial Septum Decreased hippocampal ACh release
1-40

(Clemens et al., 1992)  1-40 Hippocampus, Lack of AP toxicity

striatum

(Delobette et al., 1997) 1-28, 25-35, i.c.v. Conformation dependent memory
1-42 impairment

(Emre et al., 1992) 1-40 Cortex Acute neurotoxicity

(Frautschy et al,, 1991) Human Ap Hippocampus, Neuronal loss, tau phosphorylation
extract cortex

(Games et al., 1992) 25-35, 1-38, Hippocampus, Lack of AD-related pathology
1-40 cortex

(Giovannelli et al., 25-35, 140 MBN Contormation dependent toxicity

1995)

(Harkany et al., 1995) 1-42 MBN Cholinergic toxicity

(toh et al., 1996) 1-40 Cholinergic Reduced neurotransmiiter release

systems
{Nakamura et al., 1-42 LC.V, Reduced HACU after 25 days,
2001) reduced HACU and ChAT activity
after 80 days

(Nitta et al., 1994) 1-40 L.C.v. Decreased ChAT activity, learning

(Mitta et al., 1997) deficit

(Stein-Behrens etal.,,  25-35 Hippocampus Lack of hippocampal neuronal loss

1992) and AP neurotoxicity

(Winkler et al., 1994)  1-42 i.c.v., hippocampus Lack of AB neurotoxicity

Table 3.1. Major findings from in vivo studies directed towards the identification of AB neurotoxicity in rat
brain. A variety of shorter AP fragments have been used in these studies based on findings that the
neurotoxic effect of AP may be mediated by short amino-acid sequences within the full AP sequence (Abe et
al., 1994; Flood et al., 1994; Yankner et al., 1989) Abbreviations: AB, f-amyloid; AD, Alzheimer’s disease;
ChAT, choline acetyltransferase; i.c.v., intracerebrolventricular; HACU, high affinity choline uptake; MBN,
magnocellular basal forebrain neurons.
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The rﬁnding that cholinergic neurons may be selectively vulnerable to the
neurodegenerative processes underlying AD and that the loss of cholinergic neurons seen
in AD is strongly correlated with the clinical symptoms (Flynn et al., 1986; Perry et al,,
1977; for review see Bartus et al,, 1982) has generated a great deal of interest into the
relationship between AP deposition and cholinergic nerve damage. ChAT has been widely
used as a cholinergic markér in studies that have examined the in vivo neurotoxic of effect
of AP specifically in relation to cholinergic neurons. The results from these studies have
been somewhat inconclusive. While some authors have reported a mild but significant
decline in ChAT activity following injections of AP peptides into rat brain (Giovannelli et
al., 1995; Harkany et al., 1995; Nitta et al., 1994; Pepeu et al., 1996; Yamada et al., 1998)
others have reported no change (Abe et al., 1994; Winkler et al., 1994). Clearly this is an
area that warrants further investigation. It has been the intention of the work presented here
to contribute to that investigation by examining how chronic (14 day) in vivo treatment
with a physiologically relevant dose of the major secreted form of the A peptide (AB1-40))
affects cholinergic neuron viability as assessed by ChAT activity and AChE levels. A dose
of 300 pmol/day for the AP infusions was chosen based on ELISA measurements showing
that the physiological levels of soluble AB in culture medium and human cerebrospinal
fluid (CSF) are in the high picomolar to low nanomolar range (Seubert et al., 1992; Vigo-
Pelfrey et al., 1993).

A wide variety of mechanisms have been suggested to underlie the apparent
neurotoxic effects of AP peptides including: activation of microglial cells (Meda et al.,
1995); stimulation of tyrosine phosphorylation of focal adhesion kinase (Zbang et al.,
1994a); inhibition of ubiquitin-dependent protein degradation (Gregori et al., 1995);
induction of inflamr;lalory responses (Deb et al, 1996; London et al, 1996); and
generation of reactive oxygen species (Behl et al., 1994; Goodman et al., 1994b; Pappolla

et al,, 1997). Both apoptotic (Cotman et al., 1995) and necrotic (Behl et al., 1994) modes of
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cell death have been proposed. A useful review of this area has recently been published
(Vickers et al., 2000). There have also been 2 number of studies which report that Ap may
cause neurotoxicity by increasing [Ca®"}; levels leading to pathological events associated
with Ca** overload (Arispe et al., 1993; Fukuyama et al., 1994; Ito et al., 1994; Mattson et
al, 1993b; Mattson et al., 1992). Alternatively, AP mediated increase in neuronal [Ca®"};
on its own may not cause neurotoXicity, but may render neurons wvulnerable to
pathological Ca®* overload when coupled with other mechanisms that raise [Ca®*);. A
number of studies have reported that leveis of AP peptides below the concéntrations
required for direct neurotoxicity in vifro cause cultured neurons to become hypersensitive
to NMDA mediated excitotoxicity. (Gray et al, 1995; Koh et al., 1990; Patel, 1995a).
Furthermore, NMDA receptor antagonists have been shown to protect against AP mediated
neurotoxicity (O'Mahony et al., 1998). Although it has been reported that NMDAR levels
are reduced in AD brains (Krystal et al,, 1999; Sze et al,, 2001), there is little information
in the available literature concerning a direct interaction between A[ peptides and
NMDARs. One of the aims of the work presented here has been to investigate the potential
for such an interaction by examining how the expression of NMDAR subunit mRNA is
affected by chronic in vivo treatment with the A ) peptide.

Emerging evidence suggests that, in addition to any neurotoxic activity, AP
peptides may act dwectly as neuromodulators of cholinergic neuron activity through
mechanisms such as impairment of ACh release (Abe et al., 1994; Itoh et al., 1996; Kar et

al, 1998) and decreased high affinity choline uptake (HACU) into cholinergic terminals

(Kar et al., 1998). See Auld et al., (1998) for review. The mechanisms underlying these

effects are not understood. It has also been reported that AB peptides competitively bind to
(Wang et al., 2000a; Wang:et al., 2000b) and inhibit the function of (Liu et al., 2001; Pettit
et al,, 2001) the oy nAChR subtype. The finding that in addition to the accumulation of AP
in AD, there is a significant loss of nAChR sites (Flynn et al., 1986; Guan et al., 2000;
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Nordberg et al., 1990; Nordberg et al., 1986; Sugaya et al., 1990; Warpman et al,, 1995)
and that this loss is correlated with cognitive deficits (Whitchouse et al., 1995) has
prompted a number of investigations into a potential interaction hetween AP peptides and
nAChRs. Results from a co-localisation study have shown that neurons expressing o and
a7 nAChR mRNA were located in the vicinity of, or even inside AP immunoreactive
plaques (Wevers et al., 1999). However, It is not clear whether Ap peptides may contribute
directly to nAChR loss in AD. This is an area that has been investigated as part of the work
presented in this chapter.

Following reports that smoking is positively correlated with a delayed onset of AD
(van Duijn et al., 1991), a number of laboratories have investigated the possibility that
nicotine may possess neuroprotective properties in relation to Ap mediated neurotoxicity
(for reviews see Shimohama et al., 2001; Zamani et al.,, 2001). Subsequently, it has been
reported that AP neurotoxicity can be partially, or even completely, prevenied in vitro by
nAChR activation in neuronal cell cultures (Kihara et al., 1997; Kihara et al., 1998;
Zamani et al., 1997). The neuroprotective effects of nicotinic ligands have been attributed
to both the asf, (Kihara et al., 1998) and a7 (Meyer et al.,, 1998b) nAChR subtypes in
studies using selective ligands for these receptors. It is certainly notable that the existing
data concerning the neuroprotective effect of nicotine in relation to Af toxicity has been
generated in vifro. It has not been demonstrated conclusively that nAChR activation can

prevent AB neurotoxicity in vivo. In addition to examining the apparent neurotoxic affect

of AB, the work presented here has investigated whether chronic nicotine treatment (21
days) in vivo may modulate this effect, or indeed any other changes in various
neurochemical markers mediated by A treatment in vivo. The doses of chronic nicotine
treatment of 0.75 and 1.25 mg/kg/day were chosen based on their relevance to
concentrations of nicotine required for receptor activation and plasma concentrations

typically seen in smokers. An indication of the plasma and brain concentrations achieved

40




vennn kedd-clirenie imceiing

with these doses is shown in table 3.2. Nicotine accumulates in the brain and consequently,
for a given dosé of nicotine, the conc;entration in the brain is generally about 3 times higher
than plasma levels (Benowitz et al., 1990). The concentration of nicotine found in the
plasma of smokers is highly variable but is usually in the order of 100 - 500 nM

(Henningfield et al., 1983). The K; values for (-)-nicotine at the major c.ap2 and o7 nAChR
subtypes in rat brain/human cell line are 1 nM and 5/1.6 pM respectively (Anderson et al.,
1994; Gopalakrishnan et al., 1995a; Gopalakrishnan et al., 1995b). Reported ECsp values
for (-)-nicotine in relation to its ability to stimulate neurotransmitter release in the brain
vary from nanomolar concentrations for dopamine and glitamate release (Clarke et al.,
1996; Grady et al,, 1992; McGehee et al,, 1995a; Whiteaker et al., 1995) up to micromolar
concentrations for noradrenaline, acetylcholine, y-aminobutyric acid and serotonin release

(Clarke et al., 1996; Loiacono et al., 1990; Lu et al., 1998b; Wilkie et al., 1996; Yu et al,,

1994).

Infusion dose Plasma Brain

(mg/kg/day)  concentration (nM) concentration (~ nM)
0.6 55 160
1.2 154 412
2.4 265 739

Table 3.2. Plasma and brain nicotine concentrations in the rat following continuous subcutaneous infusion
(Rowel] et al., 1997).

There has been surprisingly little data published concerning how A peptides may

affect the expression or processing of APP and therefore further AB generation. It has been
reported that there is a significant reduction in APP levels (Davidsson et al., 2001) as well
as the expression of PS1 and PS2 mRNA (Barton et al., 1996; Isoe-Wada et al., 1999;
McMillan et al., 2000; Takami et al., 1997) in the brains of AD patients relative to age-

matched controls. It is not known whether AP peptides contribute to this effect. Indeed,
4]
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there is little information concerning the possibility that A peptides may directly affect
the function or expression of proteins that are important for the processing of APP, such as
BACE, TACE and the presenilins. This is another area that has been investigated as part of
the present study. Specifically, the effect of chronic AP treatment in vivo on the expression
of APP695, BACE, TACE, PSI and PS2 was examined. Furthermore, the effect of chronic

nicotine treatment on the mRNA expression of these proteins was also examined based on

preliminary evidence detailed in a study by Kim et al., (1997) showing that acute nicotine

treatment can stimulate the processing of APP. .

While there has been a considerable amount of data published describing how

many neurochemical markers are changed in AD brains relative to age-matched controls,

relatively little is known about the potential for AR peptides to directly affect these

changes. Furthermore, much of the work that has examined the biological effects of AR

|

;

LA
peptides has been done in vitro. The central aim of the work presented in this chapter has P
been to assess the effects of continuous i.c.v. AP infusion, chronic nicotine exposure and a "I ]

combination of these treatments in vive on a number of neurochemical markers relevant to

AD, in specific anatomical areas selectively affected in AD.
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3.2 METHODS

3.2.1 TREATMENT OF ANIMALS AND T1SSUE PREPARATION

Sprague-Dawley rats (250 — 300 g) of either sex were arranged into 6 groups.
Groups included: Sham-operated, P-amyloid4ey infused, 0.75 mg/kg/day nicotine, P-
amyloid;;4o) infused + 0.75 mg/kg/day nicotine, 1.25 mg/kg/day nicotine and B-amyloid;.
a0y infused + 1.25 mg/kg/day nicotine. Each group consisted of 4 animals.

Vehicle and B-amyloid(;.g) infused animals were anaesthetised with pentobarbitone
(60 mg/kg i.p.) and constrained to a tiited skull position (-0.3 mm) using a Kopf stereotaxic
apparatus. A continuous intracerebroventricular (i.c.v.), 14 day infusion of either (-
amyloid 40y 300 pmol/day (RBI, USA) dissolved in a wvehicle of 30% acetonitrile/0.1%
trifluoroacetic acid (v/v) or vehicle alone was achieved using brain infusion kits (Alza
corp., USA.) attached to modified miniosmotic pumps (pump rate of 1 pulb/hr; Alza corp.,
USA). The osmotic minipumps were weighed before and after addition of the solution for
i.c.v. infusion to ensure that they had been filled. After removing the plastic cap that covers
the metal rod housed in the minipump a 4.5 cm length of polyethelene tubing was used to
attach the minipumps to the infusion cannula. The minipumps were placed between the
scapulae in a small subcutaneous cavity. A small hole was drilled into the skull and a
capped infusion cannula was implanted into the left lateral ventricle at stereotaxic
coordinates: 1.0 mm caudal to bregma, 1.5 mm left from the midline, 3.4 mm ventral from
the cortical surface according to the atlas of Paxinos and Watson (1986). The infusion
cannula was fixed in place by inserting a small stainless steel screw into the skull and then

anchoring the cannula to the screw using dental cement.
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All animals receiving chronic nicotine treatment were implanted subcutaneously
with 7-day osmotic minipumps which were replaced with 14 day miniosmotic pumps on
day 7 to give a total of 21 days treatment. Nicotine was dissolved in 10 mM PBS. For the
groups that received both chronic nicotine treatment and i.c.v. infusions, the infusion kits

were implanted on day 7 of chronic nicotine treatment. Therefore, AB(—40) treated animals

received chronic nicotine treatment 1 week prior to and for the duration the APq—o)

infusions (Fig 3.0).

: [ Group 1

: : Vehicle E
E Group 2
I _ . N N Group3

' 0.75'mg/kg/day clwonic nicotine :
“ | Group 4

L 0.75mg/kg/day ; 0.75 mg/kg/day 4 jc.v. B-amyloid :

. chronic nicotine N chronic nicotine | N
' Group 5

1.25ang/kg/day chronic nicotine X
. Group 6

X 1.25 mg/kg/day ’ 1.25 1}1gﬂ'§gr‘ df"Y + ic.v. famyloid

: clwonic nicotine ' chronic nicotine '

Day ¢ '7 il

F.igu!-e 3.0. Schematic representation of the experimental groups used for continuous Ap infusion, chronic
nicotine exposure and a combination of these treatments.
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Following treatment, animals were decapitated and the brains fiozen over liquid
nitrogen. For procedures requiring homogenate preparations, the hippocampus and frontal
cortex was isolated prior to freezing, For histochemical and autoradiographic analysis, a
Reichert Jung cryostat was used to cut a series of 14 pm sections. Consecutive co;o.nal
sections were taken at 3.6 nizx caudal to bregma and thaw mounted on poly-L-lysine coated

slides. All tissue was stored at - 70°C until required.

3.2.2 AcnHE HISTOCHEMISTRY

AChE levels were quantified using a modification of the method previously
described by Koelle et al., (1949). This method has been described in detail under Chapter

2, General Methodology, 2.4 AChE histochemistry.

3.2.3 RADIOENZYMATIC CHAT QUANTIFICATION

ChAT activity was measured according to the method originally described by
Fonnum, (1975). Hippocampus or frontal cortex was homogenised at 5% w/v in 10 mM

EDTA (ph 7.4) with 0.5% v/v Triton X-100 using a glass homogeniser. The homogenates
were centrifuged at 10 000g for 15 minutes and 2 pl of the supernatent was mixed with 5
Kl of a substrate solution consisting of 0.25 mM [*H]acety! coenzyme A ([*H]acetyl-CoA;
200 mCi/mmol; NEN™ Life Science Products Inc., USA), 8 mM choline, 20 mM EDTA,
300 mM NaCl and 0.1 mM eserine in 50 mM phosphate buffer (50 mM Na,HPO,/50 mM
NaH,PQ4; pH .7.4). The reaction proceeded for 15 min at 37°C after which time the

mixture was washed with 5 ml of 10 mM PBS (pH 7.4) and transferred to scintillation
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vials. This was followed by the addition of 2 ml of acetonitrile containing 10 mg of sodium
tetraphenyl” boron and 10 ml of toluene scintillation mixture (0.05%
diphenyloxazole/0.02% 1,4-bis-(4-methyl-5-phenyloxazole-2-yl)benzene). The vials were
shaken and left overnight to allow separation of the newly synthesised [*H]ACh contained
in the toluene phase and the [*H]acetyl-CoA contained in the aqueous phase before
counting in a Packard Tri-Carb liquid scintillation spectrophotometer with a counting
efficiency of 30-50%. Differences in the amount of ChAT activity between the vehicle
group and the treatment groups, as indicated by the amount of PHJACh synthesised, were
assessed statistically using one-way ANOVA with a Dunnett post test for multiple
comparisons. Statistical significance was signified by P values of less then 0.5. Non-
enzymatic activity, determined using boiled tissue, was subtracted from the total activities

prior to statistical analysis.

3.2.4 PH]-HEMICHOLINIUM AUTORADIOGRAPHY

Measurement of the density of high affinity choline uptake sites was based on the
methods previously described by Quirion, (1987). Slide mounted sections were incubated
for 60 min at 4°C in 50 mM Tris-HCI (pH 7.4) containing 300 mM NaCl and 15 nM

Methyl-[’H]hemicholiniun-3 diacetate salt ([*HJHC-3; specific activity > 120 Ci/mmol;

NEN™ Life Science Products Inc., USA). To determine non-specific binding, 10 ptM non-

radioactive HC-3 was included in adjacent sections. Following incubation, slides were
taken through 8 x 2 min rinses in ice-cold incubation buffer, rinsed in dH,0 and dried
immediately under a stream of air. Slides were apposed to tritium-sensitive film
(Hypermax Hyperfilm, Amersham, UK) for 3 weeks. A set of tritium scales (Amersham,

USA) were also apposed to film for the same length of time. Films were processed at room
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temperature in light-safe conditions as previously described: (5 min in a solution of
Phenisol X-rayrﬁlm developer (Ilford, Australia), rinsed in a mixture of water and stopbath
(Iiford, Australia) for 1 min and fixed in hyperfitm rapid-fixer (llford, Australia) for 10
min). The resulting autoradiographic images were digitally captured and the density of
high affinity choline uptake sites quantified in terms of nCi/mm’ using Scion imaging
software calibrated against the standard tritium scales.. See Chapter 2, General

Methodology, 2.5 Quantitation for a more detailed account of image analysis.

3.2.5 INSITU HYBRIDISATION HISTOCHEMISTRY

-

The protocol for in situ hybridisation is based on the methods described by Wisden
et al., (1994) and adapted by Loiacono et al., (1999), and has been described in detail under

Chapter 2, General Methodology, 2.1 In Situ Hybridisaﬁon Histochemistry.

3.2.6 PHJEPIBATIDINE AUTORADIOGRAPHY

The protocol for [*H]epibatidine autoradiography was based on that described by
Perry et al, (1995b) and has been described in detail under Chapter 2, General

Methodology, 2.2 [P H]Epibatidine A utoradiography.

3.2.7 1) a-BUNGAROTOXIN AUTORADIOGRAPHY

The protocol for ['*T)-BGT was based on that used by Whiteaker et al.,
(1999) and has been described in detail under Chapter 2, General Methodology, 2.3
'y a-Bungarotoxin Autoradiography.
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3.2.8 QUANTITATION

Im:;ges generated thrm;gh the 1SSH, histochemical and binding protocols were
digitally captured and selected anatomical regions were quantified using Scion imaging
software. For mRNA images, ['>"a-BGT autoradiographs and AChE histochemica! stains
the system was calibrated against a set of graded greyscales (Kodak), allowing for
quantitation in terms of relative optical density (ROD). For [*H]epibatidine and [PHJHC-3
autoradiographs, the slystem was calibrated against a set of standard tritium scales,
allowing for quantitation in terms of nCi/mm’. The mean ROD or nCi/mm’ measurements
for each treatment group were compared statistically using a one-way ANOVA with a
Tuckey test for multiple comparisons. Statistical significance was signified by P values of
less then 0.5. The value in all treatment groups represents the mean of measurements taken
from 4 animals. The symbol, **’, has been used to denote statistically significant
differences between a particular treatment group and the vehicle treated group (*, P < 0.05;
*.*, P < 0.01; *** P < 0.001). Where there were statistically significant differences
between the vehicle group and multiple treatment groups, any significant differences in the
means between the various treatment groups have also been reported. The symbol, *}°, has
been used to denote statistically significant differences between each treatment group (+, P
<0.05; 11, P <0.01; f11, P < 0.001). Issues relating to quantitation have been described in

greater detail in Chapter 2, General Methodology, 2.5 Quantitation.
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3.3 RESULTS

-

3.3.1 AChKE LEVELS

ACIE levels were quantified through densitometric analysis in the Cal, Ca2 and
Ca3 regions of the hippocampus, the granular and molecular layers of the dentate gyrus,
the hippocampal fissure and cortical layers 1-3 and 4-6 as defined in the atlas of Paxinos
and Watson (1986). The anatomical distribution of AChE in telencephic re. :ons of the rat

brain is shown in a representative coronal section (fig. 3.1).

Figure 3.1. AChE histochemistry in a represcntative coronal scction approximately 3.6 mm caudai to
bregma. Abbreviations: Cal-3, fields of the hippocampus; ¢1-3, cortical layess 1-3; c4-6, cortical layers 4-6;
Dg, dentate gyrus; HiF, hippocampal fissurc; MolDG, dentatc gyrus molecular layer. Cortical layers defined
as described in the atlas of Paxinos and Watson (1986).
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No significant change in AChE levels was seen relative to vehicle treated rats as a

result of continuous Ap;.a0) infusion, chronic nicotine treatment or a combination of these

treatments (one way ANOVA with a Tuckey post-test, P > 0.05; fig. 3.2).
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Figure 3.2. AChE levels, measured in terms of relative optical density (ROD), in selected regions of the rat o ;
brain foltowing 21-day chronic nicotine treatment, 14-day continuous infusion of B-amyloid4g or a - . =
combination of these treatments. Abbreviations: Cat-3, fields of the hippacampus; ¢l-3, cortical layers 1-3; : R
c4-6, cortical layers 4-6; HiF, hippocampal fissure; MolDG, dentate gyrus molecular layer. Cortical layers : L
deftned as described in the atlas of Paxinos and Watson (1986). The mean ROD for the vehicle group was
compared to the mean ROD for each treatment gromp using one-way ANOVA with a Tuckey post-test. -
Differences in the means were not statistically significant in all cases (P > 0.05). Each data point represents
the mean £ S.E.M. of measurements taken from four animals,

3.3.2 CRAT AcTiviTy E

ChAT activity was assessed in homogenates of hippocampus or cortex from the left
hemisphere. None of the treatment groups showed significantly different ChAT activity

relative to vehicle in either the hippocampus or cortex (one-way ANOVA with a Tuckey

post-test, P > 0.05; fig. 3.3). Only the higher 1.25 mg/kg/day dose of nicotine was used in
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combination with AP0y treatment. Non-enzymatic activity, determined using boiled

tissue, was less than 10% of total radioactivity (data not shown).
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Figure 3.3. ChAT activity in hippocampal and cortical membrane fragments foliowing treatment with

chronic nicotine (£.25 mg/kg/day, 21 days), B-amyloid; 4 (i.c.v., 14 days) or a combination of these
treatments, The mean ChAT activity for the vehicle group was compared to the mean ChAT activity for each
treatment group using one-way ANOVA with a Tuckey post test. Differences in the means were not
statistically significant in all cases (P > 0.05). Each data point represents the mean % S.E.M. of measurements
taken from four animals.

3.3.3 PHIHEMICHOLINIUM AUTORADIOGRAPHY

The density of high affinity choline uptake sites in various telencephic regions in
the rat brain was measured by [PHJHC-3 autoradiography. Representative autoradiographs
of PH]HC-3 binding from the various treatment groups are shown in figure 3.4. Non-
specific binding typically accounted for approximately 40% of the total signal in the

regions quantified and was subtracted from total binding during quantitation,
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Figure 3.4 Total [PH|HC-3 binding in represcntative coronal scctions 3.6 mm caudal to bregma from vehicle
(A), 300 pmol/day B-amyloidg_ ) (B), 0.75 mg/kg/day nicotine (C), 300 pmol/day B-amyloidg.i) + 0.75
my/kg/day nicotine (D), 1.25 mg/kg/day chronic nicotine (E) and 300 pmol/day P-amyloidg.ig + 1.25
mg/kg/day nicotine {rcated animals. Abbreviations: Cal-3, ficids of the hippocampus; Ctx, frontal cortex;
GiDG, dentate gyrus granular layer; MolDG, dentale gyrus molecular layer; Rad, stratum radiatum

hippocampus.

Continuous t.c.v. infusion of APu4py resuited in a modest reduction of
approximately 13 ~ 20% in the various hippocampal and cortical regions quantified (fig.
3.5). This result was statistically signi_ﬁcant in the Cal, Ca2 and Ca3 fields of the
hippocampus. Chronic nicotine treatment alone had no significant effect at a dose of 0.75
mg/kg/day but caused significant reductions in [PHJHC-3 binding of 10 — 28% at the higher
dose of 1.25 mg/kg/day in the Cal, Ca2 and Ca3 fields of the hippocampus as well as the
cortex. Animals which received chronic nicotine treatment at a dose of 0.75 mg/kg/day in
addition to AP0y showed a decrease in [PHJHC-3 binding of approximately 11 — 27%
which was statistically significant in the Cal and Ca2 regions of the hippocampus as well
as the granular layer of the dentate gyrus and the cortex. While ’HJHC-3 binding in

this group was not significantly different to the AP.o) alone group, it is notable that a

greater number of areas were significantly affected. In the A0y alone group, [PHJHC-3

binding in the cortex, Cal field of the hippocampus and granular layer of the dentate gyrus

was unaffected relative to control levels, however in the ABg.g + 0.75 nicotine group
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there was a significant reduction in [PHJHC-3 binding in these areas. Rats co-treated with
both ABq.p and 1.25 mg/kg/day chronic nicotine exhibited a loss in PHJHC-3 binding
that was significantly greater than was observed in rats treated with either ABq0) or 1.25
mg/kg/day chronic nicotine alone. Animals receiving ABgo) and 1.25 mg/kg/day chronic
nicotine exhibited significant reductions in [PHJHC-3 binding of 42 — 60% throughout the
hippocampus and cortex. Notably, in areas not significantly affected by APq4p) or 1.25
mg/kg/day alone, such as the molecular layer of the dentate gyrus and the stratum radiatum
area of the hippocampus, there was & significant reduction in {PH]JHC-3 binding as a result

of AP0y and 1.25 mg/kg/day co-treatment.
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15
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Figure 3.5, Specific ["HJHC-3 binding in selected regions of the rat brain following 21-day chronic nicotine
treatment, 14-day continuous infusion of B-amyloidy).10) or a combination of these treatments. Abbreviations:
Cal-3, fields of the hippocampus; GrDG, dentate gyrus granular layer; MolDG, dentate gyrus molecular
layer; Rad, stratum radiatum hippocampus. The mean nCi/mm? for the vehicle group was compared to the
mean nCi/mm? for each treatment group using one-way ANOVA with a Tuckey post-test (*, P < 0.05; **, P
< 0.01; ***, 0.001). The same test was also used to compare the reduction in [*H]JHC-3 binding associated
with the AB( 40 + 1.25 mg/kd/day chronic nicotine group with that associated with both the AB.4gy and 1.25

mg/kg/day chronic nicotine alone groups (11, P < 0.001). Each data point represents the mean + S.E.M. of
measurements taken from four animals.
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3.3.4 nAChR SUuBUNIT mRNA EXPRESSION

nAChR subunit mRNA expression was examined by in sifv hybridisation
histochemistry in sections of brain from rats from each treatment group. Figure 3.6 shows

the unique anatomical distribution of o4, a7 and B2 nAChR subunit mRNA expression in

various telencephic regions of the rat brain.

Figure 3.6. nAChR o, a;, and B, mRNA subunil cxpression in  representative coronal scctions
approximately 3.6 mm caudal to bregma. Abbreviations: Cal-3, ficlds of the hippocampus; C1-3, cortical
layers 1-3; C4, cortical layer 4; C3, cortical layer 5; C4-5, cortical layers 4-5; C6, cortical layer 6; Cix,
corlex; Dg, dentate gyrus. Cortical layers defined as described in‘the atlas of Paxinos and Watson (1986).

Infusions of A4, chronic nicotine or a combination of these treatments did not
significantly affect the level of o (fig. 3.7) or B; (fig. 3.8) mRNA expression (one-way
ANOVA with a Tuckey post test, P > 0.05). Animals which received continuous ABq1-a0y
infusions in combination with chronic nicotine treatment at a dose of 1.25 mg/kg/day
exhibited a small increase in expression of between 10 - 32% throughout the
hippocampus and cortex (fig. 3.9) relative to vehicle treated animals. This effect was
statistically significant in the Cal area of the hippocampus only. Treatment with chronic

nicotine or P-amyloid(4o) alone did not significantly effect o7 nAChR subunit mRNA

levels.
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Figure 3.7. Levels of ay nAChR subunit mRNA expression, measured in terms of relative optical density
(ROD), in selected regions of the rat brain following 21-day chronic nicotine treatment, 14-day continuous
infusion of B-amyloidg4e oF a combination of these treatments, Abbreviations: Cal-3, fields of the
hippocampus; C1-3, cortical layers 1-3; C4, cortical layer 4; CS5, cortical layer 5; C35, cortical layer 5; C6,
cortical layer 6. Cortical layers defined as described in the atlas of Paxinos and Watson (1986). The mean
ROD for the vehicle group was compared to the mean ROD for each treatment group using one-way
ANOVA with a Tuckey post test. Differences in the means were not statistically significant in ali cases (P >
0.05). Each data point represents the mean £ S.E.M. of measurements taken from four animals.
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Figure 3.8. Levels of B nAChR subunit mRNA expression, measured in terms of relative optical density
(ROD), in selected regions of the rat brain following 21-day chronic nicotine treatment, 14-day continuous
iqﬁ:sion of B-amyloid( 4 or a combination of these treatments, Abbreviations: Cal-3, fields of the
hippocampus. The mean ROD for the vehicle group was compared to the mean ROD for each treatment
group using one-way ANOVA with a Tuckey post-test. Differences in the means were not statistically

significant in ail cases (P> 0.05). Each data point represents the mean £ S.E.M. of measurements taken from
four animals.
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Figure 3.9. Levels of a; nAChR subunit mRNA expression, measured in terms of relative optical density
(ROD), in selected regions of the rat brain following 21-day chronic ni¢aiine treatment, 14-day continuous
infusion of B-amyloid;4) or a combination of these treatments. Abbreviations: Cal-3, fields of the
hippocampus; C1-3, cortical layers 1-3; C4-5, cortical layer 4-5; C6, cortical layer 6. Cortical layers defined
as described in the atlas of Paxinos and Watson (1986). The mean ROD for the vehicle group was compared
to the mean ROD for each treatment group using one-way ANOVA with a Tuckey post test (*, P < 0.05).
Each data point represents the mean + S.E.M. of measurements taken from four animals.

3.3.5 [3 HJEPIBATIDINE AUTORADIOGRAPHY

Nicotinic receptor levels were assessed in rats from each treatment group by
receptor autoradiography using [3I-I]epibatidine. Epibatidine binds predominately to
nAChRs of the a4, subtype and also, to a lesser extent, to other subtypes such as the o33,
receptor, which are expressed at much lower levels. The regional distribution of
{*H]epibatidine binding in representative sections is shown in figure 3.12. Non-specific

binding, as defined by 300 uM (-)-nicotine, was undetectable in all cases (data not shown).
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Figure 3.12. Total {*H]Epibatidine binding in representative coronal sections approximately 3.6 m caudal
to bregma from vehicle (A), 300 pmol/day B-amyloid, .4 (B), 0.75 mg/kg/day nicotine (C), 300 pmol/day -
amyloidn ) + 0.75 mg/kg/day nicotinc (D), 1.25 mg/kg/day chronic nicotine (E) and 300 pmol/day f3-
amyloidg o) + 1.25 mg/kg/day nicotine treated animals. Abbreviations: Cal-3, fields of the hippocampus;
Ci-3, cortical layers 1-3; C4, cortical layer 4; C5-6, cortical layers 5-6; GrDG, granular layer dentaie gyrus:
MolIDG, molecular layer dentate gyrus. Cortical layers defired as described in the atlas of Paxinos and
Watson (1986).

Although there was a small increase in [*H]epibatidine binding in unimals treated
with i.c.v. infusions of APy in all regions examined, this was not a Statistically
significant result. Both doses of chronic nicotine, however, caused a significant increase in
[*H]epibatidine binding throughout' the hippocampus and cortex (fig. 3.13). There was no
significant difference between the doses used in regard to this effect. Interestingly, in the
molecular layer of the dentate gyrus, only the two groups which received both AB(MO) and
chronic nicotine treatment showed a significant increase in [*H]epibatidine binding relative
to treatment with vehicle only. The greatest increase in [*H]epibatidine binding was

consistently seen in the AB.0) + 1.25 mg/kg/day treatment group.
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Figure 3.13. Levels of specific ["H]epibatidine binding in selected regions of the rat brain following 21-day
chronic nicotine treatment, 14-day continuous infusion of P-amyloidy..) or a combination of these
treatments. Abbreviations: Cal-3, fields of the hippocampus; CI-3, cortical layers 1-3; C4, cortical layer 4;
C5-6, cortical layers 5-6; GrDG, granular layer dentate gyrus; MolDG, moleculer layer dentate gyrus.
Cortical layers defined as described in the atlas of Paxinos and Watson (1986). The mean nCi/mm? for the
vehicle group was compared to the mean nCi/mm? for each treatment group using one-way ANOVA with a
Tuckey post-test (*, P < 0.05; **, P < 0.01; *** P < 0.001). The same test was also used to compare the
increase in {"Hjepibatidine binding associated with the AB g, + 0.75/1.25 chronic nicotine groups with that
associated with the corresponding dose of chronic nicotine alone (P > 0.05). Each data point represents the
mean + S.E.M. of measurements taken from four animals.

3.3.6 ['*I] a-BUNGAROTOXIN AUTORADIOGRAPHY

Levels of the a7 nAChR subtype were assessed in the Cal, Ca2, and Ca3 areas of
the hippocampus, the hippocampal fissure, the stratum radiatum area of the hippocampus
and cortical layers 1-5 and 6 as defined in the atlas of Paxinos and Watson (1986) in rats
from each treatment group by receptor autoradiography using the oy nAChR selective
ligand ['*IJo-BGT. The regional distribution of ['**IJa-BGT binding to o7 nAChRS in a
representative coronal section is shown in figure 3.10. Non-specific binding ranged from

<10% in the dentate gyrus to approximately 40% in the stratum radiatum hippocampus and

was subtracted from the total signal during quantitatibn.




Figure 3.10. Total ['*Ilo-BGT binding in a representative section approximately 3.6mm caudal to bregma.
3 Abbreviations: Cal-3, ficlds of the hippocampus; C1-5, cortical layers 1-5; C6, cortical layer 6; Dg, dentate

gyrus; HiF, hippocampal fissure; Rad, stratum radiatum hippocampus. Cortical layers defined as described in

the atlas of Paxinos and Watson (1986).

There was no significant change in the level of ['*’IJa-BGT binding as a result of

APy infusions, chronic nicotine or a combination of these treatments relative to vehicle

infused animals (one-way ANOVA with a Tuckey post-test, P > 0.05; fig. 3.11).
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Figure 3.11. Levels of specific ['*IJa-BGT binding, measured in terms of relative optical density (ROD), in
selected regions of the rat brain following 21-day chronic nicotine treatment, 14-day continuous infusion of

B-amyloid(4e) or a combination of these treatments, Abbreviations: Cal-3, fields of the hippocampus; C1-5,
cortical layers 1-5; C6, cortical layer 6; HiF, hippocampal fissure; Rad, stratum radiatum hippocampus.
Cortical layers defined as described in the atlas of Paxinos and Watson (1986). The mean ROD for the
vehicle group was compared to the mean ROD for each treatment group using one-way ANOVA with a
Tuckey post test. Differences in the means were nof statistically significant in all cases (P > 0.05). Each data
point represents the mean + S.E.M. of measurements taken from four animals,

3.3.7 NMDA RECEPTOR SUBUNIT mRNA EXPRESSION

NMDAR subunit mRNA expression was examined by in situ hybridisation
histochemistry in sections of brain from rats from each treatment group. Representative
autoradiographs of NR1, NR2A and NR2B NMDAR subunit mRNA expression from each

treatment group are shown in figures 3.14, 3.15 and 3.16 respectively.
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; Figure 3.14. NR1 subunit mRNA expression in representative coronal sections 3.6 wim caudal to bregma
from vehicle (A), 300 pmol/day B-amyloidg.ae) (B), 0.75 mg/kg/day nicotine (C), 300 pmol/day B-amyloid,.
a0y + 0.75 mg/kg/day nicotine (D), 1.25 mg/kg/day chronic nicotine (E) and 300 pmol/day B-amyloid .10 +
1.25 mg/kg/day nicotine treatcd animals, Abbreviations: Cal-3, fields of the hippocampus; Cix, coriex: Dg,
dentate gyrus, 3
_ 3
;a
Figure 3.15. NR2A subunit mRNA expression in representative coronal sections 3.6 mm caudal to bregma :
from vehicle (A), 300 pmol/day B-amyloidgi0) (B), 0.75 mg/kg/day nicotine (C), 300 pmol/day B-amyloid,;. L
a0y +0.75 mg/kg/day nicotine (D), 125 mg/kg/day chronic nicotine (E) and 306 pmol/day B-amyloid .4 + .
(11.25 mg/kg/day nicotine treated animals. Abbreviations: Cal-3, ficlds of the hippocampus; Ctx, cortex; Dg, B
cntate gyrus, E




Figure 3.16. NR2B subunit mRNA cxpressioan in represcnialive coronal sections 3.6 mm caudal 1o bregma
from vehicle (A), 300 pmol/day P-amyloidg .. (B), 0.75 mg/kg/day nicotine (C), 300 pmol/day p-amyloidy.
a0+ 0.75 mg/kg/day nicotine (D), 1.25 mg/kg/day chronic nicotine (E) and 300 pmol/day f-amyloid; i) +
1.25 mg/kg/day nicotinc treated animals. Abbreviations: Cal-3, ficlds of the hippocampus; Ctx, cortex; Dg,
dentate gyrus. -

The levels of mRNA expression for the NR1, NR2ZA and NR2B NMDAR subunits
in each treatment group, measured in terms of relative optical density, are shown in
figure’s 3.17, 3.18 and 3.19 respectively. Chronic i.c.v. infusion of B-amyloid did not
effect the level of mRNA expression of any of these subunits. Chronic nicotine treatment
had no effect on NMDAR subunit mRNA expression levels at a dose of 0.75 mg/kg/day
but caused a significant decrease in the level of expression of the NR1 and NR2A subunits
in the Ca3 area of the hippocampus and the cortex. Interestingly, there was no significant
change in NR1 or NR2A mRNA expression levels in the treatment group that received
both 1.25 mg/kg/day nicotine and chronic i.c.v. B-amyloid infusion. For the NR1 subunit
the respective changes in Ca3 and cortical subunit mRNA expression for the 1.25
mg/kg/day chronic nicotine / 1.25 mg/kg/day chronic nicotine + B-amyloid infused groups
were ~14% / -4% and -22% / +3% relative to the vehicle treated group. For the NR2A
subunit the respective changes in Ca3 and cortical subunit mPNA expression for the 1.25 |

mg/kg/day chronic nicotine / 1.25 mgf/kg/day chronic nicotine + B-amyloid infused groups
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were -25% / -16% and -44% / -16% relative 1o the vehicle treated group. The level of
NR2B-NMDAR subunit mRNA expression was not affected by continuous B-amyloid
infusion, chronic nicotine treatment or a combination of these treatments relative to vehicle

treated rats.
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Figure 3.17. Levels of NR1 subunit mRNA expression, measured in terms of relative oplical density (ROD),
in selecled regions of the rat brain following 21-day chronic nicotine treatment, 14-day continuous infusion
of B-amyloid;,.4 or a combination of these treatments. Abbreviations: Cal-3, fields of the hippocampus. The
mean ROD for the vehicle group was compared to the mean ROD for each treatment group using one-way
ANOVA with a Tuckey posi-test (*, P < 0.05). Each data point represents the mean + S.EM, of
measurements taken from four animals.
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Figure 3.18. Levels of NR2ZA subunit mRNA expression, measured in terms of relative optical density
(ROD), in selected regions of the rat brain following 21-day chronic nicotine treatment, 14-day continuous
infusion of B-amyloid;.ae or a combination of these treatments. Abbreviations: Cal-3, fields of the
hippocampus. The mean ROD for the vehicle group was compared to the mean ROD for each treatment
group using one-way ANOVA with a Tuckey post-test (¥, P < 0.05). Each data point represents the mean £
S.E.M. of measurzments taken from four animals.
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Figure 3.19. Levels of NR2B subunit mRNA expression, measured in terms of relative optical density
(ROD), in selected regions of the rat brain following 21-day chronic nicotine treatinent, 14-day continuous
infusion of B-amyloid e or a combination of these treatments. Abbreviations: Cal-3, fields of the
hippocampus. The mean ROD for the vehicle group was compared to the mean ROD for each treatment
group using one-way ANOVA with a Tuckey post test. Differences in the means were not statistically

significant in all cases (P > 0.05). Each data point represents the mean  S.E.M. of measurements taken from
four animals.
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3.3.8 APP693, BACE, PS1, PS2 AND TACE MRNA EXPRESSION

The mRNA expression of APP695 and four proteins (BACE, PS1, PS2 and TACE)
that play critical roles in the proteolytic processing of APP was examined in each treatment
group using in situ hybridisation histochemistry. The distribution of APP695, BACE, PSI,
PS2 and TACE mRNA in representative coronal sections i.s shown below in figure 3.20.
The time of film exposure required to generate an autoradiographic image gives a
qualitative indication of the relative abundance of a particular mRNA. APP695 mRNA,
which required only 3 days of film exposure, is seen at very high levels throughout the
hippocampus and cortex and is particularly prominent in cortical layer 3 (as defined in the
atlas of Paxinos and Watson (1'986). BACE an;l PS1 mRNA images were generated after 2
weeks and both showed relatively high levels of expression throughout the hippocarnpus
and cortex. PS2 and TACE mRNAs, however, are much less prominent in the rat brain and
5 weeks on film was required before adequate autoradiographic images were generated.
PS2 mRNA is expressed in the hippocampus and at low levels in the cortex. TACE mRNA

is expressed at very low levels in the rat brain.
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Figure 3.26. Distribution of APP695, -sit¢ APP-clcaving cnzyme (BACE), presenilin-1 (PS1), presenilin-2
(PS2) and tumour necrosis factor-a-converting enzyme {TACE) mRNA in rcpresentative coronal sections
approximately 3.6 mm caudal to bregma. Abbreviations: Cal-3, ficlds of the hippocampus; C3, coriical layer
3: ctx, cortex; Dg, dentate gyrus, Cortical layers defined as described in the atlas of Paxinos and Watson
(1986). '

Densiometric analysis of images from each treatment group revealed that APP695,
BACE, PS1, PS2 or TACE mRNA expression was not significantly affected by 14-day
continuous i.c.v. AB infusion, 21-day chronic nicotine (0.75 or 1.25 mg/kg/day) exposure,

or a combination of these treatments relative to vehicle treated animals (P > 0.05, one way

ANOVA with a Tuckey post-test for multiple comparisons; fig.’s. 3.21 ~ 3.25).
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8 Figure 3.21. Levels of APP695 mRNA expression, measured in terms of relative optical density (ROD), in
3 setected regions of the rat brain following 21-day chronic nicotine treatment, [4-day continuous infusion of
B-amyloid;.4, or a combination of these treatments. Abbreviations: Cal-3, fields of the hippocampus; C3,
cortical layer 3. Cortical layers defined as described in the atlas of Paxinos and Watson (1986). The mean
i ROD for the vehicle group was compared to the mean ROD for each treatment group using one-way
ANOVA with a Tuckey post test. Differences in the means were not statistically significant in all cases (P >
0.05). Each data point represents the mean + S.E.M. of measurcments taken from four animals.
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Figure 3.22. Levels of B-site APP-cleaving enzyme (BACE) mRNA expression, measured in terms of
relative optical density (ROD), in selected regions of the rat brain following 21-day chronic nicotine
treatment, 14-day continuous infusion of B-amyloid,, 4 or a combination of these treatments. Abbreviations:
Cal-3, fields of the hippocampus. The mean ROD for the vehicle group was compared to the mean ROD for
each treatment group using one-way ANOVA with a Tuckey post test. Differences in the means were not

statistically significant in all cases (P > 0.05). Each data point represents the mean % S.E.M. of measurements i
taken frcin four animals. "

L} 67




o oV SO AT B e i E P A1

O ARt L

S e,

e AT it e bt e

e

TN

P H A

it
=
3
]
E
8
-

.
23

ar

UL E R e

S

i

L A M AT SRl A SR

R

-l R e S e e AT S e S

Cal Ca2

Q 100 - 3’ 15
i
s Vehick s i £
#l 300 pmobday [-Amyloid,y_4o, 3 i 3"
£33 0.75 mg/kg/day Nicoline E 5o ! 3
E550.75 Nicotine + p-Amyid, 40, 9 it o
THD11.25 mglkg/day Nicoline g 25, t i % 5
1.25 Nicotine + ﬂ-Al’ﬂ)’bH“.qm 3 E ‘ K]
00-L- !-' o
Cad Dentate Gysus Cortex
g‘ 15+ 3’ .3 .é' 1001

8 g g )
4 10 & 10 é i = - i
3 3 3 i
% g B s0 }
Q <] 2 : .
5] 2 s $H
i 3 § il
u & ] fitH
@« o« LS l Y
0 0- o0 L

Figure 3.23. Levels of presenilin-1 (PS1) mRNA expression, measured in terms of relative optical density
(ROD), in selected regions of the rat brain following 21-day chronic nicotine treatment, 14-day continuous
infusion of B-amyloid . or a combination of these treatments. Abbreviations: Cal-3, fields of the
hippocampus. The mean ROD for the vehicle group was compared to the mean ROD for each treatment
group using one-way ANOVA with a Tuckey post test. Differences in the means were not statistically
significant in all cases (P > 0.05). Each data point represents the mean + S.E.M. of measurements taken from
four animals.
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Figure 3.24. Levels of presenilin-2 (PS2) mRNA expression, measured in terms of refative optical density
(ROD), in selected regions of the rat brain following 21-day chronic nicotine treatment, 14-day continuous
infusion of B-amyloidg) or a combination of these treatments. Abbreviations: Cal-3, fields of the
hippocampus. The mean ROD for the vehicle group was compared to the mean ROD for each treatment
group using one-way ANOVA with a Tuckey post test. Differences in the means were not statistically

significant in all cases (P > 0.05 Each data point represents the mean + S.E.M. of measurements taken from
four animals,
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Figure 3.25. Levels of tuinour necrosis factor-a-converting enzyme (TACE) mRNA expression, measured in
terms of relative optical density (ROD), in selected regions of the rat brain following 21-day chronic nicotine
treatment, 14-day continuous infusion of B-amyloid;;.ap, or a combination of these treatments, Abbreviations:
Cal-3, fields of the hippocampus. The mean ROD for the vehicle group was compared to the mean ROD for
each treatment group using one-way ANOVA with a Tuckey post test. Differences in the means were not
statistically significant in all cases (P > 0.05). Each data point represents the mean + S.E.M. of measurements
taken from four animals.
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3.4 DISCUSSION

The hypothesis that the neurodegenerative process associated with AD may be
mediated by the direct neurotoxic actions of Ap peptides remains a controversial one in
AD research. Under the conditions employed in this study there was no evidence to
suggest a neurotoxic mechanism of action for soluble AP0y in vivo, in relation to
cholinergic neurons at least, as assessed by IChAT activity and AChE levels. This finding is
consistent with other studies that report a lack of neurotoxic affect following in vivo Af
peptide treatment (Abe et al., 1994; Cole et al., 1997; Games et al., 1992; Winkler et al.,
1994). However, these resuits do not support previously reported findings describing the
neurotoxic properties of AP peptides in vitro (Mattson et al., 1992; Pike et al., 1993;
Yanker et al., 1990). There are a number of possible reasons fo* this. Perhaps the simplest
explanation is that the neurotoxic properties of AP peptides are critically dependent on the
length and aggregation state of the AP fragment and/or factors that vary between in vitro
and in vivo preparations. Most in vitro studies have required the use of pre-aggregated
forms of the A4z, as apposed to the soluble AP 40y peptide r 2d here, in order to
demonstrate a neurotoxic affect (e.g. Pike et al., 1993). It is also notable that most of these
experiments have used immature neuronal cell cultures derived from embryonic or early
postnatal animals. These protocols therefore have limited relevance to physiologically
integrated systems, particularly when one considers AD is an age related disorder.
Furthermore, the concentrations of AP required for neurctoxicity in vitro are as much as 10
000-fold higher than the concentration of total AP found in the CSF of AD patients (Neve
et al, 1998). The amount of AP used in the present study (300 pmoliday) is more

representative of the picomolar concentrations of Al found in CSF from both AD and
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control subjects (Ida et al., 1996; Seubert et al., 1992; Vigo-Pelfrey et al., 1993). In regard
to previous in vivo studies, both Nitta et al., (1997) and Yamada et al., (1998) have
reported a significant reduction in ChAT activity in the hippocampus following AB1.40)
treatment under similar conditions to those used in the present stuﬂy. While difficult to
explain, this discrepancy is perhaps not surprising in light of the relatively modest changes
in ChAT activity reported by Nitta er al/ (1997) and Yamada ef al (1998) and when one
considers the significant amount of variation in the literature in relation to the neurotoxic
affect of AP peptides in vivo. 1t should be noted that such variation is probably attributable
to some extent to the wide range of methodologies used*to study the affects of AP peptides
in vivo (refer to table 3.1, 3.1 Introduction). Major differences in the various protocols used
include variations in the length (12-28, 25-35, 1-40, 1-42), conformation (aggregated or
soluble), delivery (single injection or continuous infusion) and duration of action of the Af
peptide. Different protocols may be important in modelling different stages of the disease
process in relation to AP accumulation. On balance, it seems any neurotoxic effects
mediated by AB peptides are more likely to be associated with the longer, fibrogenic AB.
az) peptide rather then the more soluble Apyi40) isoform. Generally, direct injection of
aggregated AP peptides into parenchymal tissue has been the most consistent way to
demonstrate a neurotoxic effect (e.g. Emre et al., 1992; Harkany et al., 2000b; Pepeu <t ai.,
1996). Such methods usually result in dense deposits of AR similar to the neuritic plaques
seen in latter stages of AD. On the other hand, infusions of soluble AR peptides, as has
been used in this study, result in a more diffuse distribution of AP with veiy few focal
plaque-like amyloid deposits (Frautschy et al., 1996), similar to the morphology seen in the
- earlier stages of AD that precede neuritic plaque formation. A number of studies report that
in elderly non-demented individuals, an increase in the level of AP in the form of diffuse
plaques predates neurofibrillary pathology and clinical dementia (Coris et al, 1993;

Crystal et al., 1988; Morris et al., 1996). The brains of these individuals lack significant
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neocortical neurc;nal degeneration. These clinical observations are consistent with the
results reported here, which also show that a significant elevation in the level of soluble A
1s not necessarily associated with the death of cholinergic neurons. It has been suggested
that the accumulation of AP in the absence of neurodegeneration or neurofibrillary
pathology may be representative of a ‘preclinical stage’ in AD (Vickers et al.,, 2000).
Therefore, the continuous inﬁlsion of soluble AP peptides (as apposed to parenchymal
injections of aggregated forms of AB, which is associated with neuronal death) may be a
useful model with particular relevance to early stages of the neurodegenerative process
associated with AD. Interestingly, a study by (Mon:is et al., 1996) demonstrated that aged,
non-demented individuals who exhibit neocortical AP deposits do show specific minor
cognitive impairments indicative of an early stage of AD. As discussed below, it is
possible that certain newromodulatory rather than neurotoxic actions mediated by AP
peptides may underlie this effect.

A common misconception regarding A} peptides is that they are only produced as
a result of abnormal, amyloidogenic processing of APP. It is important to remember that
AB(140) and APz are normal products of APP metabolism and both are found in CSF in
similar concentrations in both normal AD subjects (Ida et al., 1996). This raises the
possibility that AB peptides may be physiologically active proteins with specific functions
in the CMS. While no specific physiological role has been established, there is an
increasing amount of evidence that suggests AP peptides may act as modulators of
cholinergic neuron activity (for review see Auld et al., 1998). A number of laboratories |
have reported that AP peptides can potently induce cholinergic hypofunction in vitro (Kar
et al, 1996; Kelly et al, 1996; Pedersen et al., 1996). Considering the importance of
cerebral cholinergic activity in relation to both cognitive function and AD pathology (for
reviews see (Bartus et al.,, 1982; Coyle et al., 1983; Fibiger, 1991; Robbins et al., 1997,

Lawrence et al., 1998), it is certainly possible that modulation of cholinergic activity by
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AP may underlie the cognitive impairment associated with AD. Kar et al., (1996) have
demonstrated tiiét picomolar to nanomolar concentrations of various AP fragments,
including AP0y, can jnhibit stimulated release of ACh from cortical and hippocampal
slices. In support of this finding, a significant reduction in ACh release has also been
observed following treatment with AP peptides in viva (Abe et al.,, 1994). It has been
suggested that limited availability of choline due to AB mediated inhibition of HACU may
be the mechanism underlying the reduced ACh release following AP treatment (Auld et al.,
1998). Kar et al,, (1998) have reported that picomolar to nanomolar concentrations of Af.
40), but not the reverse sequence (ABo.1y), significantly inhibits HACU in a dose dependent
manner in hippocampal maptosbmes. This result is consistent with the findings reported
in this chapter showing that AP 4g), at a physiologically relevant dose, inhibits the binding
of [H*JHC-3 to HACU sites. Furthermore, the results presented here suggest that the
inhibition of HACU reported by (Kar et al., 1998) may be due to a direct interaction of AP
peptides with the HACU site. Nakamura et al., (2001} have recently reported that the
longer AB(142) peptide also inhibits binding of [H*JHC-3 to HACU sites. Interestingly, the
work presented in this chapter as well as that conducted by Kar ef al (1998) and Nakamura
et al (2001) demonstrates that HACU is affected in the absence of any affect on ChAT
activity. These results suggest that A peptides may modulate the function of cholinergic
neurons pricr to, or independently of, any apparent neurotoxicity. Speculatively, this
scenario may be representative of the aforementioned ‘preclinical’ stage of AD associated
vith increased AP levels and minor cognitive impaininents in the absence of detectable
neurodegeneration. Following extended exposure to APq-42, however, Nakamura et al
(2001) have demonsirated that ChAT activity is eventually reduced in addition to an initial
reduction in [*HJHC-3 binding. This is consistent with clinical findings that show ChAT

activity to be relatively unaffected in early stages of the disease (Davis et al., 1999) but
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significantly reduced at later stages (Bowen et al., 1976; Davies et al, 1976; Perry et al.,
1977).

Perhaps the most interesting result reported in this chapter concems the effects of

chronic nicotine treatment and AP treatment in combination with chronic nicotine

treatment on [H]JHC-3 binding to HACU sites. The finding that chronic nicotine exposure
causes a reduction in [PHJHC-3 sensitive HACU sites in a dose dependent manner has not
been previously reported so far as can bz determined. This effect is consistent with the idea
that neurons may down-regulate the uptake of their transmitters in response to excessive
neuronal stimulation (Gonzalez et al., 2000). Possibly, down-regulation of HACU sites
represents a homeostatic response to sustained cholinergic stimulation associated with
chronic nicotine treatment. The finding that co-treatment with both chronic nicotine and
AP0y causes a significantly greater reduction in PHIHC-3 binding than that associated
with either AB( 40y treatment or chronic nicotine exposure alone is an interesting result,
Relative to the vehicle group, the degree of reduction in [PHJHC-3 binding in the ABy40) +
1.25 mg/kg/day chronic nicotine group is greater than ihie sum of the reductions seen in the
APBq4gy or 1.25 mg/kg/day chronic nicotine groups alone. One may speculate that there is a
synergistic rather than simply additive effect. Furthermore, in certain regions such as the
granular layer of the dentate gyrus and cortex, while there was no significant change in
PHJHC-3 binding associated with APqa0y or 0.75 mg/kg/day chronic nicotine treatment
alone, co-treatment with both AP 4oy and 0.75 mg/kg/day chronic nicotine caused a
significant reduction in [*5]HC-3 binding. Any potentiation by chronic nicotine exposure
of a AP mediated modulation of cholinergic neuron function may be of significant
relevance to smokers. Particularly if one considers the possibility that modulation of
cholinergic function, specifically inbibition of HACU, may have pathological
consequences. It has previously been hypothesised that choline deprivation may contribute

to the cholinergic vulnerability seen in AD (Wurtman, 1992). In response to choline
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deficiency, neuronal death may occur as a result of the metabolism of membrane bound
phosphatidylcholine as an alternate cholir- source (Parducz et al., 1976; Ulus et al., 1989)
(for review see Auld et al, 1998). This possibility is consistent with the previously
mentioned study by Nakamura et @/ (2001), showing thet ~ r-"-ction in HACU sites
precedes a loss of ChAT activity. Speculatively, any reduction in HACU associated with
chronic nicotine exposure may exacerbate any AP mediated neurotoxic effect related to
choline deprivation. This idea is consistent with recent studies which report an uicrease in
the risk of AD associated with smoking (Merchant et al., 1999; Ott et al., 1998); for review
see Kukull, 2001) and does not support epidemniological daia that positively correlates
smoking with a delayed onset of AD (for review see Fratiglioni et al., 2000). It should be
noted that although the nicotine doses used in this study are similar to those seen in
smokers, the continuous delivery regime used here is clearly different to the intermittent
nicotine intake experienced by smokers.

It was interesting to find that the a43; and oy nAChR levels or the expression of the
corresponding subunit mRNAs were not significantly affected following continuous Af
treatment. This result suggests that the consistent loss of these receptors seen in AD may
not be related specifically to the accumulation of AP, at least in the AP0 form, and is
consistent with a study by Wevers et al., (1999) which reports that in AD brains there is no
correlation between the amount of AB accumulation and the density 6[“ oy Or ¢y receptor
subunit proteins. These results are important in that they indicate that AP accumulation is
not likely to be a causative ‘actor in relation to the loss in nAChR density seen in AD. The
increase in [*H]epibatidine binding following chronic nicotine reported here is consistent
with well docurnented findings that o4, nicotinic receptors are up-regulated in response to
chronic nicotine frew.:nent /e.g. (Abdulla et al., 1995; Flores et al., 1997; Hsu et al., ll 996;
Rowell et al, 1997). The lack of any change in the expression of the corresponding

subunits is not surprising in light of reports that receptor levels are kkely to be regulated at
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a post-transcriptional level rather then through mRNA expression (Marks et al, 1992;
Pauly et al., 1996). The lack of change in the density of ['*’IJa-BGT binding or o7 subunit
mRNA ex;;fessien following chronic nicotine is also not surprising considering the likely
cerebral concentrations achieved (~200-430 nM; interpolated froim data presented in table
2.3) in the context of the affinity of (—)-nicotine for the a7 receptor subtype in rats (5 juivi).
It is interesting to note that in the molecular layer of the dentate gyrus only the groups
which received hoth chronic nicotine and AP exhidited an up-regulation in. [*H]epibatidine
binding. This parallels well with the ["HJHC-3 results which show that [*HJHC-3 binding
is not effected in the Molecular layer of the dentate gyrus following AP or chronic
nicotine ireatment alone, but is significantly reduced as a result of a combination of these
treatments. Notably, in all areas quantiﬁer.i the greatest changes in either [PHJHC-3 or
[PHjepibatidine binding were consistently seen in the treatment group which received both
AR ;a0 and 1.25 mg/kg/day chronic nicotine {reatment. This was also the case in relation
to changes in the expression of o7 nAChR subunit fnRNA. The only statistically significant
change in ¢i7 RAChR. subunit mRNA expressior, was seen in the ABug, + 1.25 mg/kg/day
clironic nicotine treaiment group as an increase in expression relative to the vehicle treated
group. Collectively, the data presented in this chapter suggesis that chronic nicotine
exposure may potentiate any modulation of cholinergic neuron function mediated by AP
peptides. Based on the affinity constants for (-)-nicotine at 4Bz and oy nAChRs in rat
brain, it is likely iliat activation of ayP,, rather then oy receptors, underlies this effect.
However, furiher experiments using antagonists are requited before it can be established
whether or not the effect of nicotine ir these experiments is receptor mediated and which
receptor subtypes are involved. Furthermore, it is worth noting that at th.: dou=s of nicotine
used ir this study the issue of receptor dezensitisation is certainly relevant, A number of
authors have reported that the ECsp for nicotine induced desensitisation in relation to its
action as a modulator of transmitter release is ~10 nM with maximal desensitisation
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produced at ~ 50 nM nicotine (Grady et al., 1994; Rowell et al, 1994). Based on the likely
cerebral concentrations of nicotine achieved in this study (~200-430 nM), it is possible that
the repbrted affects of chronic nicotine are attributable, to some extent, to receptor
desensitisation.

Chronic nicotine treatment at the higher dose of 1.25 mg/kg/day resulted in a
significant reduction in the expression of mRNA for the NR1 and NR2A NMDAR
subunits in the cortex and Ca3 area of the hippocampus. This finding is consistent with the
report that chronic (—)-nicotine treatment causes a significant reduction in the level of
binding of the NMDAR selective agonist [*’HJMK-801 (Zhang et al., 1994b). Furthermore,
the resuits presented hcre suggest that this reduction in NMDAR receptor density may be
mediated at the receptor subunit mRNA: level. It has previously been demonstrated that a
reduction in NMDAR subunit mRNA is associated with a reduction in the levels of the
corresponding subunit protein (Cebers et al., 2001). Speculatively, the down-regulation of
NR1 and NR2A but not NR2B receptor subunits in the same anatomical regions seen here
may represent a specific affect of chronic nicotine on an NMDAR subtype containing the
NR1 and NR2A subunits. Also in support of the findings presented here, nanomolar
concenirations of nicotine have been shown to stimulate glutamatergic neurotransmission
(McGehee ef al.,, 1995a) and increases in glutamate concentration can cause a significant
reduction in the expression of muitiple NMDAR subunit mRNAs in primary neuronal
culture, including the NR1, NR2A and NR2B subunits (Cebers et al., 2001). It has been
reported that nicotine interacts directly with the NMDAR based on findings that nicotine
can displace [H]MK-801 binding in rat membranes (Aizenman et al, 1991). The
reduction in NMDAR subunit mRNA associated with chronic nicotine treatment seen here
may therefore represent a homeostatic response to excessive NMDAR stimulation through
either nicotine stimulated glutamate release via presynaptic nAChRs, nicotiné activating

NMDARs directly or a combination of these events.
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Chronic exposure to the APg.s peptide did not significantly affect the level of
expression of any of the NMDAR subunit mRNAs examined in this study. This finding is
consistent with the report that there is no change in NMDAR levels in transgenic mice
which exhibit significantly increased cerebral AP levels and AD-like neuropathology as a
result of over-expression of a mutated (Swedish double mutation) form of human APP
(Cha et al., 2001), It is interesting to note that while the 1.25 mg/kg/day chronic nicotine
group showed a significant reduction in NMDAR subunit mRNA expression, this effect
was not seen in the group which received AP 4o) infusions in addition to the 1.25 mg/kg
day chronic nicotine treatment. A study by Zhang et al., (1994b) reports that while chronic
nicotine treatment causes a reduction in NMDAR density as determined by ["HJMK-801
binding, this effect i§ prevented under conditions of significant NMDAR stimulation. In
the context of the results presented here, this raises the interesting, albeit speculative,
possibility that the APi«e) in the AB + chronic nicotine group causes NMDAR activation
thereby preventing the reduction in NMDAR subunit mRNA expression seen as a result of
chronic nicotine alone. As a direction for further work in this area, it would certainly be
interesting to further investigate the possibility that AP peptides can directly activate
NMDARs. Such an interaction may underlie the hypersensitivity to NMDA mediated
excitotoxicity caused by treatment of neuronal cultures with AB peptides (Gray et al,
1995; Koh et al., 1990; Patel, 1995a).

A common phenomenon in biological science is that of positive and negative
feedback loops whereby the products of a biological process affect the efficacy of the
process itself. There is an extensive amount of literature describing feedback loops for
ruceptor-neurotransmitter systems (e.g. Re, 1999) as well as for enzyme catalysed reactions
(v.g. Jesty et al., 1993). It seems reasonable to hypothesise, therefore, that the proteolytic
products of APP processing may affect the further processing of APP. One mechﬁsm for

such an effect may involve altered levels of expression of APP itself or the various proteins

78




i fond-chinnic anoinw

required for its proteolytic processing. It has previously been reported that, in addition to a
significant increase in the level of ABqg) in AD brains (Mehta et al,, 2000), there is also a
significant reduction in PS1 and PS2 mRNA (Takami et al, 1997) as well as APP
(Davidsson et al., 2001) levels compared to age-matched controls. It has been reported here
however, relative to the vehicle treated group, a continuous 14-day i.c.v. infusion of AB;.
10y did not significantly affect the level of expression of APP695, BACE, PS1, PS2Z or
TACE mRNA. This result indicates that the significant increase in the level of AB1.40) seen
in AD brains, is not likely to be a causative factor in the change in PS1/2 and APP levels
also seen in these subjects. It is of course possible that changes in the activity of the a—, -
and y-secretase enzymes are mediated. at a post-transcriptional level, and therefore not
detected by the technique of in situ hybridisation histochemistry used here. As a direction
for further work in this area, it would be interesting to examine the effect of chronic Af;.
40y exposure on other products of APP processing, such as SAPPo/p or p3, as a measure of
secretase activity. It would also be worthwhile examining how chronic exposure of these
other proteolytic products affects APP, BACE, TACE, PS! and PS2 levels as well as
secretase activity.

A number of studies have shown that cholinergic mechanisms play an important
role in the stimulated processing of APP (for review see Rossner et al., 1998). While much
of the available literature details the ability of protein kinase C (PKC) coupled muscarinic
receptors to stimulate APP processing (Nitsch et al., 1992; Piitel et al.,, 1996; for review
see Rossner et al., 1997), a study by Kim et al., (1997) has reported that treatment of PC12
cells with nicotine can also facilitate APP processing. Based on the time-dependence of
this affect (> 2 hr), it is possible that mechanisms such as mRNA transcription play an
important role in mediating this effect. It is reported here, however, that chronic nicotine at
a dose of either 0.75 or 1.25 mg/kg/day does not effect the mRNA expression of a number

of proteins involved in the proteolytic processing of APP, including BACE, PS1, PS2 and
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TACE. This lack of effect may relale to the subtypes of nAChRs activated by these
nicotine doses. As previc;usly discussed, based on the affinity of nicotine for the oy and
o7 NAChR subtypes, the doses used in this studv would be expected to primarily activate
o.sf32, rather than o; nAChRs for which nicotine has a relatively poor affinity. However, the
nicotine mediated processing of APP reported by Kim et al., (1997), is a concentration
dependent effect with relatively high concentrations of at least 50 pM required. It therefore

seems likely, that activation of o7 rather than a4B; nAChRs may be important in the

regulation of APP processing. It would be worthwhile investigating the effect of higher

doses of chronic nicotine treatment, or perhaps chronic treatment with oy selective

agonists, with regard to the cxpressian of proteins involved in APP processing such as _.

BACE, PS1, PS2 and TACE.
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4.1 INTRODUCTION

During the progression of AD the brain develops a complicated paitern of
degenerative changes that includes the degeneration, atrophy or dysfunction of specific cell
groups. Specifically, degeneration of the cholinergic basal forebrain nuclei is widely
believed to underlie the most important clinical feature of AD — cognitive impairm.

A significant loss in ChAT activity in AD was first reported by Bowen ef al in 1976
and shortly after by Davies ef al and Perry ef af in 1977, A loss in cholinergic activity and,
more specifically, loss bf cholinergic innervation of the cortex and hippocampus is one of
the most severe and consistently reported neurochemical features of AD (Beach et al.,
1997; Bigl et al., 1987; Bowen et al., 1976; Bowen et al., 1982; Davies et al., 1976; Perry
et al, 1977; Zubenko et al, 1989). Broadly, the major cholinergic systems in the
mammalian brain can be divided into three main groups, including: striatal interneurons;
the basal forebrain cholirergic nuclei, which project to various telencephic regions
including the hippocampus and cortex; and mesopontine tegmental cholinergic nuclei,
which project primarily to thalamic targets (fig 4.0; Wainer et al, 1990). The loss of
cholinergic activity throughout the hippecampus and cortex in AD is a result of the
selective degeneration of cholinergic basal forebrain nuclei (Allen et al., 1988; Coyle et al.,
1983; McGeer et al,, 1984; Rinne et al., 1987; Vogels et al.,, 1990; Whitehouse et al.,
1982). Intrinsic glutaipatergic (Flint et al,, 1985; Lamour et al., 1982; Reine et al., 1992),
and to a lesser extent GAZ Aergic (Beaulieu et al., 1991), neurons in the hippocampus and
cortex are likely to represent the major synaptic target for these cholinergic basal forebrain
projections. The role of the cholinergic basal forebrain system in memory and learning has
been well documented (Henderson, 1996; Price et al, 1993; Weank, 1997) and the

progressive loss of basal forebrain cholinergic neurons has been closely correlated with the
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learning and memory deficits seen in AD (Bowen et al,, 1976; DeKosky et al., 1990;
Mann, 1994; McGeer et al.,"1984; Neary et al., 1986; Perry et al., 1978; Wainer et al,,
1990; for review see Nabeshima, 1993). This fundamental change in cholinergic
neurotransmission is the basis for the ‘cholinergic hypothesis® of AD. This hypothesis, ﬁfst
described in 1982, states that a loss of cholinergic neuronal function is a central pathogenic
event in the progression of AD which contributes significantly to the impairment in

memory and cognition associated with the disease (Bartus ct al., 1982).
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Figure 4.0. Schematic, parasagutal reprasentation of the major cholinergic systems in the mammalian brain.,
Central clLolincrgic neurons can be broadly classified as: anatomically localised interncurens, primarily
located ir the striatum (Si, ®); diffusely projecting basal forebrain nuclei (BF, @); and diffusely projecting
mesopontine tegmental nuclei (MPT, ®). The major ascending afferent pathways of the basal forebrain and
mesopontine tegmental cholinergic systems are illusirated. Basal forcbrain cholincrgic neurons project
extensively to the cortex and hippocampus (including - anterior cingulate, cntorbinal, frontal, insular,
parietal, perihinal, piriform, retrosplenial, temporal and visual cortical regions and the Cal, Ca2, Ca3 and
denlate gyrus regions of the hippocampus). Other cholinergic systems located in the spinal cord as well as
skeletal motor and autonomic subdivisions of the cranial merve have not been represeuted here.
Abbreviations: Amyg, amygdaloid nuclei; BG, basal ganglia; DeC, deep cerebellar nuclei; DR, dorsal rapae
nucleus; LC, locus ceruleus; MHb, medial habezula; Olfact, olfactory bulb; SN, substantia nigra;
V. Diencepli, ventral dieacephalon; Ve, vestibular nuclei.

Recognition of the role of cholinergic dysfunction in the cognitive impairment

associated with AD has led to the development of drugs that selectively enhance
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cholinergic function by inhibition of the cholinergic catabolic enzyme, AChE. As
previously discussed, there are a number of limitations associated with anticholinesterase
therapy of AD, due larg;:ly to significant side effects, and also to the highly variable
efficacy of AChE with regard to enhancement of cogpnitive function. To some degree this is
probably related to the necessity of a certain level of existing cholinergic
neurotransmission required for the beneficial action of anticholinesterases. In latter stages
of AD, the profound loss of cholinergic activity may prevent further enhancement of
cholinergic transmission by AChE inhibition. It would therefore be useful to identify
alternative therapeutic targets for AD that persist throughout the progression of the disease
and/or present fewer problems associated with side effects. Although there is a good deal
of evidence which describes a correlation between loss of cholinergic neurodegeneration
and cognitive disturbances in AD, the relationship between this loss of cholinergic function
and changes in other neurochemical markers which may be important in memory and
cognition, or the pathology of the disease, remains less clear. The aim of the work
presented in this chapter has been to explore this relationship by investigating the effect of
selective degeneration of the cholinergic basal forebrain neurons in the rat on other
neurochemical markers known to be effected in AD. Specifically, the neurochemical
markers examined include: nAChR binding and m:{NA expression; NMDAR and neuronal
nitric oxide synthase (NNOS) mRNA expression; and the expression of mRNAs encoding
for APP6935, BACE, PS1, PS2 and TACE. Although the relevance of each of these groups
of neurochemical markers to AD have been discussed in Chapter 1, General Introduction,
the focus of the introduction to this chapter has been to discuss how these markers may be
related specifically to cerebral cholinergic function.

Selective lesioning of the cholirergic basal forebrain system was achieved using
the immunotoxin, 192-IgG-saporin. The 192-IgG-saporin immunotoxin isl a monoclonal

antibody for the rat p75 (low affinity) nerve growth factor (NGF) receptor, conjugated via
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disulphide bonds to the cytotoxic ribosome inactivating protein, 192-IgG-saporin. The
toxin is selective for cholinergic basal forebrain neurons by virtue of the monoclonal
antibody.targeted to p75 NGF receptors. The cholinergic neurons of the basal forebrain are
the principal site of NGF action in the CNS and are among the few neurons in the mature
CNS that express the p75 NGF receptor (Batchelor et al., 1989; Pioro et al., 1990). After
binding to p75 NGF receptors on the somata and axons of cholinergic basal forebrain
neurons, internalisation of the receptors allows the 192-IgG-saporin access to ribosomes,
halting protein synthesis and causing cell death. Both i.c.v. administration of 192-IgG-
saporin as well as direct injection into basal forebrain nuclei causes a nearly complete and
specific lesion of cholinergic cells in the basal forebrain, while sparing other cholinergic
systems such as the mesopontine tegmental nuclei and striatal interneurons (Book et al,,
1992; Heckers et al., 1994; Holley et al., 1994; L.ec et al., 1994; Nilsson et al., 1992; Torres
et al, 1994; Wenk et al, 1994). This is evidenced by a significant loss in cholinergic
markers such as ChAT and AChE in areas innervated by cholinergic basal forebrain
projections, including the hippocampus and cortex, but not in areas such as the striatum,
cerebellum or most thalamic nuclei, which do not receive a significant level of cholinergic
basal forebrain innervation (Book et al., 1995; Heckers et al.,, 1994; Rossner et al., 1995c¢).
In terms of the relevance of this model to the clinical symptoms associated with AD,
behavioural studies have demonstrated significant impairments in both spatial and non-
spatial learning after cholinergic lesioning (Book et al., 1995; Heckers et al., 1994; Nilsson
et al., 1992; Rossner et al., 1995¢; Vnek et al., 1996; Wiley, 1992).

As discussed previously, the loss of nAChRs in AD and the clinical potential for
nAChR agonists in relation to mnemonic and cognitive function have been well
documented. It is perhaps surprising then that there is little evidence to suggest that the
degeneration of basal forebrain cholinergic neurons and loss of nAChRs seen in AD are

related events. In fact, at least two studies reort that the loss of ChAT activity seen in the
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brains of AD subjects relative to aged-matched controls is nof correlated to changes in the
level of [*H]epibatidine binding (Sabbagh et al, 1998; Whitchouse et al, 1995).
Furt(hennore, it has been reported that there is no change in the level of nAChR binding,
including [*H]nicotine, [PH]cytisine and [*H]epibatidine, following experimental lesioning
of the cholinergic basal forebrain neurons in rats (Bednar et al., 1998; Rossner et al.,
1995b). One of the aims of the work presented in this chapter has been to extend on these
studies by not only looking at [*H]epibatidine binding, but also examining ['*’IJa-BGT
binding as well as the expression of the oy, B> and a7 nRAChR subunit mRNAs in rat brain
at a number of time-points following selective immunotoxic lesioning of the cholinergic
basal forebrain neurons. By its very nature, AD is a progressive disorder and therefore
multiple neurochemical systems are differentially affected at different time-points during
the progression of the disease (Braak et al., 1991). For example studies showing that ChAT
activity is not affected early in AD (Davis et al, 1999), but aic significantly reduced at
later stages of the disease (Bowen et al.,, 1976; Davies et al., 1976; Perry et al., 1977),
suggest that the degeneration of cholinergic neurons in AD is progressive in nature.
Therefore, the work presented in this chapter has examined how various neurochemical
markers are affected at number of time-points after treatment with the cholinergic
immunotoxin, 192-IgG-saporin. Specifically, measurements were taken at 4, 7, 14, 30 and
90 days after treatment with 192-1gG-saporin.

Another neurotransmitter-receptor system that has been shown to play an important

role in mnemonic and cognitive function is the glutamatergic NMDA receptor system. As

discussed previcusly, a number of studies have indicated that glutamatergic
neurotransmission becomes hypofunctional in AD (Gonzales et al., 1991; Magnusson et

al., 1993; Saransaari et al., 1995; Wenk et al., 1991) and is associated with reductions in

NMDAR density (Greenamyre et al, 1987; Greenamyre et al., 1985). Less is known,

however, about how this effect might be refated to changes in the mRNA expression of the
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corresbonding protein subunits. | NMDA receptors mediate excitatory neurotransmission
within the dentate gyrus and at principal neurons in the Ca3 and Cal fields of the
hippocampus (Swanson et al., 1987) and are crucial for the induction of long term
potentiation (LTP) of synaptic transmission in these areas (Collingridge, 1987). As
discussed earlier, LTP is a form of synaptic plasticity thought to be an important
mechanism underiing the physiological basis of memory. A number of lines of evidence
suggest that cholinergic basal forebrain transmission may modulate glutamatergic
neurotransmission and NMDAR activation in the cortex and hippocampus. Stimulation of
nAChRs has been shown to modulate glutamatergic transmission (McGehee et al., 1995a;
Schilstrom et al., 2000) and specifically, activation of oy nAChRs on glutamatergic mossy
fibres can regulate glutamate release in the hippocampus (Gray et al., 1996). Experimental
lesions of the chblinergic basal fc;rebrain using 192-IgG-saporin have resulted in either no
change (Nicolle et al., 1997) or a significant decrease (Rossner et al., 1995a) in NMDAR
levels in the hippocampus. Most of the studies which have investigated NMDAR
pharmacology in response to 192-IgG-saporin treatment lie within a fairly narrow range of
post-treatment time points (between 1-4 weeks), have generally examined hippocampal
regions and have not quantitated NMDAR subunit mRNA expression. The aim of this
chapter, in regard to NMDARs, has been to extend on these studies by examining the
effect of selective basal forebrain cholinergic denervation on the cortical and hippocampal
expression of the NR1, NR2A and NR2B NMDAR subunits at 4, 7, 14, 30 and 90 days
following i.c.v. injections of 192-IgG-saporin.

A number of studies have indicated that nitric oxide (NO) is likely to play an
important role in the LTP mediated by NMDAR activation (for reviews see Brenman et al.,
1997; Holscher, 1997). The process of LTP describes the strengthening of synaptic
connections between glutamatergic neurons where postsynaptic activation of NMDARs

increases the probability of presynaptic transmitter release thereby enhancing the level of
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neuronal transmission at that synapse over extended periods of time. For postsynaptic
receptorr activation to increase presynaptic transmitter release, a form of retrograde
communication must exist. Nitric oxide is a lipophilic molecular mediator that regdily
diffuses across cellular membranes and there has been a considerable amount of work
published which supports the role of NO as a retrograde messenger that facilitates LTP
(Arancio et al., 1996; Bohme et al., 1991; Hindley et al., 1997; Mizutani et al., 1993;
O'Dell et al., 1991; éoutham et al., 1996). The proposed mechanism for NMDAR and NO
mediated LTP is described in figure 4.1. The involveinent of NO in various aspects of
learning and memory has been reported by a number of studies that show learning and
memory impairments can be induced bS! the inhibition of NO synthesis (Bohme et al,,
1993; Chapman et al., 1992), Nitric oxide is generaled from L-arginine and catalysed by a
family of three NO synthase (NOS) enzymes. NOS from endothelial cells (eNOS) and
neurons (nNNOS) are both constitutively expressed, but depend on stimulation by increases

in intracellular calcium ([Ca®']);), while stimulation of inducible NOS (iNOS) is

independent of [Ca*"];.

Presynaptic site Poslsynaplic site

\ L-abiullne

NO

eyt

N

Figure 4.1. Schematic representation illustrating the proposed action of nitriz oxide as a retrograde
messenger in long term potentiation gLTP) of synaptic plasticity. Activation of NMDARs by glutamaie
causes an increase in postsynaptic [Ca®"]; which activates nitric oxide synthase. NO then diffuses randomly
through the cytosol and membranes and is absorbed by the haem group of a NO-sensitive guanylate cyclase.
Productior: of cGMP then evokes an increase in transmitter release via an unknown mechanism, while
transmitter reuptake is decreased. Abbreviations: cGMP, cyclic guanylate monophosphate; GC, guanylate
cyclase; GLU, glutamate; GTP, guanylate triphosphate; NADPH, reduced nicotinamide adenine dinucleotide
phosphate; NMDAR, N-methyl-D-aspartate receptor; NO, nitric oxide; NOS; nitric oxide synthase.
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The results from a number of studies have implicated the involvement of NO, and
in partieular nNOS, in the pathogenesis of AD. Nitric oxide has been reported to possess
neurotoxic properties and has been suggested to be involved in a number of
neurodegenerative disorders {Dawson et al., 1991; Loiacono et al., 1992; Przedborski et Ial.,
1996; Schulz et al., 1996). Thorns et al., (1998) have shown a significant lnss of nNOS
expressing neurons in the entorhinal cortex and, to a lesser extent, in the Cal and Ca3
fields of the hippocampus in patients with AD, while (Hyman et al., 1992) have shown a
relative sparing of nNOS containing neurons in the hippocampal formation. Norris et al.,
(1996) have reported that while there is a significant decrease in the number of nNOS
mRNA expressing neurons in AD brains, there is no significant change in the cellular level
of nNOS mRNA wlthm the existing neurons. The relationship between the reported
changes in nNOS levels in the hippocampus and cortex and the loss of cholinergic
innervation of these areas has not been extensively characterised. Stimulation of basal
forebrain neurons elicits regional cerebral blood flow increases which are reportedly
mediated by cholinergic stimulation of nNOS containing neurons (Adachi et al., 1992;
Vaucher et al., 1997) and therefore there is some basis to suggest that nNOS activity in the
cortex and hippocampus may be related to cholinergic basal forebrain activity. The aim of
the work presented in this chapter, in relation to nNOS, has been to investigate how the
expression nNOS mRNA in the cortex and hippocampus is affected at various time points,
up to three months, after a loss of cholinergic basal forebrain activity.

In addition to regulating cortical and hippocampal blood flow, there is evidence to
suggest that cholinergic activity may regulate the processing of APP in these areas.
Experiments in vitro have shown that both muscarinic and nicotinic receptor stimulation
may be important in APP processing. Muscarinic M) and M; receptor agonists are capable
of stimulating the release of soluble APP from cortical slices in a dose dependent manner

(Pittel et al., 1996), while nicotine has been shown to significantly increase the release of
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soluble APP in neuronal ceil culture and this affect can be blocked +vith the use of nAChR
selecti\iq antagonists (Kim et al., 1997). Furthermore, Nitsch et al., (1993) has reported that
electricﬁlly stimulated depolarisation in hippocampal slices causes an increase in soluble
APP secretion that can be blocked by ietrodotoxin, indicating that this release rcsults.ﬁ‘om
formation of action potentials and that APP processing may be regulated by neuronal
activity. The results from in vivo studies empldying experimental cholinergic basal
forebrain lesions have been inconsistent in regard to APP expression. While studies by
Leanza, (1998b) and Lin et al, (1998) have reported a significant (up to 71%) increase in
APP expression 6 months after i.c.v. 192-1gG-saporin injection in rats, Apelt et al., (1997)
report no significant change in APP levels under similar conditions. This is an area that
warrants further investigation. Further;nore, while it seems clear that cholinergic activity
plays an important role in APP processing, there is little information available on how
cholinergic activity might directly affect the activity or expression of certain proteins likely
to mediate this effect, such as BACE, PS1, PS2 or TACE. Clearly, any modulation of APP
processing by cholinergic basal forebrain activity will have implications relating to the
formation of AP peptides. Despite the considerable amount of research that has described a
loss of basal forebrain cholinergic neurons and also the accumulation of AB peptides in
AD, it is not understood how these pathological changes may be related. While chapter 1
has addressed this issue in the context of how increased AP levels may affect cerebral
cholinergic function, one of the aims of this chapter has been, conversely, to investigate
how cholinergic basal forebrain activity affecis the expression of APP and various proteins
required for its processing and subsequent AP formation.

In summary, the aim of the work presented in this chapter has been to scrutinise the
importance of a selective degeneration of basal forebrain cholinergic neurotransmission to
the hippocampus and cortex in relation to the expression of a number of neurochemical

markers known to be affected in these regions in AD. These neurochemical markers
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including, nAChRs, NMDARs, nNOS, APP695, Presenilin 1 and 2, BACE and TACE
were selected based on their relevance to human AD in terms of both neuropathology and
potential as therapeutic targets. Considering the progressive nature of neurodegeneration in
AD, it may be worthwhile to examine the effects of particular neuropathological changes
over extended periods of time. In-this context, the effect of cholinergic basal forebrain
denervation on a temporal level was examined by quantifying these markers at a number of

time points after i.c.v. injection of 192-IgG-saporin including 4, 7, 14, 30 and 90 days.
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4.2 METHODS

4.2.1 TREATMENT OF ANIMALS AND TISSUE PREPARATION

Sprague-Dawley rats (250 — 300 g) of either sex were anaesthetised with
pentobarbitone (60 mg/kg i.p.) and constrained to.a tilted skull position (0.3 mm) using a
Kopf stereotaxic apparatus. A small hole was drilled into the skull and a stainless steel 30
gauge blunt tipped injection cannula was inserted into the left lateral ventricle at the
following stereotaxic coordinates: 1.00 mm caudal to bregma, 1.50 mm left from the
midline, 3.40 min ventral from the cortical surface according to the atlas of Paxinos and
Watson (1986). Injections of either 4 pg of 192-IgG-saporin (Chemicon Inc., USA)
dissolved in 10 pui of PBS or 10 ul of PBS alon~ were delivered at the rate of
approximately 2 pl/min. The cannula was left in place for a further 10 min foilowing
injection to allow adequate difiusion of the injected contents from the injection site. Post
injection recovery periods of 4, 7, 14, 30 and 90 days were chosen for analysis. The
experimental paradigm therefore consisted of 10 groups including: 4, 7, 14, 30 and 90 day
sham-operated (vehicle injected) and 4, 7, 14, 30 and 90 day 192-IgG-saporin treated. Each
group consisted of 4 rats. At the end of the post-operative recovery periods, the animals
were decapitated and the brains frozen over liquid nitrogen for storage at -70°C.

For histochemical and autoradiographic analysis, a Reichert Jung cryostat was used
to collect a series of 14 um sections. Consecutive coronal sections were taken at 3.6 mm

caudal to bregma and thaw mounted on poly-L-lysine coated slides. All tissue was stored at

-70°C until required.
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4.2.2 AChE HISTOCHEMISTRY

AChE levels were quantified using a modification of the method previously
described by Koelle et al., (1949). This method has been described in detail under Chapter

2, General Methodology, 2.4 AChE histochemistry.

4.2.3 INSITU HYBRIDISATION HISTOCHEMISTRY

The protocol for in situ hybridisation is based on the methods described by Wisden
et al., (1994) and adapted by Loiacono et al., (1999), and has been described in detail under

Chapter 2, General Methodology, 2.1 In Situ Hybridisation Histochemistry.

4.2.4 PHJEPIBATIDINE AUTORADIOGRAPHY

The protocol for [*H]epibatidine autoradiography was based on that described by
Perry et al, (1995b) and has been described in detail under Chapter 2, General

Methodology, 2.2 £ H]Epibatidine Autoradiography.

4.2.5 [""I] a-BUNGAROTOXIN AUTORADIOGRAPHY

The protocol for ['*[Ja-BGT was based on that used by Whiteaker et al., (1999)
and has been described in detail under Chapter 2, General Methodology, 2.3 [ ff‘f]]a-

Bungarotoxin Autoradiography.
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4.2.6 QUANTITATION

Images generated through the in situ hybridisation histochemistry, histochemical
and binding protocols were digitally captured and selected anatomical regions were
quantified using Scion imaging software. For mRNA images, {"®I)a-BGT autoradiographs
and AChE histochemical stains the system was calibrated against a set of graded
greyscales (Kodak), allowing for guantitation in terms of relative optical density (ROD).
For [*H]epibatidine autoradiographs, the system was calibrated against a set of standard
tritium scales, allowing for quéntitation in terms of nCi/mm® Differences in ROD or
nCi/mm?® between 192-lgG-saporin and vehicle treated groups were assessed statistically
using either an unpaired student’s t test or one-way ANOVA with a Dunnett post test
depending on the number of groups being analysed. Statistical significance was signified
by P values of less then 0.5. Values reported here represent the mean of measurements
taken from 4 animals. Issues relating to quantitation have been described in greater detail

in Cheoter 2, General Methodology, 2.5 Quantitation.
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4.3 RESULTS

4.3.1 AChE HISTOCHEMISTRY

AChE levels were quantified through densitometric analysis in the dentate gyrus,
Cal, Ca2 and Ca3 fields of the hippocampus, cortical layers 1 — 3 and 4 — 6, medial
septum, caudate putamen, as well as amygdaloid and thalamic nuclei as defined in the atlas
of Paxinos and Watson (1986). A number of heterogenous groups of thalamic nuclei were
included in the quantification of AChE levels in the thalamus, including primarily
mediodorsal thalamic nuclei. Representative AChE stained sections from each treatment
group are shown in figure 4.2 (telencephic areas) and figure 4.3 (caudate putamen and
medial septum). The level of AChE staining was visibly reduced throughout the
hippocampus and cortex in 192-IgG-saporin treated rats relative to vehicle treated rats. At
4 and 7 days post-treatment there was clearly a bilateral difference with regard to this
effect, with the greatest reduction in AChE levels occurring in the 192-IgG-saporin
injected (left) hemisphere. However, for the purposes of this study, measurements were
always taken from the left hemisphere. No significant difference was seen in the level of
AChE between the 4, 7, 14, 30 and 90-day vehicle infused groups (data not shown).
Therefore, measurements taken from the 14-day post-operative vehicle treated group were
used to represent AChE levels in vehicle treated animals for comparison with AChE levels

i the 4, 7, 14, 30 and 90 day post-operative 192-IgG-saporin treated groups.
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Figure 4.2. AChE histochemistry in representative coronal sections approximately 3.6 mm caundal (o bregma
from vehicle treated and 4, 7, 14, 30 and 90-day post-operative 192-1gG-saporin trcated groups.
Abbreviations: Cal-3, ficlds of the hippocampus; Ci-3, cortical layers 1-3, C4-6, cortical layers 4-6; Dg,
dentate gyrus; LaAN, lateral amygdaloid nuclei; Thal, thalamic nuclei. Cortical layers defined as described in
the atias of Paxinos and Waltson (1986).

14 30

Figure 4.3. AChE histochemistry in representative coronal scctions approximately 0.70 mm rostral to
bregma from vchicle treated and 4, 7, 14, 30 and 90-day post-operative 192-1gG-saporin treated groups.
Abbreviations: CPu, caudate putamen; M$; medial scptum.

Rats treated with 192-IgG-saporin exhibited a significant loss in AChE staining in
the hippocampus and cortex, the degree of which varied depending on the post-operative
time point examined (fig 4.4). In the hippocampal regions, there was a progressive losé
which peaked at the 7 — 14 day post-operative time points, after which time.there seemed

to be some recovery of AChE levels in the 30 and 90 day post-operative groups. The

9%




]
o

- jO2-1eGesaporn

ACHE loss in the cortex was not as progressive as that seen in the hippocampus with the
greatest loss seen at the earliest, 4-day post-operative time point. After the 4-day time
point, there was a progressive recovery of cortical AChE levels and this was more
prominent then was seen in the hippocampus. There was also a significant and progressive
loss in AChE levels in the medial septum at 7, 14, 30 and 90 days post-treatment (fig. 4.5).
This effect was greatest at the 14 day time point and persisted at the 30 and 90 day time
points with no indication of a recovery of AChE levels as was seen in the hippocampus and
cortex. There was no significant change in AChE levéls in the caudate putamen or thalamic

or amagdaloid nuclei analysed, at any of the time points after 192-1gG-saporin treatement.
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Figure 3.3. AChE levels in selected teiencephic regions in coronal sections approximately 3.6 mm caudal to
bregma from vehicle treated and 4, 7, 14, 30 and 90 day post-operative 192-IgG-saporin treated groups,
quantified in terms of relative optical density (ROD). Abbreviations: Cal-3, fields of the hippocampus; C1-3,
cortical layers 1-3; C4-6, cortical layers 4-6. Cortical layers defined as described in the atlas of Paxinos and
Watson (1986). The mean ROD level in the 192-1gG-saporin treated groups was compared to the mean level
of ROD in the corresponding vehicle group using a one-way ANOVA with a Dunnett post-test (*, P < 0,05;
**, P <0.01). Each data point represents the mean  S.E.M. of measurements taken from four animals,
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Figurc 4.5. AChE levels in the caudate putamen and medial septum from vehicle treated and 4, 7, 14, 30 and
90 day post-operative 192-1gG-saporin treated groups, quantified in terms of relative optical density (ROD).
The mean ROD level in the 192-IgG-saporin trcated groups was compared to the mean level of ROD in the
corresponding vehicle group using a onc-way ANOVA with a Dunnett post-test (*, P <0.05; **, P <0.01).
Each data point represcnts the mean ¢ S.E.M. of measuremenis taken from four animals.

4.3.2 nAChR SUBUNIT mRNA EXPRESSION  °

The level of nAChR subunit mRNA expression was examined by in sifu
hybridisation histochemistry in coronal sections from rats in each treatment group. Figure
4.6 shows the unique anatomical distribution of oy, a7 and B2 nAChR subunit mRNA

expression in various telencephic regions of the rat brain.

Figure 4.6. Distribution of nAChR a,, oy, and §; mRNA subunit expression in represeniative coronal
scctions approximately 3.6 mm caudal to bregma. Abbreviations: Cal-3, fields of the hippocampus; C1-3,
cortical layers 1-3; C4, cortical layer 4; C4-5, cortical layers 4-5; C5, cortical layer 5; C6, cortical layer 6,
Cix, cortex; Dg, dentate gyrus. Cortical layers defined as described in the atlas of Paxinos and Watson
(1986).

Generally, the levels of expression of the oy, o7 and B2 nAChR subunits remained
relatively stable after 192-IgG-saporin treatment at all time points in the regions examined

in this study (fig.’s 4.7 - 4.9). At the 4 and 7 day post-operative time points, there was a
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small increase of 6 — 32% and 10 — 33% respectively in the expression of o subunit
mRNA throughout the cortex in the 192-IgG-saporin treated group relative to vehicle
treated controls. This was not a statistically significant result however. At the 14-day time
point there was a moderate decrease of 16 — 31% in oy expression in the cortical layers of
the 192-IgG-saporin group. This was a statistically significant re#ult in cortical layer 6. At
the 30 and 90 day time points there was a significant decrease in o7 subunit mRNA
expression in 192-IgG-saporin treated rats in the Ca3 area of the hippocampus and the

dentate gyrus respectively.

Overall, as a result of 192-IgG-saporin treatment there were some small changes in
the level of oy subunit mRNA expression at early time points (4, 7 and 14 days; fig. 4.7)
and oy mRNA expression at later time points (30 and 90 days; fig 4.9), while the level of

B, expression was not affected at any of the time points examined (fig 4.8).
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Figure 4.7. Levels of ax nAChR subunit mRNA in selected cortical layers from vehicle treated and 4, 7, 14,
30 and 90 day post-operative 192-1gG-saporin treated groups, quantified in terms of relative optical density
(ROD). Abbreviations: C1-3, cortical layers 1-3; C4, cortical layer 4; C5, cortical layer 5; C5, cortical layer
5; C6, cortical layer 6. Cortical layers defined as described in the atlas of Paxinos and Watson (1986). The
mean ROD level in the 192-1gG-saporin treated groups was compared to the mean level of ROD in the
corresponding vehicle group using an unpaired student’s t test (*, P < 0.05). Each data point represents the
mean £ §.E.M. of measurements taken from four animals.
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Figure 4.8. Levels of §; nAChR subunit mRNA in selected cortical and hippocampat regions from vehicle
treated and 4, 7, 14, 30 and 90 day post-operative 192-lgG-saporin treated groups, quantified in terms of
relative optical density (ROD). Abbreviations: Cal-3, fields of the hippocampus; Ctx, cortex; Dg, dentate
gyrus, The mean ROD in the 192-1gG-saporin treated group was compared to the mean level of ROD in the
vehicle group using an unpaired student’s t test (P > 0.05). Each data point represents the mewn + S.EM. of
measureraents taken from four animals,
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Figure 4.9. Levels of a; nAChR subunit mRNA in selected cortical and hippocampal regions from vehicle
treated and 4, 7, 14, 30 and 90 day post-operative 192-IgG-saporin treated groups, quantified in terms of
relative optical density (ROD). Abbreviations: Cal-3, fields of the hippocampus; CI-3, cortical layers 1-3;
C4-5, cortical layers 4-5; C6, cortical layer 6. Cottical layers defined as described in the atlas of Paxinos and
Watson (1986). The mean ROD leve! in the 192-1gG-saporin treated groups was compared to the mean level
of ROD in the corresponding vehicle group using an unpaired student’s t test (*, P < 0.05; **, P < 0.01).
Each data point represents the mean ¢ S.E.M. of measurements taken from four animals.
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4.3.3 PHJEPIBATIDINE AUTORADIOGRAPHY

Nicotinic receptor levels were assessed in rats from each treatment group by !

[*H]epibatidine autoradiography. Epibatidine binds predominately to nAChRs of the af,

subtype and also, t0 a lesser extent, to other subtypes such as the aafl2 receptor, which are o

expressed at much lower levels. The regional distributuion of [*H]epibatidine binding in a

representative section is shown in figure 4.10. Non-specific binding, as defined by 300 uM

(-)-nicotine, was undetectable in all cases (data not shown).

Figure 4.10. Total [*H]Epibatidine binding in a representative coronal scction approximately 3.6 mm caudal
to bregma. Abbreviations: Cal, field of the hippocampus; C1-3, cortical layers 1-3; C4, cortical layer 4; C5-
6, cortical layers 5-6; GrDG, granular layer dentate gyrus; MolDG, moleculer layer dentate gyrus. Cortical
layers defined as described in the atlas of Paxinos and Watson (1986).

Rats treated with 192-IgG-saporin did not show any significant change in the level

{’H]epibatidine binding, relative to vehicle injected animals, in any of the regions

A
[y

examined in this study (unpaired student’s t test, P > 0.05; fig 4.11).
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Figure 4.11. Specific [*H]Epibatidine binding in selected cortical and hippocampal regions from vehicle
treated and 4, 7, 14, 30 and 90 day post-operative 192-IgG-saporin treated groups, quantified in terms of
nCi/mm’. Abbreviations: Cal, ficld of the hippocampus; CI-3, cortical layers [-3; C4, cortical layer 4; C5-6,
cortical layers 5-6; GrDG, granular layer dentate gyrus; MolDG, moleculer layer dentate gyrus. Cortical
layers defined as dcscnbcd in the atlas of Paxinos and Watson (1986). The mean nCi/mm? level in the 192-
IgG-saporin treated groups was compared to the mean lcvel of nCi/mm? in the corresponding vehicle group
using an unpzired student’s ¢ test (P > 0.05). Each data point represents the mean + S.E.M. of measurements
taken from four animals.

4.3.4 ["*I] a-BUNGAROTOXIN AUTORADIOGRAPHY

The density of oy nAChRs in vehicle and saporin injected rats was assessed in the

Cal, Ca2, and Ca3 fields of the hippocampus, the hippocampal fissure, the stratum

radiatum area of the hippocampus and cortical layers 1-5 and 6 as defined in the atlas of
Paxinos and Watson (1986) by autoradiography of the oy RAChR selective ligand ['**Tja-

BGT. The regional distribution of ['**I)a-BGT binding to o7 nAChRs in a representative

coronal section is shown in figure 4.12. Non-specific binding, as defined by 10 mM (-)-

nicotine, ranged from <10% in the dentate gyrus to approximately 40% in the stratum

radiatum hippocampus (data not shown) and was subtracted from the total signal during

quantitation,
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Figure 4.12. Total ['*1}o-BGT binding in a representative section approximately 3.6mm caudal to bregma.,
Abbreviations: Cal-3, fields of the hippocampus; C1-5, cortical layers 1-5; C6, cortical layer 6; Dg, dentate
gyrus; HiF, hippocampal fissure; Rad, stratum radiatum hippocampus. Corticai layers defined as described in
the atlas of Paxinos and Watson (1986).

['“IJa-BGT binding was seen throughout the hippocampus and cortex, with the

signal being particularly strong in the dentate gyrus. There was no significant change in the

level of ['*IJa-BGT binding as a result of 192-1gG-saporin treatment relative to vehicle

injected animals at any of the time points examined in any of the regions quantified

(unpaired student’s t test, P > 0.05; fig. 4.13).
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Figure 4.13. Specific |'*1jw-BGT binding in sclecied contical and hippocampal regions from vehicle treated
and 4, 7, 14, 30 and 90 day post-operative 192-1gG-saporin treated groups. quantified in terms of relative
optical density (ROD). Abbreviations: Cal-3, ficlds of the hippocampus; CI-5. costical layers 1-5: C6.
cortical layer 6; Dg, dentate gyrus; HiF, hippocampal fissure; Rad. stratum radiatum hippocampus. Cortical
layers defined as described in the atlas of Paxinos and Watson (1986). The mean ROD level in the 192-1gG-
saporin treated groups was compared 10 the mean Ievel of ROD in the corresponding vehicle group using an
unpaired student’s 1 test (P > 0.05). Each data point represents the mean # S.E.M. of measurcmenis taken
from four animals.

4.3.5 NMDA RECEPTOR SUBUNIT mRNA EXPRESSION

NMDAR NRI1, NR2A and NR2B subunit mRNA expression was examined by /in
situ hybridisation histochemistry in coronal sections from vehicle and 192-lgG-saporin
treated rats at 4, 7, 14, 30 and 90 days after treatment. Representative autoradiographs
showing the density and localisation of NRI, NR2A and NR2B NMDAR subunit mRNA

expression are shown in figure 4.14.

Figure 4.14. NMDAR NR1, NR2A and NR2B subunit mRNA cxpression in representative coronal sections
taken approximately 3.6 mm caudal to bregma. Abbreviations: Cal-3, fields of the hippocampus; Ctx. cortex.
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Deafferentation of the cholinergic basal forebrain system following 192-1gG-
saporin treatment had relatively little effect on the level of expression of the NRI1 (fig.
4.15), NR24A, (fig.’s 4.16 and «.17) or NR2B (fig. 4.18) subunit mRNAs, relative to
vehicle treated controls. At the 90 day post-operative time point, however, there was a
modest increase of § — 15%, 8 — 40% and 14 ~ 35% in the level of expression of mRNA
for the NRI, NR2A and NR2B subunits respectively in the various regions examined of
192-IgG-saporin treated rats relative to the vehicle treated rats. This increase was only
statistically significant with regard to NR2A expression in the Cal field of the

hippocampus and the cortex.
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Figure 4.15. Levels of NRI NMDAR subunit mRNA in selected cortical and hippocampal regions from
vehicle treated and 4, 7, 14, 30 and 90 day post-operative 192-IgG-saporin treated groups, quantified in terms
of refative optical density (ROD), Abbreviations: Cal-3, ficlds of the hippocampus; Ctx, cortex: Dg, dentate
gyrus. The mean ROD level in the 192-1gG-saporin treated groups was coinpared to the mean level of ROD
in the corresponding vehicle group using an unpaircd student’s 1 test (P > 0.05). Each data point represents
the mean + S.E.M. of measurements taken from four animals.
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Figure 4.16. Levels of NR2A NMDAR subunit mRNA in selected cortical and htppocampal regions from
vehicle treated and 4, 7. 14, 30 and 90 day post-opcrative 192-1gG-saporin treated groups. quantificd in terins

of relative optical density (ROD). Abbreviations: Cal-3, ficlds of the hippocampus; Cix. cortex: Dg. dentate
gyrus. The mean ROD level in the 192-1gG-saporin treated groups was comparcd (o the mean level of ROD j
in the corresponding vehicle group using an unpaired student’s t test (*, P <0.05). Each data point represents
g the mean £ S.E.M. of mcasurcments taken (rom four animals. :

NR2A - 90 days !

" Vehicle ] 192-1gG-saporiii :

Figure 4.17. NR2A subunit mRNA cxpression in representative coronal scctions taken approximately 3.6

mm caudal te bregma from vehicle and 192-IgG-saporin treated rats 90 days afier surgery. Abbreviations:
Cix. cortex: Dg. demate gyrus.

Do
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Figure 4.18. Levels of NR2B NMDAR subunit mRNA in selected cortical and hippocampal regions from
vehicle treated and 4, 7, 14, 30 and 90 day post-operative {92-1gG-saporin treated groups, quantified in terms
of relative optical density (ROD). Abbreviations: Cal-3, fields of the hippocampus; Cix, cortex; Dg, dentate
gyrus. The mean ROD level in the 192-1gG-saporin treated groups was compared to the mean leve) of ROD
in the corresponding vehicle group using an unpaired student’s t test (P > 0.05). Each data point represents
the mean t S.E.M. of measurements taken from four animals,
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4.3.6 nNOS mRNA EXPRESSION

The level of nNOS mRNA expression in rats treated with either vehicle or 192-
IgG-saporin was assessed by in sifu hybridisation histochemistry in the Cal, Ca2, and Ca3
fields of the hippocampus, dentate gyrus and cortex. The distribution of nNOS mRNA
expression following vehicle treatment and at the various time points after 192-IgG-

sapofin treatment is shown in figure 4.19.
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Figure 4.19. nNOS mRNA expression in representative coronal sections taken approximately 3.6 mm caudal
to bregma from vehicle treated and 4, 7, 14, 30 and 90 day post-operative 192-Ig(G-saporin treated groups.
Abbreviations: Cal-3, fields of thé hippocampus; Cix, cortex; Dg, dentate gyrus.

Rats treated with i.c.v. injections of 192-lgG-saporin exhibited a significant
increase of 28 — 30% in the expression of nNOS mRNA in the dentate gyrus at 7, 14, 30
and 90 days after treatment (fig. 4.20). There was also an increase in expression of 15 -
36% in the Cal of the hippocampus over these time points, however this affect was only
statistically significant at 14 days post-treatment. There was no significant difference in
nNOS expression in any region 4 days after treatment although there appeared to be a
small reduction in nNOS levels in the 192-lgG-saporin treated group throughout the

hippocampus, relative to vehicle treated animals at this early timepoint.
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Figure 4.20. Levels of n(NOS mRNA in selected cortical and hippocampal regions from vehicle treated and
4, 7, 14, 30 and 90 day post-operative 192-1gG-saporin treated groups, quantified in terms of relative optical
density (ROD). Abbreviations: Cal-3, fields of the hippocampus; Ctx, cortex; Dg, dentate gyrus. The mean
ROD level in the 192-IgG-saporin treated groups was compared to the mean level of ROD in the
corresponding vehicle group using an unpaired student’s t test (*, P < 0.05). Each data point represents the
mean  S.E.M. of measurements taken from four animals.

4.3.7 APP695, BACE, PS1, PS2 AND TACE mRNA EXPRESSION

The mRNA expression of APP695, BACE, PS1, PS2 and TACE in coronal sections
from vehicle and 192-IgG-saporin treated rats was examined using in situ hybridisation
histochemistry. Treatment with 192-1gG-saporin resulted in an increase in the level of
APP695 mRNA expression, which was not evident until 90 days after the initial treatment.
The distribution of APP695 mRNA in representative coronal sections from each treatment

group is shown below in figure 4.21.
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Figure 4.21. Distribution of APP695 mRNA in representative coronal sections approximately 3.6 mm caudal
1o bregma from vehicle treated and 4, 7, 14, 30 and 90 day post-operative 192-1gG-saporin ircated rats.
Abbreviations: Cal-3, ficlds of the hippocampus; C3, cortical layer 3; ctx, cortex; Dg, dentate gyrus. Corlical
layers defined as described in the atlas of Paxinos and Watson (1986).

-

Densiometric analysis of the coronal images revealed that, relative to ic.v.
injection of vehicle, there was a statistically significant increase in APP695 mRNA levels
in the cortex of rats injected with 192-1gG-saporin at 90 days after treatment, but not at the

earlier time points examined (fig. 4.22).
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Figare 4,22. Levels of APP695 mRNA in selected cortical and hippocampal regions from vehicle treated and
4, 7, 14, 30 and 90 day post-operative 192-IgG-saporin treated groups, quantificd in tcrms of rclative optical
density (ROD). Abbreviations: Cal-3, fields of the hippocampus; Ctx, cortex; C3, cortical layer 3; Dg,
dentate gymus. Cortical layers defined as described in the atlas of Paxinos and Watson (1986). The mean
ROD level in the 192-IgG-saporin treated groups was compared to the mean level of ROD in the
correspending vehicle group using an unpaired student’s t test (**, P <0.01). Each data point rcpresents the
mean  S.E.M. of measurements taken from four animals.

The density and localisation of BACE, PS1, PS2 and TACE mRNA in

representative coronal sections from vehicle treated rats is shown in figure 4.22.

111




P jeCesapenn

Figure 4.23. Distribution of $-sitc APP-cleaving enzyme (BACE), presenilin-1 (PS1), presenilin-2 (PS2) and
lumour mecrosis factor-a-converting cnzyme (TACE) mRNA in representative coronal scctions : ‘
approximatcty 3.6 mm caudal to bregma from vehicle treated rats. Abbreviations: Cal-3, fields of the o
hippocampus; Cix, cortex; Dg, dentate gyrus. Cortical layers defined as described in the atlas of Paxinos and
Watson (1986).
1 No significant change in the level of BACE, PS1, PS2 or TACE mRNA expression
was seen in the hippocampus or cortex of rats treated with 192-IgG-saporin at any of the -
post-operative time points examined, relative to vehicle treated animals (p > 0.05, unpaired o

student’s t test; fig.’s. 4.24 —4.27).
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Figure 4.24. Levels of B-site APP-cleaving enzyme (BACE) mRNA in selected cortical and hippocampal
regions from vehicle treated and 4, 7, 14, 30 and 90 day post-operative 192-IgG-saporin treated groups,
quantified in terms of relative optical density (ROD). Abbreviations: Cat-3, fields of the hippocampus; Ctx,
cortex; Dg, dentate gyrus. The mean ROD level in the 192-igG-saporin treated groups was compared to the
mean level of ROD in the corresponding vehicle group using an unpaired student’s t test (P > 0.05). Each
data point represents the mean 2 S.E.M. of measurements taken from four animals.
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Figure 4.25. Levels of presenilin-1 (PS1) mRNA in selected cortical and hippocampal regions from vehicle
treated and 4, 7, 14, 30 and 90 day post-opcrative 192-IgG-saporin treated groups. quantificd in terms of
relative optical density (ROD). Abbreviations: Cal-3. fields of the hippocampus: Ctx, coriex: Dg. dentate
gyrus. The mean ROD level in the 192-1gG-saporin treated groups was compared to the mean level of ROD
in the corresponding vehicle group using an unpaired student’s ( test (P > 0.05). Each data point represents
the mean  S.E.M, of measurciments taken from four animals.
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Figure 4.26. Levels of presenilin-2 (PS2) mRNA in selected cortical and hippocampal regions from vehicle
treated and 4, 7, 14, 30 and 90 day post-operative 192-1gG-saporin treated groups, quantified in terms of
relative optical density (ROD). Abbreviations: Cal-3, fields of the hippocampus; Cix, cortex; Dg, dentate
gyrus. The mean ROD level in the 192-IgG-saporin treated groups was compared to the mean level of ROD
in the corresponding vehicle group using an unpaired student’s t test (P > 0.05). Each data point represents
the mean + S.E.M. of measurements taken from four antnals.
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Figure 4.27. Levels of tumour necrosis factor-a-converting enzyme (TACE) mRNA in selected cortical and
hippocainpal regions from vehicle treated and 4, 7, 14, 30 and 90 day post-operative {92-1gG-saporin treated
groups, quantified in terms of relative optical density (ROD). Abbreviations: Cat-3, fields of the
hippocampus; Ctx, cortex; Dg, dentate gyrus. The mean ROD level in the 192-1gG-saporin treated groups
was compared to the mean level of ROD in the corresponding vehicle group using an unpaired student’s t test
(P > 0.05). Each data point represents the mean £ S.E.M. of measurements taken from four animals.
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4.4 DISCUSSION

The nearly complete foss of AChE in the cortex, hippocampus and medial septum
and persistence of AChE levels in the caudate putamen and thalamic nuclei following i.c.v.
injection of 192-IgG-saporin, demonstrates the selective nature of this immunotoxin for
basal forebrain cholinergic neurons. Although the amygdaloid nuclei are known to receive
cholinergic basal forebrain innervation, 192-IgG-saporin treatment did not significantly
affect the level of AChE in this region, indicating a sparing of the amygdala-projecting
basal forebrain nuclei. This is consistent with the finding that, unlike other target regions of
the basal forebrain, the amygdala exhibits a striking ‘decoupling” between the expression
of cholinergic markers and NGF receptors including p75 (Kordower et al., 1989). The
finding that only a few scattered NGF receptor immunoreaclive profiles are seen in this
structure has led to the hypothesis that amygdaloid-projecting basal forebrain neurons may
not express the receptors for NGF (Kordower et al., 1989). The finding presented here, in
relation to the lack of effect of the NGF receptor selective 192-1gG-saporin on amygdaloid
AChE levels, supports this hypothesis.

It was interesting to find that there was some degree of recovery of the 192-IgG-
saporin induced loss of AChE at the 30 and 90-day post-operative time points. The
relationship between the magnitude of initial AChE loss and subsequent recovery and the
different post-operative time points differed between regions. While the medial septum and
hippocampus exhibited a gradual loss of AChE peaking at 14 days post 192-IgG-saporin
treatment with, possibly, a minor recovery of AChE levels at the 30 and 90 day time
points, the cortical regions examined showed the greatest reduction in AChE at the earliest,
4 day, time point and then exhibited a gradual recovery of AChE levels up to near control
levels by the 90 day time point. One possible explanation for these regional differences in

the response of basal forebrain innervated structures to 192-1gG-saporin treatment may be
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the density of p75 receptors on individual sub-populations of basal forebrain neurons. As
will be discuss;d in the following ‘chaptcr, the basal forebrain can be subdivided into
distinct groups of nuclei that differentially project to the various telencephic structures
including the hippocampus and cortex. An immunohistochemical study by Kordower et al,,
(1989) has shown that different populations of these nuclei vary with respect to the degree
of NGF receptor expression and therefore it is certainly possible that there will be some
variance in the response of these neuronal populations, and consequently their target
regions, io the NGF receptor immunotoxin, 192-1gG-saporin. The recovery of AChE in the
basal forebrain innervated areas reported here is indicative of some degree of cholinergic
basal forebrain plasticity and is consistent with a study by Gu et al., (1998) which similarly
reports a region and time dependent recovery in cholinergic markers following
immunotoxic 192-IgG-saporin lesions. Furthermore, Farris et al., (1993) has reported that
AChE activity initially disrupted following physical transection of basal forebrain
cholinergic projections can be re-established with sufficiently long survival times as a
resuit of neuritic extension of the transacted axon toward distally denervated target areas.
Interestingly, a striking up-regulation of NGF receptor immunoreactive neurons has been
observed in the cortex of AD subjects, which has been hypothesised to represent
cholinergic basal forebrain plasticity in response to an initia' loss of these neurons (Mufson
et al,, 1992). As will be further discussed, recovery of cer..bral cholinergic activity at the
30 and 90-day time points following cholinergic denervation may be of particular
relevance in light of the finding that most of the changes in neurochemical markers seen
here, as a result of 192-IgG-saporin treatment, were observed at the luter 30 and 90 day
time points.

Selective deafferentation of the cholinergic basal forebrain neurons had no effect

on nAChR density in areas innervated by the basal forebrain. No significant difference in

the level of cortical or hippocampal ['*’I]a-BGT or [*H]epibatidine binding was seen in the
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192-1gG-saporin treated groups, at any time point, relative to the control group. This
finding is consistent with previous studies reporting no change in the binding of selective
nAChR ligands in the hippocampus and cortex following 192-IgG-saporin treatment
(Rossner et al, 1995b & 1995c). Considering that nAChRs (along with muscarinic
acetylcholine receptors) are likely to represent the primary cholinoceptive target for
cholinergic basal forebrain transmission, it was expected that following a loss of
neurotransmission there may have been some sort of homeostatic change in the level of
these target receptors, similar to that seen in other neurotransmitter systems. For example,
the up-regulation of dopamine receptors in the striatum in response to a significant loss of
the dopaminergic projections that innervate the striatum has been well documented (for
reviews see Kostrzewa, 1995; Langer et al., 1981). Furthermore, a study by Rossner et al.,
(1995b) has reported that there is a significant up-regulation of cortical M, and M,
muscarinic receptors 7 days after a single injection of 192-1gG-saporin. Based on this
finding, along with the lack of change in nAChR ligand binding reported here, one might
speculate that muscarinic receptors represent the primary target for cholinergic basal
forebrain neurotransmission. However, the modest but significant increase in o4 and oy
tAChR subunit mRNA expression in the cortex and hippocampus respectively, reported
here as a result of 192-IgG-saporin treatment, indicates there may indeed be some
interaction between cholinergic basal forebrain neurons and the major a4f; and o7 nAChR
subtypes in this area. It is worth noting that this increase in mRNA for the a4 and o
subunits was not seen until the 14 day and 30/90 day time points respectively, ‘ollowing
192-1gG-saporin treatment. Interestingly, in terms of the AChE histochemistry, these time
points correspond with an apparent recovery of cholinergic basal forebrain activity in the
cortex (14 day time point) and hippocampus (30 and 90 day time points), rather then an
active loss of these neurons. It is therefore possible that the up-regulation of nAChR

subunit mRNA reported here may be a response to an increase in the level of ACh in these
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areas resulting from the recovery of cortical and hippocampal basal forebrain projections.
This would be consistent with findings showing that increased levels of nAChR activation
causes an increase in the density of o7 nAChRs in rat hippocampal neurons (Ridley et al,,
2001) or human neuronal cell cultures (Molinari et al., 1998). It is perhaps not surprising
that a corresponding significant increase in [*H]epibatidine or {"**I]a-BGT binding was not
seen here at the 14 or 30 and 90 day time points respectively, considering the relatively
modest changes in nAChR subunit mRNA expression and that a number of reports have
indicated a lack of correlation between the regulation of nAChRs at the protein and mRNA
level (Marks et al., 1992; Pauly et al., 1996).

To summarise, dcépite a lack of Achange in the density of the mature receptor
constructs, the up-regulation of ¢y and oy nAChR subunit mRNA in the cortex and
hippocampus in response to 192-1gG-saporin treatment suggests that the major o4f; and o7
nAChR subtypes may represent targets for cholinergic basal forebrain neurons in these
areas. Furthermore, the stability of nAChR receptor levels following a nearly complete loss
of cholinergic basal forebrain projections indicates that the consistently reported loss of
nAChR levels in AD may not be specifically related to the degeneration of this neuronal
popul:tion.

The level of expression of NRI, NR2A and NR2B NMDAR subunit mRNA was
not affected until 90 days after the initial treatment with 192-IgG-saporin. At the 90-day
post (reatment time point, there was a moderate increase in the expression of all three
subunits throughout the cortex and hiprocampus, however, this result was only statistically
significant for the expression of the NR2A subunit in the cortex and Cal field of the
hippocampus. It has previously been reported that 7 days afler 192-1gG-saporin treatment
there is a significant decrease in NMDAR levels (Rossner et al., 1995a) and 30 days after
192-IgG-saporin treatment there is no change in the density of NMDARs (Nicolle et al.,

1997). Taken together with the results reported here showing an increase in NMDAR
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subunit mRNA expression 90 days after 192-1gG-saporin treatment, these findings indicate
that the durlation of cholinergic basal forebrain hypofunction may be an important factor in
relation to changes in NMDARs in the hippocampal and cortical target regions.
Furthermore, in the context of the temporal variation in AChE levels observed following
192-1gG-saporin treaiment, the increase in NR2A subunit mRNA at the 90 day time point
corresponds with a recovery rather than degeneration of cholinergic basal forebrain
neurons. Therefore tﬁe increase in NR2A subunit mRNA in the Cal field of the
hippocampus and cortex is likely to correspond with an increase in ACh levels in these
areas following a sustained period of nearly complete deprivation of cholinergic signalling.
In the Cal field of the hippocampus, acetylcholine can either inhibit glutamate release
through the activation of presynaptic muscarinic receptors (Hounsgaard, 1978; Marchi et
al.,, 1989) or potentiate glutamate release through the activation of nicotinic receptors
{(Gray et al., 1996). Therefore, the net result of cholinergic modulation of glutamate release
will depend on the balance between nicotinic and muscarinic presynaptic receptor
activation on glutamatergic neurons. Based on the results reported here showing a lack of
change in cortical and hippocampal nAChR receptor density following i92-1gG-saporin
treatiment, and reports that there is a significant up-regulation of muscarinic receptors
under the same conditions (Rossner et al., 1995b), one might speculate that an increase in
telencephic ACh levels as a result of basal forebrain plasticity may have an inhibitory
effect on glutamatergic neurotransmission. In this context, the increase in NR2A mRNA
expression reported here may reflect a homeostatic response to a reduced basal level of
glutamatergic transmission. Of course this is a speculative line of reasoning but offers one
possible explanation for the reported results. In support of this idea, a study by Hoffinann
et al., (2000) has reported that NR2A subunit mRNA expression is up-regulated following
blockade of glutamatergic transmission in neuronal culture and also during neocortical

development in vivo. In relation to the changes in NMDARs seen in AD the results
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reporied here do not correlate with studies on NMDAR levels in post-mortem AD brains.
Alzheimer’s disease subjects have been reported to exhibit a significant decline in
NMDAR density (Greenamyre et al., 1987; Greenamyre et al., 1985) and subunit protein
levels (Sze et al., 2001) relative to age-matched controls. Considering the results reported'
here show an increase in NMDAR subunit expression, it may be concluded that the
reduction in NMDAR levels and subunit proteins seen in AD is not likely to be directly
related to the degeneration of cholinergic basal forebrain neurons. Having said that, there
are important limitations that should always be considered when comparing results from
animal models of AD-like neurodegeneration to those generated from studies of post-
mortem AD tissue. By necessity, studies Qn post-mortem tissue represent late stages of the
disease and the loss of receptor proteins and other neurochemical markers in these
preparations may be the passive resuit of frank neurodegeneration, which is extensive by
this stage of the disease, rather then dynamic and facilitative changes in the
neurodegenerative cascade. Relative to the slow progression of neurodegeneration in AD,
which occurs over many years, 90 days is only a very small period of time, and it is
possible that reactive changes in NMDAR mRNA and protein levels, as reported here, may
occur at early stages of AD in response to cholinergic basal forebrain degeneration.

In summary, with regard to NMDARs, the work presented in this chapter indicates
that, in addition to the changes in NMDARs seen at the receptor level in AD, there may
also be changes at the subunit mRNA level as a result of extended periods of cholinergic
basal forebrain denervation. The $elective up-regulation of NR2A NMDAR subunit
mRNA suggests that NR2A containing NMDAR subtypes may be important targets for the
regulation of cortical and hippocampal glutamatergic neurotransmission by basal forebrain
cholinergic activity. Such receptors may be interesting targets for AD therapy considering
the involvement of both NMDARs and cholinergic basal forebrain neurons in cognitive

function. Clearly, a usefl direction for future work in this area will be to compare the
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findings reported here in relation to NMDAR mRNA levels with NMDAR protein levels
under the ;ame conditions usiné immunohistochemical or radioligand binding techniques.

A study by Jouvenceau et al., (1997) reports a significant increase in excitatory
post-synaptic potentials (EPSPs) elicited in the Cal field of the hippocampus 2 weeks after
cholinergic denervation with 192-IgG-saporin.  Specifically, electrophysioiogical
examination of Cal pyramidal cells in rat hippocampal slices showed that, in response to
glutamatergic stimulation, there was a significant potentiation in the amplitude of the EPSP
recorded from 192-IgG-saporin treated rats which was suggested to represent an enhanced
synaptic efficacy of glutamatergic synapses in these animals. In an attempt to discover the
underlying mechanism for this finding, Jovenceau et al (1997) also report, that the increase
in EPSPs was not related to an increase in NMDA receptor density, a change m affnity of
the NMDA receptors for their endogenous ligand, or a change in the presynaptic calcium-
dependent mechanisms that control glutamate release. The authors argued however, that
the increase in EPSPs in 192-1gG-saporin treated rats could be related to an increase in
glutamate release mediated by calcium-independent mechanisms. One such mechanism
may include the enhancement of glutamate release through the activation of presynaptic
guanylate cyclase and the subsequent production of ¢cGMP by nitric oxide as discussed
previously (fig 2.2). Consistent with this hypothesis, it is reported here that there is a
significant increase in the expression of nNOS in the dentate gyrus and Cal field of the
hippocampus 14 days after treatment with 192-IgG-saporin. In the dentate gyrus this effect
was also seen at 7 days after 192-IgG-saporin treatment and persisted up until the 90 day
post-operative time group. An increase in nNOS expression may lead to an increase in
neuronal nitric oxide production within glutamatergic neurons and consequently an
enhancement of EPSPs and synaptic plasticity in the manner described for the induction of
LTP. Collingridge, (1992) have reported that induction of LTP occurs in the dentate gyrus

and Cal field of the hippocampus and is dependent on NMDAR activation. Considering
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that ACh facilitates glutamatergic transmission in the cortex and hippocampus (Markram
et al., 1r990a; Markram et e;l., 1992; Markram et al., 1990b), a loss of basal forebrain
innervation of these areas may reasonably be expected to be associated with glutamatergic
hypofunction. Furthermore, the recovery of basal forebrain cholinergic neurotransnﬁssion
may also contribute to cortical and hippocampal gi:..amatergic hypofunction due to the
activation of an increased number of inhibitory presynaptic muscarinic receptors associated
with the initial loss of cholinergic neurons, as discussed previously. The up-regulation of
the neuronal machinery involved in LTP of glutamatergic synapses, such as NMDARs and
nNOS, may therefore represent a homeostatic mechanism in response to a loss of
glutamatergic transmission. O'Mahony. et al., (1998) have demonstrated that cholinergic
basal forebrain denervation correlates with enhanced nNOS activity in the cortex, which

can be inhibited by NMDAR blockade. This finding shows that the increased nNOS

activity caused by a loss of cholinergic basal forebrain neurons is NMDAR mediated (as
would be expected based on the described model for LTP) and is consistent with the
increase in EPSPs reported by Jouvencrau et al., (1997) and the increase in nNOS mRNA
expression reported here following 192-IgG-saporin treatment. Based on studies which
have shown that increased levels of NO can cause excitotoxic neuronal damage (Dawson
et al, 1991; Loiacono et al, 1992; Przedborski et al, 1996; Schulz et al., 1996), an
increase in hippocampal and cortical nNOS activity caused by cholinergic basal forebrain

degeneration may have implications for the susceptibility of these regions to excitotoxic E

neuronal degeneration. As has been discussed, the cortex and hippocampus are among the
earliest and most severely effected regions in AD in terms of neurodegeneration. A study
by Simic et al., (2000) has shown that in the hippocampus and cortex of AD subjects, but
not age-matched controls, there is a significant correlation between the expression of

nNOS, neuronal loss and markers for neuronal degeneration such as microglial invasion.
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In conclusion, with regard to nNOS expression, the resuiis presented here indicate
that the significant loss of nNOS expressing neurons in AD subjects reported by Thorns et
al., (1998) is not likely to be directly related to the degeneration of the cholinergic basal
forebrain sy:stem. Of course, as outlined above, in the context of AD-like
neurodegeneration this study has only looked at a limited and relatively early set of time
points. Therefore, it is possib'~ .iat changes in neurochemical markers, such as nNOS,
seen in AD brains may reflect responses to more extended periods of cholinergic
denervation and associated pathology. Based on the neurotoxic effects of excessive nNOS
stimulation, it is possible that the increase in nNOS expression associated with cholinergic
basal forebrain degeneration, seen here, may contribute to further neuronal damage in the
hippocampus and cortex in AD. Future directions in research in this area may include the
correlation of markers for neuronal degeneration in hippocampus and cortex with the
increase in nNOS expression associated with cholinergic basal forebrain loss.

Based on evidence that the cholinergic stimulation plays an important role in
regulating the processing and expression of APP (for review see Rossner et al., 1998), this
study has examined the effect of 192-1gG-saporin treatment on the expression of APP695
and a number of proteins involved in its proteolytic processing including BACE, PS1, PS2
and TACE. Using human embryonic kidney cells, it was first demoncrated by Nitsch et
al., (1992) that stimulation of the M; and M, muscarinic receptor subtypes facilitates the
secretory processing of APP. Muscarinic receptor stimulation was found to be associated
with an increase in the release of the soluble N-terminal domain of APP and a decrease in
the amount of full length membrane-associated APP. This effect has also been
demonstrated in rat brain slices by Farber et al., (1995) and is dependent on protein kinase
(PKC) activation (Buxbaum et al., 1990; Slack et al., 1993). Furthermore,- studlies by Kim
et al,, (1997) and Kuisak et al, (1999) have reported that nAChR stimulation can also

mediate the processing of APP. Based on these findings it may be reasonably expected that
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the degeneration of the cholinergic basal forebrain system associated with AD pathology
could significantly affect APP processing in the cortical and hippocampal target regions.
‘Consistent with thié hypothesis, Rossner et al., (1997) has reported a significant decrease in
the level of secreted APP fragments and a concomitant increase in membranc bound APP
in response to 192-IgG-saporin induced cholinergic basal forebrain lesions. The
mechanism underlying this effect is not known but is clearly suggestive of a reduction in
cholinergic mediated activity of the proteolytic secretase enzymes that process APP. The
results presented in this chapter demonstrate that a reduced level of secretase activity in
response to cholinergic basal forebrain degeneration is not likely to be caused by changes
in the expression of BACE, PS1, PS2 or TACE at the mRNA level. Relative to vehicle
treatmeﬁt, i.c,v injection of 192-IgG-saporin did not significantly affect BACE, PSI, PS2
or TACE mRNA levels in the hippocampus or cortex at various time points up to 90 days
after treatment. Of course it has not been conclusively demonstrated whether or not that
PS1, PS2 and TACE are in fact APP cleaving secretases. It is possible that cholinergic
basal forebrain denervation induces changes in the expression of, as yet, unidentified
secretase enzymes. Furthermore, it is also possible that changes in the level of APP
processing are mediated by changes in the activity of existing secretases rather then at a
transcriptional level. Although no change in BACE, PS1, PS2 or TACE was seen, it has
been reported here that there is a significant increase in the expression of APP695 as a
result of 192-IgG-saporin treatment at the 90-day post-injection time point. This finding is
consistent with studies by Lin et al., (1998) and Leanza, (1998b) reporting that 6 months
after i.c.v. there is a significant up-regulation of APP protein levels of up to 71% as
assessed by immunohistochemistry. Importantly, the work presented here demonstrates
some degree of both regional and temporal specificity associated with the up-regulation of
APP mediated by cholinergic basal forebrain degeneration, The increase in APP was

localised to the cortex and was not seen until 3 months ater the initial 192-IgG-saporin
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treatment. Together with reports that at 6 months afier 192-IgG-saporin treatment APP
levels are significantly up-regulated in the hippocampus as well as the cortex (Leanza,
1998b; Lin et -al., 1998), this finding demonstrates that a loss of cholinergic basal forebrain
neurons leads to an up-regulation of APP in the corresponding target areas which is
progressive and persistent. In terms of the relevance of this finding with regard to AD
pathology, it is possible that an increase in APP levels in these regions may be responsible
for increased AP production and subsequent plaque formation. It has previously been
repoﬁcd that over-expression of APP in transgenic mice leads to progressive AP deposition
and cognitive disturbance with increasing age (Games et al., 1995; Hsiao et al., 1996;
Nitsch, 1996). A great deal of work in the field of AD research has been dedicated to
establishing a causal relafionship between the increased Ap load and loss of basal forebrain
cholinergic neurons seen in AD patients. Callectively, the findings that cholinergic basal
forebrain degeneration leads to increased APP levels and that over-expression of APP
leads to increased AP deposition, support the hypothesis that degencration of the
cholinergic basal forebrain system is a causative factor in relation to subsequent AD-
related neurodegeneration. As a direction for further work in this area, it would be
interesting to investigate whether the increase in APP associated with cholinergic basal
forebrain denervation can be attenuated by cholinergic replacement strategies such as

chronic stimulation of muscarinic or nicotinic receptors in the hippocampus and cortex.
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5.1 INTRODUCTION

In addition to providing cholinergic innervatio‘n, the basal forebrain system is also
the source of a significant amount of non-cholinergic projections to various telencephic
regions including the hippocampus and cortex. Approximately 50% of the hippocainpal
and 15 — 20% of the nencortical projections are non-cholinergic (Gritti et al., 1997; Rye et
al., 1984). The majority of these non-cholinergic neurons are ascending GABAergic
projections that syn%npse predominately on GABAergic interneurons within the
hippocampus and cortex (Brauer et al., 1993; Brauer et al., 1991; Freund et al., 1988,
Gulyas et al., 1990; Kiss et al, 1990). The cholinergic basal forebrain projections,
however, synapse primarily on the dendritic arbours of pyramidal and dentate granule cell
neurons and to a lesser extent on GABAergic interneurons (Beaulieu et al., 1991; for
reviews see Butcher, 1995; Wainer et al., 1990; Wainer et al., 1993). Gluiamatergic
neurons are likely to represent the major hippocampal and cortical targets for cholinergic
and GABAergic modulation of neurotransmission in these regions (Flint et al., 1985;
Lamour et al., 1982; Reine et al., 1992). Both cholinergic and GABAergic basal forebrain
transmitter systems may facilitate neurotransmission in the hippocampus and cortex
through different mechanisms — directly for cholinergic inputs and through disinhibitory
mechanisms for GABAergic inputs (fig. 5.0). Duque et al., (2000) have reported that the
firing rate of both GABAergic and cholincrgic basal forebrain neurons is correlated with

cortical electroencephalographic activation.
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Hippocampus/Cortex

Figure 5.0. Schematic tepresentation of the
ascending cholinergic (C, @) and GABAcrgic (G, < Gl
®) baral forebrain pathway with respect to
svnapiic targets in the hippocampus and coriex.
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Cholinergic projections s'mapse heavily on the
dendritic arbours of ..v.midal amnd dentale
granule nenrons, whil. '~ " ‘ergic projections ¥
synapse primarily on (P4 rgic interncurons.
Activation of both nev:~+w . systems will have
predominately excitatory effect on targel neurons
in the hippocampus and cortex. A significant
percentage of these target neurons are likely to be
glutamatergic (Gl, @).
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Basal Forebrain

Before toxins that selectively rarget cholinergic basal forebrain neurons such as
192-IgG-saporin became available, attempts to model the cholinergic basal forebrain
degeneration seen in AD were based around the use of basal forebrain injections of various
excitotoxins. As a consequence of the non-selective nature of these excitotoxic agents with
regard to neuronal type, both cholinergic and GABAcrgic forebrain neurons are destroyed
(Abdulla et al,, 1994; Dunnett et al., 1987). Based on the abundance of evidence showing a
035 of ck:inergic forebrain neurons in AD, and relatively little information regarding
GABAe:. ™~ basal forebrain neurons, it has generally been accepted that cholinergic nuclei
are selectively affected by the neurodezenerative process. However, definitive and
conzistent evidence regarding the imiegrity of (.:\nAergic basal forebrain neurons
following the widespread neurodegeneration asscciated with AD has not beer extensively
published. Although it has been demonstrated that glutamic acid decarboxylase (GAD)
wvels are relatively unaffected in AD (Reinikainen et al., 1988), GAD is expressed in a
variety of neuronal types and also glial cells (Martinez-Rodriguzz et al., 1993) and
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therefore has limjted use as a defimitive marker for GABAergic neurons. In cortical regions
from post-mortem AD tissue, a significant reduction in the level of GABA has been
reporied (Palmer, 1996; Rossor et al, 1982). Tt has aiso been reported that there is a
significant reduction in benzodiazapire binding to GABA receptors in various cortical and
hippocampal regions in AD brains (Jansen et al., 1990). Although these findings do not
directly implicate the involvement of basal forebrain GABAergic neurons, they do
demonstrate that GABAergic neurons may be susceptible to degeneration in AD. While the
degeneration of the cholinergic basal forebrain neurons in AD is now a well established
finding and consequently. the focus of a great deal of research; based on the current
understanding of the complicated pattern of nel;todegeneration seen in AD, it is perhaps
premature to rule out the involvement of GABAergic basal forebrain neurons.

Compared with the selective lesioning of cholinergic basal forebrain using 192-
IgG-saporin, non-specific excitotoxic lesioning of the basal forebrain neurons has
generally been a far more successful method for simulating the cognitive deficits seen in
AD (Altman et al., 1985; Connor et al., 1991; Dunnectt et al., 1987; Marston et al., 1993;
Miyamoto et al., 1985; Robbins et al, 1989a; Robbins et al, 1989b). Furthermore,
excitotoxic agents such as o-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA)
which produce the greatest cholinergic cell loss are associated with less cognitive
impairment than other excitotoxins which produce relatively less cholinergic damage. In
selective basal forebrain lesions using 192-Igus s:00rin, (Waite et al., 1995) have reported
that substantial cholinergic loss (as assessed by AChE levels) of at least 90% are required
to produce cognitive deficits. Similar cognitive impairments seen as a result of excitotoxic
basal forebrain lesions are associated with relatively modest reductions in AChE activity of
around 20 - 30% (Gutierrez et al., 1999). Collectively, data comparing behavioural effects
to the relative degree and selectivity of cholinergic basal forebrain lesioning has lead many

authors to question the specific involvernent of cholinergic basal forebrain
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neurotransmission in certain aspects of cognitivé function and consequently the relevance

of the degeneration of this neuronal system to the clinical symptoms associated with AD

(Dunnett et al., 1987; Robbins et al, 1989b; for review see Dunvet et al, 1991). A

comparison of data generated from seiective cholinergic forebrain lesions using agents
such as 192-IgG-saporin, with results from the non-selective excitotoxic lesioning of basal
forebrain neurons is a useﬁll approach in attempts to outline the relative importance of
cholinergic and non-cholinegic neurons in regard to the effects of the degeneration of the
basal forebrain structure. In this context, Gutierrez et al., {1999) report that following a
97% reduction in cortical and hippocampal AChE levels caused by 192-IgG-saporin
treatment and a 28% reduction caused by baisal forebrain NMDA injections, the NMDA
treated group showed a significantly greater impairment in the capacity to form new
memories relative to control rats.

The aim of the work presented in this chapter has been to extend on the findings
from behavioural experiments that have investigated the relative importance of cholinergic
and non-cholinergic basal forebrain neurons with regard io cognitive function. Specifically,
it describes the assessment of the effect of excitotoxic basal forebrain lesions on the
expression of the various neurochemical markers examined in response to 192-I1gG-saporin
treatment, as documented in the previous chapter. By comparing results from the 162-IgG-
saporin experiments with those presented here, it may be possible to identify and discuss
the relative importance of cholinergic and non-cholinergic basal forebrain innervation of
the hippocampus and cortex in regard to the expression of a number of neurochemical

markers that may be important in AD.
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The basal forebrain area of the brain is further subdivided into a numter of speciiic
regions containing groups of nuclezi that differ with respect (v the topogruphic organization
of their ascending neuronal projections (fig 5.1). The medial septum (MS) and vertical
limb of the diagonal band of Broca {(VDB) give rise mainly to hippocampa! as well some
neocortical projections, while the horizontal limb cf the diagonal band of Broca (HDB)
projects to the olfactory bulb. The nuclei contained within the nucleus basalis of Meynert
(nbM) give rise to topographiculy organised projections to the neocortex and amygdaloid
nuclei and, to a lesser extent, to certain thalamic rucler. The nbM is believed to be
homologous to the magnocellular basal nucleus (l\{fBI\T) in the rat basal forebrain. Useful
reviews on the organization and c;)nnectivity of major cerebral cholinergic systems have

been published by Wainer et al., (1990 & 1993} and (Butcher, 1995).
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VDB

MS

Bregma -1.40 mm

LGP

MBN

Figure 5.1. Schematic representation of coronal sections of rat brain showing the major subdivisions of the
cholinergic basal forebrain system, including: the horizontal (HDB) and vertical limbs (VDB) of the diagonal
band of Broca; the medial septum (MS); and the magnoceltutar basal nucleus (MBN). Abbreviations: 3V, 3
ventricle; CPu, caudate putamen; LGP, lateral globus pallidus; LV lateral ventricle; Sl, substantia inominata.
Adapted from the atlas of Paxinos and Watson (1986).

The excitotoxic: lesioning of basal forebrain nuclei was achieved through 4 single

injection of 2,3-Pyridinedicarboxylic acid (quinolinic acid) into the magnocellular basal
' ' ' 132
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nucleus (MBN) region of the rat basal forebrain. The nbM (MBN m rats) is often described
as the basal forebrain region that shows the greatest degree of degeneration in AD and the
loss of cholinergic nbM neurons has been correlated with cognitive impairment (Bartus et
al., 1982; Price, 1986). This chapter presents the effect of excitotoxic MBN lesions on the

cortical and hippocampal expression of nicotinic and glutamatergic markers as well as

- APP695 and other proteins involved in the processing of APP. These results are discussed
and compared to the results documented in the previous chapter describing the effect of

selective cholinergic lesioning of the basal forebrain on the same neurochemical inarkers,
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5.2 METHODS .

5.2.1 TREATMENT OF ANIMALS AND TISSUE PREPARATION

Sprague-Dawley rats (250 — 300 ' g) of either sex were anaesthetised with
pentobarbitone (60 mg/kg i.p.) and constrained to a tilted skull position (-0.3 mm) using a
Kopf stereotaxic apparatus. A small hole was drilled into the skull and a stainless steel 30
gauge blunt tipped injection cannula was inserted into the MBN at the following
stereotaxic coordinates: 1.40 mm caudal to bregma, 2.70 mm left from the midline and
7.40 mm ventral from the cortical surface according to the atlas of Paxinos and Watson
(1986). Injections of 1 ul of either 100 nmol of quinolinic acid in PBS (pH 7.4) or PBS
(pH 7.4) alone (vehicle) were delivered at the rate of approximately 0.2 pl/min. The
experimental paradigm therefore consisted of two greups, with 4 animals receiving
injections of quinelinic acid and four animals receiving injections of vehicle. The cannula
was left in place for a further 10 min following injection to allow adequate diffusion of the
injected contents from the injection site. Following a recevery period of 7 days, animals
were decapitated and the brains frozen over liquid nitrogen. For histochemical and
autoradiographic analysis, a Reichkert Jung cryostat was uséd to collect a series of 14 ym
sections. Consecutive coronal sections were taken at 3.6 mm caudal to bregma and thaw

mounted on poly-L-lysine coated slides. All tissue was stozed at -70°C until required.
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5.2.2 AChE HISTOCHEMISTRY

AChE levels were quantified using 2 modification of thc method previously

described by Koelle et al., (1949). This method has been described in detail under Chapter

2, General Methodology, 2.4 AChE histochemistry.

5.2.3 IN S1TU HYBRIDISATION HISTOCHEMISTRY

The protocol for in situ hybridisation is based on the methods described Wisden et
al., (1994) and adapted by Loiacono et al., 1999), and has been described in detail under

Chapter 2, General Methodology, 2.1 In Situ Hybridisation Histochemistry.

5.2.4 PHJEPIBATIDINE AUTORADIOGRAPHY

The protocol for [*H]epibatidine autoradiography was based on that described by
Perry et al, (1995b) and has been described in detail under Chapter 2, General

Methodology, 2.2 °H]Epibatidine Autoradiography.

5.2.5 ['**1I) a-BUNGAROTOXIN AUTORADIOGRAPHY

" The protocol for ['**I]a-BGT was based on that used by Whiteaker et al., (1999)

and has been described in detail under Chapter 2, General Methodology, 2.3 [ ’_251]0:- :

Bungarotoxin Autoradiography.
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5.2.6 QUANTITATION

Images generated through the in siru hybridisation histochemistry, histochemical
and binding protocols were digitally captured and selected anatomical regions were
quentified using Scion imaging software. For mRNA images, ['*IJa-BGT autoradiographs
and AChE histochemical stains the system was calibrated against a set of graded
greyscales (Kodak), allowing for quantitation in terms of relative optical density (ROD:;.
For [’H]epibatidine autoradiographs, the system was calibrated against a set of standard
tritium scales, allowing for guantitation in terms of néﬂmmz. Differences in ROD or
nCi/mm’ between quinolinic acid and vehicle treated groups were assessed statistically
using an unpaired student’s t test. Statistical significance was signified by P values of less
then 0.5. Values reporicd here represent the mean of measurements taken from 4 animals.
Issues relating to quantitation have been described in greater detail in Chapter 2, General

Methodology, 2.5 Quantitation.
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5.3 RESULTS

5.3.1 ACHE HISTOCHEMISTRY

To assess the degree and regional specificity of bholinergic degeneration following
quinolinic acid injection, AChE levels were quantified through densitometric analysis o
the dentate gyrus, Cal, Ca2 and Ca3 regions uf the hippocampus, and cortical layers 1-3
and 4-6 (Paxinos et al., 1986). Representative AChE stained sections from both quinolinic acid
and vehicle treated animals are shown in figure 5.2.‘(cortex and hippocampus; bregma —

3.6 mm) and figure 5.3 (caudate putamen; bregma + 0.70 mm).

Figure 5.2. AChE histochemistry in representative coronal sections approximately 3.6 mm caudal to bregma
from rats 7 days after imjection of either vzhicle or quinolinic acid into the magnocellular basal nucleus.
Abbreviations: Cal-3, fields of the hippocampus, C1-3, cortical layers 1-3, C4-6, cortical layers 4-6; Dg,
dentate gyrus. Coitical layers defined a5 described in the atlas of Paxinos and Watson (1986).

Vehidle " Quinolinic acid

Figure 5.3. AChE histochemistry in representative coronal sections approximately 0.70 mm rostral to -

bregma from rats 7 days afier injection of either vehicle or guinclinic acid into the magnocetlular basal
nucleus. Abbreviations: C1-3, cortical layers 1-3, C4-6, cortical layers 4-6; CPu, caudate putamen. Cortical
layers defined as described in the atlas of Paxinos and Watson (1986).
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Rats that received quinolinic acid injections into the MBN exhibited a significant

loss in AChE levels of 32% and 26% in the outer (layers 1 — 3) and deep (layers 4 ~ 6)
cortical layers respectively (fig 5.4). No significant difference between the vehicle and
3 quinolinic acid groups was detected with respect to AChE staining in the caudate putamen
or the hippocampal regions quantified.
3
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Figure 54. AChE levels in selected regions of coronal sections from rats 7 Jdays after injection of either
vehicle or quinolinic acid into the magnocellular basal nucleus, quantified in terms of relauve optical density
(ROD). Abbreviations: Cal-3, fields of the hippocampus; C1-3, cortical layers !-3; C4-6, cortical layers 3-6;
CPu, caudate putamen; Dg, dentate gyrus. Cortical tayers defined as described in the atlas of Paxinos and
Watson (1986). The mean ROD level in the quinolinic acid treated group was compsired to the mean level of
ROD in the vehicle group using an unpaired student’s t test (*, P < 0.05). Each data point represents the mean
t S.L.M. of measurements taken from four animals.

£t

'- 5.3.2 nHAChR SUBUNIT mRNA EXPRESSION

The level of nAChR subunit mRNA expression was examined by in situ
hybridisation histochemistry in coronal sections from rats, 7 days after the injection of
either vehicle or quinolinic acid into the MBN. Figure 4 shows the unique anatomical
distribution and intensity of o4, as and B; nAChR subunit mRNA expression in various

telencephic regions in both treatment groups,
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Figure 5.5, Distribution of nAChR a,, oy, and 2 mRNA subunit cxpression in representative coronat
scctions approximately 3.6 mm caudal to bregma from rals 7 days after injection of either vehicle or
quinolinic acid into the magnocellviar basal nuclcus. Abbreviations: Cal-3. ficlds of the hippocampus; C1-3,
cortical layers 1-3; C4, cortical laycr 4; C4-5, cortical laycrs 4-5; C3, cortical layer 5; C6, cortical layer 6;
Cix, cortex; Dg, dentate gyrus. Cortical layers deflined as described in the atlas of Paxinos and Watson
(1936).

Relative to vehicle treatment, rats treated with acute injection of quinolinic acid
into the MBN exhibited a small, but significant, increase in the expression of o, 07 and B,
nAChR mRNA in specit.. hippocampal and cortical regions (fig. 5.6). Specifically, the
following changes were observed: oy mRNA expression was increased by 29 - 50%
thrbughout the cortex with this effect being statistically significant in cortical layers | — 3

and cortical layer S; oz mRNA was significantly up-regulated selectively in the Cal and P
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Ca2 fields of the hippocampus by 25 — 29%; and P, subunit mRNA was significantly

elevated throughout all hippocampal and cortical regions quantified by 20 — 43%.
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Figure 5.6. Levels of oy, a7, and B, nAChR subunit mRNA expression in selected regions of coronal
sections approximately 3.6 mm caudal to bregma from rats 7 days after injection of either vehicle or
quinolinic acid into the magnocellular basal nucleus, quantified in terms of relative optical density (ROD).
Abbreviations: Cal-3, fields of the hippocampus; C1-3, cortical layers 1-3; C4, cortical layer 4, C4-5,
cortical layers 4-5; C5, cortical layer 5; C5, cortical layer 5; C6, cortical layer 6. Cortical layers defined as
described in the atlas of Paxinos and Watson (1986). The mean ROD level in the quinolinic acid treated
groups was compared to the mean level of ROD in the corresponding vehicle group using an unpaired

student’s t test (¥, P < 0.05). Each data point represents the mean + S.E.M. of measurements taken from four
animals.

5.3.3 PHJEPIBATIDINE AUTORADIOGRAPHY

Nicotinic receptor levels were assessed in rats from treated with an injection of
either vehicle or quinolinic acid, by [*H]epibatidine awtoradiography. Epibatidine binds

predominately to nAChRs of the a2 subtype and also, to a lesser extent, to other subtypes
140
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such as the asP; receptor, which are expressed at much lower levels. The regional
distribution of [*H]epibatidine binding in a representative section is shown in figure 5.7.
Non-specific binding, as defined by 300 uM (-)-nicotine, was undetectable in all cases

(data not shown).

k) i Py e

e

Figure 5.7. Total [*H]Epibatidinc binding in a representative coronal scction approximately 3.6 mm caudal
1o bregma. Abbreviations: C1-3, conical layers 1-3; C4, cortical layer 4; C5-6, cortical layers 5-6; GiDG,
granular layer dentate gyrus; MolDG, molcculer layer dentate gyrus. Cortical layers defined as described in
the atlas of Paxinos and Watson (1986).

Following a single injection of quinolinic acid into the MBN, there was no
significant change in the level of [*H]epibatidine binding, relative to vehicle injected

animals, in any of the regions examined in this study (fig 5.8).
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Figure 5.8. Specific [*H]Epibatidine binding in selected regions of coronal sections approximately 3.6 mm
caudal to bregma from rats 7 days after injection of either vehicle or quinolinic acid into the magnocellular
basal nucleus, quantified in terms of nCi/mm?®. Abbreviations: C1-3, cortical layers 1-3; C4, cortical layer 4;
C5-6, cortical layers 5-6; GrDG, granular layer dentate gvrus; MolDG, moleculer layer dentate gyrus.
Cortical layers defined as described in the atlas of Paxinos and Watson (1986). The mean nCi/mm? level in
the quinolinic acid treated group was compared to the mean level of nCi/mm? in the vehicle group using an

unpaired student’s t test (P > 0.05). Each data point represents the mean + S.E.M. of measurements taken
from four animals.

5.3.4 ['*I) a-BUNGAROTOXIN AUTORADIOGRAPHY

The density of a7 nAChRs in vehicle and quinolinic acid injected rats was assessed
in the Cal, Ca2, and Ca3 fields of the hippocampus, the hippocampal fissure, the stratum
radiatum area of the hippocampus and cortical layers 1-5 and 6 as defined in the atlas of
Paxinos and Watson (1986) by receptor autoradiography using the a; nAChR selective
ligand ['*1Ja-BGT. The regional distribution and intensity of ['**1jo-BGT binding 10 oy
nAChRs in representative coronal sections from both treatment groups is shown in figure
5.9. ['**1]o-BGT binding was seen throughout the hippocampus and cortex, with the signal
being particularly strong in the dentate gyrus. Non-specific binding, as defined by 10 mM
(—)-nicotine, ranged from <10% in the dentate gyrus to approximately 40% in the stratum

radiatum hippocampus (data not shown) and was subtracted from the total signal during

quantitation.
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Figure 5.9. Total |'*Ha-BGT binding in rcpresentative coronal scctions approximately 3.6 mm caudal 10
bregma from rats 7 days after injection of cither vehicle or quinolinic acid into the magnoceltular basal
k- nuclcus. Abbreviations: Cal-3, ficlds of the hippocampus; C1-5, cortical layers 1-5; C6, corlical layer 6: Dg.

dentate gyrus; HiF, hippocampal fissure: Rad. stratum radiatum hippocampus. Cortical lavers defined as
described in the atlas of Paxinos and Watson (1986).

_ Specific ['*Iloa-BGT binding was significantly increased by 29%, 39% and 23% in
E the Cal and Ca2 fields of the hippocampus and the hippocampal fissure respectively as a
result of excitotoxic lestoning of the MBN regton in the basal forebrain (figure 5.10). No
change in specific ['*IJa-BGT binding was seen in the dentate gyrus, stratum radiutum
hippocampus or cortex in quinolinic acid treated rats, relative to rats injected with vehicle.
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Figure 5.10. Levels of specific [*°1]a-BGT binding in sclected regions of coronal sections approximately : :
3.6 mm caudat 10 bregma from rats 7 days afier injection of cither vehicle or quinotinic acid into the : .
magnoccllular basal nucleus, quantified in terms of relative optical density (ROD). Abbreviations: Cal-3, :
ficlds of the hippocampus;C1-5, cortical layers 1-3; C6, cortical layer 6; Dg, dentate gyrus; HiF. hippocampal -_ .
fissure; Rad. stratum radiatum hippocampus. Contical layers defined as described in the atlas of Paxinos and :
Watson (1986). The mean ROD level in the quinolinic acid treated group was compared to the mean level of
ROD in the vehicle group using an unpaired student’s  test (*, P < 0.05; **, P < 0.01). Each data point
represents the mean 1 S.E.M. of measurcinents taken from four animals.
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5.3.5 NMDA RECEPTOR SUBUNIT mRNA EXPRESSJON

NMDAR NRI, NR2A and NR2B subunit mRNA expression was examined by in
situ hybridisation histochemistry in coronal sections from vehicle and quinolinic acid

treated rats. Representative autoradiographs showing the distribution and intensity of NR1,

NR2A and NR2B NMDAR subunit mRNA expression are shown in figures 5.11.
] : Vehicie . Quinolinic acid

Figure 5.11. NMDAR subunit mRNA expression in representative coronal sections approximately 3.6 min
caudal to bregma from rats 7 days after injection of cither vehicle or quinolinic acid into the magnocellular
basal nucleus. Abbreviations: Cal-3, ficlds of the hippocampus; Cix, coriex; Dg, dentate gyrus.

144




R b T Bt el T e

5L Lab e

F e AT

R e SR e o T

LI R
2 T A A e

e ifpfamd Sralitel kel

sl

s

e

e EhRAS

Rats treated -7th an injection of quinolinic acid into the MBN exhibited a
significant increase in the level of NR1 and NR2B NMDAR expression relative to rats
treated with vehicle (fig 5.12). Specifically, quinolinic acid treated rats exhibited an
increase in NR1 mRNA expression of 25 — 43% in the hippocampus and 61% in the cortex
respectively, and NR2B levels were significantly up-regulated By 21% in the cortex but not
affected in the hippocampal regions quantified. No significant change in NR2A mRNA

expression was observed in any of the hippocampal or cortical regions tested.
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Figure 5.12. Levels of NRI, NR2A and NR2B NMDAR subunit mRNA expression in selected regions of
coronal sections approximately 3.6 mm caudal to bregma from rats 7 days after injection of either vehicle or
quinolinic acid into the magnocellular basal nucleus, quantified in ternis of relative optical density (ROD).
Abbreviations: Cal-3, fields of the hippocampus; Ctx, cortex; Dg, dentate gyrus. The mean ROD level in the
quinolinic acid treated groups was compared to the mean level of ROD in the corresponding vehicle group
using an unpaired student’s t test (*, P < 0.05; ** P < 0.01; ***, P <0.001). Each data point represents the
mean  S.E.M. of measurements taken from four animals.
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5.3.6 APP695, BACE, PS1, PS2 AND TACE mRNA EXPRESSION

The expression of APP695 and four proteins (BACE, PS1, PS2 and TACE) that
play critical roles in the prote.olytic processing of APP was examined in coronal sections
from vehicle and quinolinic acid treated rats using in situ hybridisation histochemistry.
Representative sections showing the distribution and intensity of the expression of these

mRNAs in both vehicle and quinolinic acid treated groups are shown in figure 5.13.
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APPG695

Figure 5.13. APP695, p-site APP-cleaving eazymc (BACE), presenilin-1 (PS1), presenilin-2 (PS2) and
tumour necrosis factor-a-converting enzyme (TACE) subunit mRNA cxpression in representative coronal
scctions approximately 3.6 mm caudal to bregma from rats 7 days afier injection of cither vehicle or
quinolinic acid into the magnocellular basal nucleus. Abbreviations: Ctx, cortex; C3, cortical layer 3; Dg,
dentate gyrus. Contical layers defined as described in the atlas of Paxinos and Watson (1986).

Excitotoxic nbM lesions, using quinolinic acid, caused a significant increase in

APP695, TACE, PS1 and PS2 but not BACE mRNA expression in a number of
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hippocampal and cortical regions (5.14). APP mRNA expression was increased by 10 — 28
% in the Cal and Ca2 fields of the hippocampus and in the cortex. TACE and PS1 mRNA
expression was increased by 22 ~ 59 % and 23 — 40 % respectively throughout the
hippocampus and cortex. The expression of PS2 mRNA was increased in the corlex by 26
% but was not significantly effected in the hippocampus. No siéniﬁcant change in the ievel
of BACE mRNA expression was seen in any of the cortical or hippocampal regions

examined in this study.

APP&35 TACE »
100 75+ .
Ig g -
8 s . & . :
sR Vehicle % . % .
PR Quinolinic acid o s}
25.
% :5 !—l % ] l ;:.-.
[T} 3
« [ I .-;j I
% car Tem3 Dp o oe cat c-z '
Region Reglon
s, BACE . Presenilin-y | e Presenifin-2
& &° &
g 50 §3 g 50
5 5, 8
2 25 2 £ 25
3 lﬁ £ I %
14 [ 4 [
O1lENEE. B WE. S SN 444 piFEB.  EHEE. SN NN _EN2 0 ol ENEE.._ NN B
cul Ca2 Cal 0 c;: Ca.‘! cal Cn?

Region Region Reglcm

Figure 5.14. Levels of APP695, B-site APP-cleaving enzyme (BACE), presenilin- |, presenilin-2 and tumour
necrosis factor-at-converting enzyme (TACE) mRNA expression in selected regions of coronal sections
approximately 3.6 mm caudal to bregma from rats 7 days after injection of either vehicle or quinolinic acid
into the magnocellular basal nucleus, quantified in terms of relative optical density (ROD). Abbreviations:
Cix, cortex; C3, cortical layer 3; Dg, dentate gyrus, The mean ROD level in the quinolinic acid treated groups
was compared to the mean level of ROD in the corresponding vehicle group using an unpaired student’s t test
(*, P <0.05; **, P <0.01; *** P < 0.001). Each data point represents the mean * S.E.M. of measurements
taken from four animals. :
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5.4 DISCUSSION

The significant reduction in cortical but not hippocampal AChE levels seen 7 days
after excitotoxic lestoning of the MBN is consistent with the topographical organization of
the cholinergic projections originating in this basal forebrain region (Mesulam et al., 1983;
Rye et al., 1984). The magnitude of this reduction, 26 — 32%, is similar to the 28%
reduction previously reported by Gutierrez et al., (1999). Notably, this response was fairly
modest compared to the 74 — 80% loss of cortical AChE levels reported in the previous
chapter as a result of selective cholinergic lesioning using 192-1gG-saporin. It is interesting
then that, generally speaking, the excitotoxic lesions rather than 192-IgG-saporin treatment
produced greater changes in the various neurochemical markers examined.

The increase in the expression of oy and B2 nAChR subunit mRNA described here
has also been reported by both Miyai et al., (1990) and Burghaus et al., (2001) in response
to excitotoxic basal forebrain lesions. Interestingly, both of these studies described this as
being a transient effect with the increase in nAChR subunit expression peaking at one‘
week after excitotoxic lesions but returning to control levels 4 weeks after the lesion.
Although it seems reasonable to hypothesise that the transient increase in these two
nAChR subunits may underlie an up-regulation of the o4 nAChR subtype, surprisingly it
is reported here that there was no significant change in [*H]epibatidine binding under the

same conditions. This is consistent with previous findings which report no change in either

[*H]nicotine (Miyai et al., 1990) or [*Hjepibatidine (Bednar et al., 1998) binding following

excitotoxic basal forebrain lesions. As discussed by Miyai et al., (1990), it is possible that
there was in fact an increase in nAChRs on cortical neurons but a loss of presynaptic
nAChRs on basal forebrain afferents may mask this effect. ie. in radioligand binding

experiments the net result of an increase in nAChRs on one population of cortical neurons
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and a decrease in another population, may be no detectable change in the overall nAChR
level. Because in situ hybridisation histochemistry detects mRNA at the level of the cell
body, the nAChR subunit mRNAs detected in the cortex necessarily represent expressioi
in intrinsic cortical cell bodies and are not representative of nAChRs located
presynaptically on neuronal afferents wlich originate in other regions. Radioligand binding
studies, however, do not distinguish between nAChRs located on these two neuronal
populations. Therefore the increase of both o4 and P> subunit mRNA and lack of change in
[*H]epibatidine binding in the cortex following MBN injections of quinolinic acid, may
reflect an up-regulation of a4 nAChRs on intrinsic cortical neurons and a corresponding
loss of presynaptic o4fl; receptors from cortically projecting basal forebrain afferents.
Evidence has been published from two separate studies which support the idea that there is
indeed an upregulation of nAChRs on cortical neurons (Abdulia et al., 1995) and a loss of
presynaptic nAChRs on basal forebrain afferents projecting to the cortex (Bednar et al.,
1998) following excitotoxic lesioning of the basal forebrain. Abdulla et al., (1995) have
reported an increase in the sensitivity of cortical neurons 2 weeks after excitotoxic MBN
lesions with the proportion of neurons responding to iontophoretically applied nicotine
increasing from 32% to 54% following the lesion. Although this result is indicative of an
increase in cortical nAChR density following MBN lesions, it was reported in the same
study that there was nlso a significant reduction in cortical levels of [*H]nicotine binding.
Like Miyai ef al (1990), Abdulla et al., (1995) have also argued that an increase in the
expression of nAChRs on intrinsic neurons coupled with a significant loss of presynaptic
nAChRs on cortically projecting basal forebrain afferents may explain their results. A
study by Bednar et al., (1998) has similarly reported a significant reduction in cortical
[*H]cytisine binding 5 weeks after excitotoxic MBN lesions and have interpreted this result
as a loss of cortical nAChRs located presynaptically on basal forebrain projections.

Detection of this net reduction in cortical nAChR binding would not be compromised by
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an up-regulation of nAChRs located postsynaptically relative to basal forebrain projections
because, according to both Miyai et al., (1990) and Burghaus et al., (2001), there is no
longer a discernable up-regulation of cortical nAChR subunit mRNA at this time point.
Interestingly, Bednar et al., (1998) also report that selective cholinergic lesions with 192-
IgG-saporin did not alter [*H]cytisine binding levels 5 weeks after treatment and, taken
together with the results showing a reduction in [Hleytisine binding 5 weeks after
excitotoxic lesioning, have interpreted this result as indicating that most of the presynaptic
basal forebrain nAChRs lie on non-cholinergic rather than cholinergic basal forebrain
projections.

In addition to the significant increase in oy and B mRNA in cortical regions
reported here, there was also a significant up-regulation of §; mRNA in the hippocampal
regions examined. Although MBN neurons do not project extensively to the hippocampus,
there is extensive communication between hippocampal neurons and cortical neurons,
particularly those that reside in the entorhinal cortex. Tht;refore the disruption of basal
forebrain transmission to certain cortical neurons as a resuit of MBN lesions may,
subsequently, affect communication between these cortical neurons and hippocampal
neurons. This may be the basis for changes in neurochemical markers in the hippocampus,
such as 2 nAChR mRNA following excitotoxic MBN lesions. There may also be some
significant level of innervation of the hippocampus by non-cholinergic neurons originating
in the MBN. While it has been demonstrated that cholinergic MBN neurons project
predominately to neocortical areas (Mesulam et al., 1983; Rye et al., 1984), less is known
about the topographic organization of ascending non-cholinergic MBN projections. The
increase in B2 mRNA expression throughout the brain may represent an increase in the
expression of nAChR subtypes other than the major ouf; isoform. Particularly in
hippocampal regions where no detectable levels of oy mRNA signal was observed.

Transfection studies using xenopus oocytes have demonstrated that in addition to the oup;
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subtype, the {3, subunit also forms functional and g harmacologically distinct nAChR
subtypes when constructed as 2Pz, d;Bz and o305 ionophores. Unfortunately, there are
currently no selective radioligands available to detect these nAChR subtypes. One of the
advantages of measuring individual nAChR subunits at the mRNA level is that it is
possible to predict potential changes in nAChR subtypes for which there are no selective
radioligands.

In addition to the increase in hippocampal ]3;; subunit expression, there was also an
increase in the expression of o7 subunit mRNA in the Cal and Ca2 fields of the
hippocampus as a result of excitotoxic MBN lesioning. Notably, there was also a
significant increase in ['*IJa-BGT binding to a7 nAChRs in the same regions. Therefore it
would be reasonable to conclude that there is an upregulation of o; nAChRs on
hippocampal neurons in the Cal and Ca2 fields in response to excitotoxic MBN lesioning
and that this response is likely to mediated at the mRNA levél. So far as can be
determined, there has been no information previously published describing the affect of
excitotoxic basal forebrain lesions on the expression of o7 subinit mRNA or ['*IJa-BGT
binding. Speculatively, according to the hypothesis offered by both Miyai er a/ (1990) and
Abdulla et al., (1995), which describes the level of radioligand binding to m;uChRs
following MBN lesions as being dependent on the net effect between an loss of presynaptic
nAChRs on basal forebrain projections and an upregulation of nAChRs on intrinsic
neurons in the projected target areas; the overall upregulation of ['**[Ja-BGT binding
reported here may reflect a lack of significant levels of a; nAChRs located presynaptically
on basal forebrain afferents.

The increase in cortical and hippocampal nAChR subunit mRNA expression and
['*Ila-BGT binding in response to excitotoxic MBN lesions may represent a homeostatic
response to a loss of basal forebrain driven neurotransmission in these areas. A study by

Abdulla et al., (1994) has demonstrated a significant reduction in the firing rate of cortical
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neurons following MBN lesions. A significant proportion of the neurons modulated by
basal forebrain activity are likely to be glutamatergic (Flint et al., 1985; Lamour et al.,
1982; Reine et al., 1992). In support of this, there is a significant depression of the
spontaneous release of glutamate from cortical slices of rats that have received excitotoxic
basal MBN lesions (Szerb et al., 1990). Reine et al., (1992) have reported a significant
reduction in the Km value for glutamate uptake in both the cortex and hippocampus
following excitotoxic MBN lesions. Reductions in the Km of high affinity glutamate
transport has previously been correlated with a corresponding reduction in glutamatergic
neuronal activity (Nieoullon et al.,, 1983). As has been reported here, Reine et al.,, (1992)
also report that the lack of MBN projections to the hippocampus is reflected by a lack of
change in hippocampal cholinergic activity f(;)llowing MBN lesions and have suggested
that the reduction in glutamate uptake in this region may result from changes in perforant
path transmission. The perforant path, which originates in the entorhinal cortex, is the
major source of glutamatergic input to the hippocampus and aiso receives major inputs
from the amygdaloid nuclei and various cortical areas that all share connections with the

MBN (Beckstead, 1978; Koliatsos et al., 1988; Van Hoesen et al., 1975; Woolf et al.,

1982). As discussed in the previous chapter, activation of the a7 nAChR subtype has been

+

shown to facilitate glutamatergic transmission in the Cal field of the hippocampus (Gray et

al., 1996). Therefore, the up-regulation of a7 type nAChRs in this region following 14BN
lesions may represent a homeostatic response to a reduced level of glutamatergic
transmission in this area resulting from changes in the level of stimulation of glutamatergic
Cal neurons by perforant path input. In an analogous manner, the up-regulation of a4 and
B2 RAChR mRNA may be a homeostatic response to a depressed level of activity of other
neuronal populations which are modulated by nAChR subtypes incorporating these
subunits. For instance, the a4z subtype is thought to positively modulate GABAergic

transmission (Alkondon et al., 1997b; Lu et al., 1998) and interestingly Abdulla et al.,
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(1994) have reported that there is a significant increase in cortical GABAergic tone
following excitotoxic lesioning of the MBN. Speculatively, this may be the result of
stimulation of an increased number of oy nAChRs on cortical GABAergic interneurons
by the remaining cholinergic basal forebrain projections. A useful direction for further
work in this area may involve examining the effect of selective nAChR ligands on the
release of different neurotransmitters in the cortex and hippocampus following basal
forebrain lesions.

The significant increase in the expression of hippocampal and cortical NMDAR
subunit mRNA reported here following excitotoxic MBN lesions is also consistent with the
idea that glutamatergic neurons in this region may up-regulate their receptors as a
homeostatic response to a depression in the activity of these neurons caused by a loss of
neuronal input from the basal forebrain. There was a significant increase in the level of
NR1 mRNA throughout the hippocampus and cortex and NR2B mRNA in the cortex of
MBN lesioned rats 7 days after the lesion. No significant change was seen in the
expression of NR2A mRNA in these regions. While the increase in cortical NR1 and
NR2B mRNA may represent the up-regulation of' a specific NMDAR subtype
incorporating these subunits, the up-regulation of NR1 expression in the hippocampus may
represent a change in other NMDAR populations that do not incorporate th.e NR2A or
NR2B subunits. Notably, while an increase in NR1 and NR2B mRNA has been reported
here as a result of excitotoxic basal forebrain lesiops, in the previous chapter it was
reported that selective cholinergic basal forebrain lesioning results in an up-regulation of
NR2A NMDAR subunit mRNA. Collectively, these results suggest that cholinergic and
non-cholinergic basal forebrain projections are likely to affect different populations of
NMDAR subtypes in telencephic regions. While this study shows that telencephic
NMDAR subunit mRNA levels are regulated by basal forebrain activity, a useful

expansion of this work would involve binding studies using selective NMDAR ligands to
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In summary, this work has demonstrated that a loss of basal forebrain activity

I

results in an up-regulation of NMDAR and nAChR subunit mRNAs and ['?*I]a-BGT

correlate the changes in subunit mRNA expression with changes in specific NMDAR ;
When compared to the results regarding 192-IgG-saporin treatment described in the
previous chapter, excitotoric lesioning of basal forebrain nuclei was associated with
* substantially less damage to cholinergic neurons but produced greater changes in the
NMDA and nicotinic markers examined. It is therefore conciuded that non-cholinergic
basal forebrain neurons may play an important role in regulating NMDA and nicotinic
‘ subunit mRNA expression and receptor levels. As discussed in the introduction, non-
cholinergic MBN neurons are predominately GABAergic and synapse on local :
;; GABAergic interneurons in the cortex that provide inhibitory control of other cortical ]
| : neurons, a large percentage of which are glutamatergic. A loss of GABAergic MBN‘ 1
* neurons may therefore be expected to decrease the activity of cortical glutamatergic
Z_ neuronal activity as a resvlt of increased cortical GABAergic tone. Considering the i :;:
j importance of cortical and hippocampal glutamatergic transmission in memory function, a E
¢ ‘ :
; loss of glutamatergic activity may underlie the cognitive impairments associated with basal ‘
“f forebrain lesions. The finding that the degree of cholinergic basal forebrain dysfunction
[ does not correlate well with the degree of cognitive impairment following excitotoxic basal
| ; forebrain lesions (Dunnett et al., 1987; Robbins et al., 1989a; Robbins et al., 1989b) raises
f the possibility that non-cholinergic basal forebrain neurcns mav play a more important role
in mediating this effect. Similarly, the work presented in this and the previous chapter I
collectively indicate that non-cholinergic rather then cholinergic basal forebrain neurons
may play an important role in regulating NMDAR and nAChR markers in basal forebrain
target areas.

binding, and evidence has been detailed which implicates non-cholinergic MBN neurons as
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mediating_ this effect. initially, the relevance of these results to the pathological changes
seen in AD may seem questionable considering that studies using post-mortem AD tissue
have demonstrated a significant decrease in NMDAR and nAChR markers and little data
has been published from these studies describing the degeneration of non-cholinergic basal
forebrain neurons. However, the use of relatively unspecific neuronal markers, such as
GAD, for the detection of GABAergic basal forebrain neurons may prevent the accurate
quantification of this neuronal population in many studies. Furthermore, as discussed in

detail in the previous chapter, the widespread loss of many neurochemical markers, such as

nAChRs and NMDARs, in post-mortem AD studies may well reflect the non-specific

degeneration of many netironal populations associated with end-stages of the disease. The
up-regulation of hippocampal and cortical nAChR and NMDAR markers described here
might be an important change associated with the degeneration of the basal forebrain
structure at earlier stages of AD. Importantly, it has been.reported here that there is an up-
regulation of specific neurochemical markers in' the hippocampus and cortex in an
experimental paradigm that has consistently been shm-lvn to impair certain aspects of
memory and cognition. This may represent a homeostatic response in an attempt to
compensate for the neurochemicai imbalances which cause cognitive dysﬁ.mction and
therefore these neurochemical markers (nRAChRs and NMDARs) may be important
therapeutic targets for the cognitive dysfunction associated with AD.

In addition to an up-regulation of nicotinic and NMDA receptor markers, it has also
been reported here that excitotoxic basal forebrain lesions cause a significant increase in
the mRNA expression of APP695 as well as a number of proteins involved in its
proteolytic processing, including PS1, PS2 and TACE. The significant increase in cortical

and hippocampal APP mRNA expression seen 7 days after quinolinic acid injection into

the nbM is consistent with a number of studies which have also reported increases in APP

at both the mRNA (Wallace et al., 1993; Wallace et al., 1991) and protein (Harkany et al,
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2000a; Iverfeldt et al., 1993) level in response to excitotoxic basal forebrain lesions. In
light of the results reported in the previous chapter showing no change in APP mRNA
levels 7 days after 192-I1gG-saporin treatment, it is unlikely that the up-regulation in
cortical and hippocampal APP following excitotoxic lesions is related specifically to a loss
of cholinergic innervation of these areas. This raises the interesting possibility that
GABAergic baéal forebrain activity may play a role in regulating APP transcription. A
study by (Wallace et al, 1993) has reported that increased cortical APP expression
following the loss of basal forebrain neurons is likely to be related specifically to reduced
neuronal activity rather than due to non-specific neuronal damage and the physical loss of
neurons. It was demonstrated in this study that the up-regulation of cortical APP mRNA
levels associated with injections of excitotoxic basal forebrain lesions can be simulated by
injecting the lidocaine into the nbM. Lidocaine is .a sodium chanuel antagonist that
reversibly disrupts neuronal transmission without causing ncuronal damage. After showing
that APP transcription is reversibly up-regulated following injection of lidocaine into the
MBN, Wallace et al., (1993) concluded that APP levels in the cortex may be regulated by
functional neuronal innervation from the basal forebrain. The results presented here, as
well as in the previous chapter, indicate that non-cholinergic basal forebrain neurons may
play an important role in this context. It has also been reported here that excitotoxic
lesioning of the basal forebrain results in a significant up-regulation of PS1, PS2 and
TACE mRNA in the cortex and hippocampus. Based on a considerable amount of evidence
implicating these proteins in the proteolytic processing of APP (for review see Nunan et
al., 2000), this result is consistent with the finding that there is an increase in the
production of SAPP fragments in response to neuronal degeneration (Iverfeidt et al., 1993).
Iverfeldt et al., (1993) has reported that after quinolinic acid induced lesions of the striatum
there is a significant increase in the level of SAPP fragments and concomitant decrease in

full length APP695 in both the lesioned area and in those projectian areas where the axons
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of the lesioned neurons terminate. 1t was concluded that proteolytic processing of APP is
increased in response to neuronal degeneration. The results presented here indicate that this
effect may be mediated by an up-regulation in the expression of various proteins that play
impotant roles in APP processing. As detailed in the previous chapter, 192-IgG-saporin
induced cholinergic lesioning of the basal forebrain did not significantly affect PS1, PS2 or
TACE mRNA levels, Therefore the finding that there is an up-regulation of these mRNAs
following excitotoxic lesions suggests that non-cholinergic basal forebrain neurons may
play a role in mediating this effect. It is also possible that a greater degree of neuronal
damage associated with excitotoxic, as apposed to immunotoxic, lesioning is a factor in
up-regulating PS1, PS2 and TACE mRNA. Relative to 192-IgG-saporin treatment, the
non-specific damage to a greater subset of neurona! cells caused by quinolinic acid
injection may reasonably be expected to be associated with a greater gliotic response to
neuronal degeneration. While 192-lgG-sap_orin il;jection does not produce local gliosis in
excess of that associated with vehicle injection (Holley et al., 1994), significant microglial
and macrophage invasion appears to represent an early stage in excitotoxic lesion induced
gliosis (Marty et al., 1991). Activated microglial cells release interleukin-1 (Giulian et al.,
1986), which acts as a mitogen for astrocytes. Notably, interleukin-1 has been shown to
induce the secretion of SAPP fragments (Buxbaum et al., 1992). Collectively, the results
reported here and in the previous chapter suggest that the degree and mechanism of
neuronal damage may be important factors that regulate APP processing, or at least the
expression of certain proteins involved. Interestingly, while there was an increase in PSI,
PS2, and TACE mRNA following the excitotoxic nbM lésions, there was no change in the
level of BACE mRNA. This pattern of changes is consistent with a sj)eciﬁc up-regulation
in proteins involved in the processing of APP along the non-amyloidogenic o-secretase
pathway (refer to fig. 1.1, Chapterl, General Introduction). Processing along this pathway

prohibits the formation of AP, by cleaving within the AP sequence, and results in the
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formation of sAPPa and p3. A number of studies have described potent neuroprotective

and neurotrophic effects mediated by sAPPa. In particular, it is thought that SAPPa plays
an important role in stabilising intracellular calcium levels and preventing damage
associated with excessive neuronal stimulation (Li et al., 2000; Mattson et al., 1993b;
Mattson et al,, 1993a). The increase ‘in PS1, PS2 and TACE levels reported here may
reflect an up-regulation in SAPPa production in an attempt to counter the excessive
neuronal stimulation and damage caused by quinolinic acid induced excitotoxicity. It is
well established that a high-efficacy endogenous mechanism of neuroprotection in the
brain is the enhanced release of neurotrophic/neuroprotective factors at “he site of neuronal
damage (Ciccarelli et al.,, 1999; Hortobagyi et al., 1998; Masliah et al., 1997; Ohsawa et
al., 1999). While upregulation of APP processing along tﬁe non-amyloidogenic o-secretase
pathway may represent a response to neuronal damage in the normal brain, a consequence
of the pathology associated with AD may be up-régulation of the amyloidogenic 8-
secretase pathway in response to neurodegeneration. Of course this is certainly likely to be
the case in familial forms of the disease, which by definition are associated with aberrant
APP processing.

It has been demonstrated here and in the previous chapter that a loss of both
cholinergic and non-cholinergic basal forebrain neurons may contribute to the up-
regulation of APP in the cortex and hippocampus. Furthermore, there is also an up-
regulation of proteins involved in the non-amyloidogenic processing of APP in response to
excitotoxic neuronal damage. An up-regulation of these proteins coupled with an up-
regulation of the APP substrate may be expected to significantly increase the formation of
sAPP fragments. Clearly the type of APP processing proteins up-regulated will affect the
type of sAPP fragments produced. The results presented here indicate that the normal
response to excitotoxic damage is an up-regulation of APP processing along the «-

secretase pathway and, consequently, the production of sAPPa and p3. It would be
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interesting to investigate the possibility that, in AD brains, neuronal damage is associated ‘
with pathological up-regulation of amyloidogenic APP processing along the B-secretase
pathway and the production of sAPPf and AP. Circumstantially at least, this hypothesis is
supported by the consistently reported finding that AP plaques are closely associated with
dystrophic neurites (Dickson, 1997; Terry et al., 1994} in AD brains.
l
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6.1 INTRODUCTION

As has been discussed, one of the greatest cﬁallenges in AD research involves the
accurate characterisation of the neurodegenerative process based on a unifying model that
describes the relevénce of and relationship between the wide variety of neurochemical
changes associated with the disease. The degeneration of the cholinergic basal forebrain
system (Beach et al, 1997; Bigl et al., 1987; Bowen et al., 1976; Bowen et al., 1982;
Davies et al.,, 1976; Perry et al., 1977; Zubenko et al., 1989), a loss of cortical and
hippocampal nAChR density (Flynn et al., 1986; Guan et al., 2000; Nordberg et al., 1950;
Nordberg et al., 1986; Sugaya et al., 1990; Warpman et al., 1995) and the accumulation of
AP rich plaques in these areas (Alzheimer, 1907; Digkéon, 1997; Glenner et al, 1984;
Masters et al., 1985; Terry et al, 1981; Terry et al., 1970) are some of the most
consistently reported features associated with AD. Consequently, a great deal of research
has focussed on a possible relationship between AP deposition and chelinergic loss or
dysfunction in AD. Establishing a causal relationship between thgse two major
pathological changes in AD brains has been somewhat of an elusive goal in AD research
and one pursued by proponents of the ‘cholinergic hypothesis® (Bartus et al., 1982) and
‘amyloid cascade hypothesis’ (Hardy, 1997) of AD neuropathology alike. As discussed in
detail in chapter 3, a compelling body of evidence has been documented over the last
decade that directly implicates AP peptides in both the degeneration and modulation of
cerebral cholinergic neurons (for review see Auld et al., 1998). Relatively little, however,
is known about the specific nature of interaction between AP peptides and cholinergic
neurons.

Two studies recently published by Wang et al., (2000a & 2000b) report that ARz
binds selectivély to the oy subtype of the neuronal nicotinic acetylcholine receptor

(nAChR) with picomolar affinity. This finding is particularly interesting considering the
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- important role that oy nAChRs are thought to play in learning and memory (Fujii et al,

2001; Levin et al., 1999; Matsuyama et al., 2000; Meyer et al., 1997; Rezvani et al., 2001),
and offers a possible explanation for the mechanism of interaction between AP peptides
and cholinergic neurons. The oy nAChR subtype displays permeability to Ca’* ions
significantly higher than has been reported for other ligand gated ion channels, including
the NMDA subtype of glutamate receptors (Seguela et al., 1993). The permeability ratio
(Pca*":Pra") of a7 nAChRs is about 20, compared to 1.5 for other neuronal nAChRs and
0.2 for muscle nAChRs (Vernino et al, 1992). Such high permeability to Ca®*" may
predispose the neuron following activation of these receptors to calcium overload
neurotoxicity. Accordingly, Wang er al (2000 a,b) have hypothesized that the oy nAChR
may mediate cytotoxicity through its interaction with AB(142) based on their findings that
a; nAChRs and Af;2) co-localize in nueuritic plaques and in AD neurons and that A 42
binds selectively to oy nAChRs in vitro ‘as determined in competition studies with o
nAChR specific ligands. Furthermore, they have indicated that the binding motif for AP;.
42)18 likely to be contained within amino acids 12-28.

The aim of the work presented in this chapter has been to extend on the work
described by Wang et al (2000 a,b) by investigating the regional distribution‘of APB42) and
APq22s binding to a7 nAChRs in areas selectively effected in AD pathology, such as
- hippocampus and cortex. This was achieved by examining competition of AP and
AP(22sy with the selective o; nAChR ligand ['*T)a-BGT using autoradiographic
techniques in coronal slices from rat brain. Two other a7 nAChR selective ligands, choline
and methyllcaconitite (MLA), were used in competition with ['**1Ja-BGT to demonstrate
that ['**IJa-BGT binding was displaceable in this preparation. Additionally, the effect of in
vivo treatment with soluble AP0 on ['Ila-BGT binding to a7 nAChRs as well as the

expression of the o; nAChR subunit mRNA has been discussed.
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6.2 METHODS

6.2.1 TREATMENT OF ANIMALS AND TISSUE PREPARATION

The following methods relating to animal treatment are based on those previously
described in chapter 3, 3.2.1 Treatment of Animals and Tissue Preparation.

Sprague-Dawley rats (250-300g) of either sex received continuous i.c.v. infusions
for 14 days of either APu4o) peptide dissolved in vehicle consisting of 30%
acetonitrile/0.1% trifluoroacetic acid (v/v) or vehicle alone. The animals were
anaesthetised with pentobarbitone (60 mg/kg i.p.) and constrained to a tilted skull position
(-0.3 mm) using a Kopf stereotaxic apparatus: A continuous i.c.v., 14 day infusion of either

APa40) (300 pmol/day) or vehicle was achieved using brain infusion kits (Alza corp.,

USA.) attached to modified miniosmotic pumps (pump rate of 1 pl/hr; Alza corp., USA).
The osmotic minipumps were weighed before and after addition of the solution for i.c.v.
infusion to ensure that they had been filled. After removing the plastic cap that covers the
metal rod housed in the minipump a 4.5 cm length of polyethelene tubing was used to
attach the minipumps to the infusion cannula. The minipumps we:e placed between the
scapulae in a small subcutaneous cavity. A small hole was drilled inio the skull and a
capped infusion cannula was implanted into the left lateral ventricle at stereotaxic
coordinates: 1.0 mm caudal to bregma, 1.5 mm left from the midline, 3.4 mm ventral from
the cortical surface according to the atlas of Paxinos and Watson (1986). The infusion
cannula was fixed in place by inserting a small stainless steel screw into the skull and then

anchoring the cannula to the screw using dental cement.
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Following u.'eaiment, animals were decapitated and the brains frozen over liquid
nitrogen. A Reichert Jung cryostat was used to collect a series of 14 pum sections.
Consecutive coronal sections were taken at 3.6 mm caudal to bregma and thaw mounted on
poly-L-lysine coated slides. All tissue was stored at -70°C until required. A series of
sections was also taken from untreated animals for use in the autoradiographic competition

studies with AB (142 and ['*T}a-BGT.

6.2.2 P I a-BUNGAROTOXIN BINDING TO MEMBRANES

The protocol for membrane binding is based on that described by Wang et al,,
(2000b}). Freshly extracted hippocampal tissue from Sprague Dawley rats (250 — 300 g) of
either sex was homogenised in 50 volumes (w/v) of ice-cold Na'-HEPES using a glass
homogeniser, and the homogenate was centrifuged at 42 000 g at 4°C for 10 min. The
supernatant was discarded and the pellet was washed by resuspending it in 40 volumes
(w/v) of ice-cold Na'-HEPES and centrifuging at 42 000 g at 4°C for 10 min. This washing
step was repeated three times before the pellet was finally resuspended in 25 volumes
(w/v) of a buffered incubation medium containing Na'-HEPES (10 mM, pH 7.4), 5 mM
MgCl,, 0.01% bovine serum albumin and 100 mM NaClL

Each sample tube, tested in duplicate, contained a total volume of 1 ml including:
0.25 ml of the membrane suspension; 0.4 ml of incubation medium; 0.25 ml of ['*T)a-
BGT in incubation medium (final concentration of 2 nM); 0.1 ml of the unlabelled
competitor in dH20. The competitors were pre-incubated with the tissue and incubation
iedium at 37°C for 20 min prior to the addition of ['**I]a-BGT. Non-specific binding was
determined in the presence of 100 mM (-)-nicotine. The reaction proceeded for 1 h at

37°C and was terminated by vacuum filtration using a Brandell™ cell harvester and
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washed twice with ice-cold Na*-HEPES (10 mM, pH 7.4). The amount of bound ['*I]a-
BGT was quantified by liquid scintillation spectrometry using a Packard Tri-CfarbTM liquid
scintillation spectrometer (counting efficiency 30-50%). Specific binding was calculated
by subtracting non-specific binding from total binding and the percentage of specific
['"®1]a-BGT binding was plotted against the concentration of unlabelled competitor used.
Graphpad Pi{ISM software (San Diego, USA) was used to fit displacement curves to the
data and calcutate ICso values using non-linear regression analysis assuming one saturable

binding site.

6.2.3 [ I} a-BUNGAROTOXIN AUTORADIOGRAPHY

The protocol for ['**Ija-BGT was based on that used by Whiteaker et al., (1999)
and has been described in detail under Chapter 2, General Methodology, 2.3 ["*Ije-
Bungarotoxin Awtoradiography. For the competition studies, the unlabeled competitors
were included in the 20 minute pre-incubation step and maintained throughout the
incubation with'['*I]o-BGT.

The autoradiographic images were digitally captured and ['*I]a-BGT binding in
selected anatomical regions was quantified in terms of relative optical density using Scion

imaging software (www.scioncorp.com) as previously described in general methods, 2.5

Quantitation. Specific binding was calculated by subtracting non-specific binding from
total binding.

For analysis of the competition studies, the percentage of specific ['*IJa-BGT
binding was plotted against the concentration of unlabelled competitor used. Graphpad

PRISM software (San Diego, USA) was used to fit displacement curves to the data and
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calculate ICso values using non-linear regression analysis assuming one saturable binding
site. Each data point represents the average of measurements taken from 4 animals.

For analysis of the effects of in vivo AP treatment, ['*1]a-BGT binding in
coronal sections from AP-40) treated animals was compared to ['*I}a-BGT from vehicle
treated animals using an unpaired student’s t test. P values of less than 0.05 were taken to
indicate statistical significance. Reported levels of ['*Ija-BGT binding represents the

average of measurements taken from 4 animals.

6.2.4 INSITU HYBRIDISATION HISTOCHEMISTRY
The protocol for in situ hybridisation is based on the methods described Wisden et

al., (1994) and adapted by Loiacono et al., (1999), and has been described in detail uader

Chapter 2, General Methodology, 2.1 In Situ Hybridisation Histochemistry.
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6.3 RESULTS

6.3.1 ['**I]a-BUNGAROTOXIN BINDING TO MEMBRANES

The ability of ABuz2), ABa-2s) or the o7 nAChR selective ligand, choline, to bind to
the oy nAChR subtype was determined by assessing the ability of these ligands to compete
with ["**I]a-BGT binding in a preparation of hippocampal membrane fragments. ["*I}o-
BGT was not displaceable by either AB(142) or AB(1-28) up to a concentration of 30 nM (fig.
6.0). Choline displaced ["**I]a-BGT binding with an ICsp (95% confidence limits) of 45.12
(28.30 - 71.93) mM. Non-specific binding, as defined by 100 mM (-)-nicotine, typically

accounted for approximately 20-25% of the total signal (data not shown) and was

subtracted from total binding when plotting the competition curves.

. 1601
8
S .
53 -[ 4 B-AmY|0ld(12_23)
100 Q‘; ; % .
g L4 B‘AmYbld(1_42)
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& 50
o
@
o
w
0 |

) ] I
-125 -10.0 -7.5 -5.0 25 0.0
Log [Competitor]

Figure 6.0. Competition curves for the displacement of ['*1)a-BGT (2 nM) by AB2.255 AB(z) and choline
in rat hippocampal membrane fragments. Graphpad PRISM software was used to fit displacement curves to
the data and calculate ICs, values using non-linear regression analysis assuming one saturable binding site.
Each data point represents the mean £ S.E.M. of measurements taken from four animals.
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6.3.2 ['“*I]a~BUNGAROTOXIN AUTORADIOGRAPHY

['®[]a-BGT binding in coronal slices approximately ~3.6 mm caudal to bregma
was used to assess the density cid regional distribution of the a7 nAChR subtype in the
hippocampus and cortex (fig. 6.1). The ability of AB(142, ABaasy or the oz nAChR
selective ligands, choline and MLA, to bind to a7 nAChRs in selected anatomical regions
was determined using computer assisted derlsitometty to assess the ability of these ligands
to compete with ['*1]Ja-BGT binding in the whole slice preparation. Non-specific binding,
as defined by 10 mM (-)-nicotine, ranged from <10% in the granular layer of the dentate
gyrus to approximately 40% in the stratum radiatum area of the hippocampus (data not
shown). Non-specific binding was subtracted from the total signal during quantitation. The
use of MLA was employed in this paradigm, in addition to choline, based on the ability of
MLA to displace ['*1]Ja-BGT binding (Whiteaker et al., 1999) at concentrations similar to
those previously reported for Af} peptides (Wang et al., 2000a & 2000b). MLA was not

used in the homogenate competition protocol based on limited availability and the

relatively higher amounts of MLA required as compared to the autoradiographic protocol.

Figure 6.2. Total ['*1]a-BGT binding in a representative section approximately 3.6mm caudal to bregma.
Abbreviations: Cal-3, ficlds of the hippocampus; C1-5, cortical layers 1-5; C6, cortical layer 6; Dg, dentate
gyrus; HiF, hippocampal fissure; Rad, stratum radiatum hippocampus. Cortical layers defined as described in
the atlas of Paxinos and Watson (1986).
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Binding of ['*I]a-BGT to oy nAChRs was not displacable by either A4z or

APBq28) up to a concentration of 30 nM in any of the regions examined (fig 6.3). In

contrast, both MLA and choline were capable of completely displacing ['"*1)a-BGT

binding under the same conditions. The 1Csy vaiues for MLA and clioline in the various

regions examined are presented in Table 6.0.
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Figure 6.3. Competition curves for the displacement of ['*1]a-BGT (2 nM) by B-amyloid2.;s), B-amyloid ;.
a2 MLA and choline. Abbreviations: Cal-3, fields of the hippocampus; C1-5, cortical layers 1-5; C6,
cortical layer 6; HiF, hippocampal fissure; Rad, stratum radiatum hippocampus. Cortical layers defined as
described in the atlas of Paxinos and Watson (1986). Graphpad PRISM software was used to fit displacement
curves to the data and calculate ICso values using non-linear regression analysis assuming one saturable
binding site. Each data point represents the mean + S.E.M. of measurements taken from four animals.
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3 ICs0 (95 % CL)

Region Choline (uM) MLA (nM)

i Cal 7.13(4.49-11.33)  1.11(0.87 -3.20)

Ca2 7.86 (542~ 11.40)  0.96 (0.44 —2.10)

§ Ca3 11.38(5.90 —21.96)  1.10(0.53 - 2.29)

i Dg 21.82(10.73-44.37) 1.16 (0.51 - 2.63)

i C1-5 8.91 (3.40-23.37)  0.62(0.16-237)

H C6 9.09 (3.13-26.43)  0.86 (0.42 - 1.76)

‘i Rad = 1234(5.56-27.35) 1.20(0.28-5.19)

: HiF 7.63(275-21.17)  0.67(0.25 ~ 1.81)

5 Table 6.0. 1Cs, values with 95% confidence limits for the displacement of ['**]]a-BGT binding in various

telencephic regions in the rat brain by choline and MLA. Abbreviations: 95% CL, 95% confidence limits;
Cal-3, fields of the hippocampus; Cl1-5, cortical layers 1-5; C6, cortical layer 6; Dg, dentate gyrus; HiF,
hippocampal fissure; Rad, stratum radiatum hippocampus. Cortical layers defined as described in the atlas of
Paxinos and Watson (1986). Graphpad PRISM software was used to calculate ICsy values using ron-linear
regression analysis assuming one saturable binding site.

6.3.3 ["*’I]a-BGT BINDING AND a7 SUBUNIT EXPRESSION FOLLOWING 3-AMYLOID 145
INFUSIONS .

The effect of in vivo treatment with AB(1—0) on the level of a7 nAChR receptors as

R e s I B PR A e

well as the expression of o7 subunit mRNA was examined in a number of hippocampal and

cortical regions, using in situ hybridisation histochemistry and ['*Ija-BGT

autoradiography respectively. These results have also been reported in chapter 3, but are
presented again here for . larity.

Continuous i.c.v. infusions of soluble APy .g) did not significantly effect the level
of ['*’1]o-BGT binding in any of the regions examined in this study (fig. 6.4; unpaired

student’s t test, P > 0.05).
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Figure 6.4. Levels of specific ['*’1]a-BGT binding in selected regions of coronal sections approximately 3.6
mm caudal to bregma from rats following a continuous, 14 day i.c.v. infusion of either AP .40y or vehicle,
quantified in terms of relative optical density (ROD). Abbreviations: C1-5, cortical layers 1-5; C6, cortical
layer 6; Dg, dentate gyrus; HiF, hippocampal fissure; Rad, stratum radiatum hippocampus. Cortical layers
defined as described in the atlas of Paxinos and Watson (1986). The mean ROD level in the AP treated
group was compared to the mean level of ROD in the vehicle group using an unpaired student’s t test (P >
0.05). Each data point represents the mean + S.E.M. of measurements taken from four animals.

Although the expression of the a7 nAChR subunit mRNA was consistently lower in
ABq4oy treated animals in the various regions examined, this was not a statistically

significant effect (fig. 6.5; unpaired student’s t test, P > 0.05).

I Vehicle
B £-Amyloid 149

Relative Optical Density

Dg ¢C1-3 C45 C6
Region

Cal Ca2 (a3

Figure 6.5. Levels of a; nAChR subunit expression in selected regions of coronal sections approximately 3.6
mm caudal to bregma from rats following a continuous, 14 day i.c.v. infusion of either APy.10) or vehicle,
quantified in terms of relative optical density (ROD). Abbreviations: C1-3, cortical layers 1-3; C4-5, cortical
layers 4-5; C6, cortical layer 6; Dg, dentate gyrus; ROD, relative optical density. Cortical layers defined as
described in the atlas of Paxinos and Watson (1986). The mean ROD leve! in the A treated group was
compared to the mean level of ROD in the vehicle group using an unpaired student’s t test (P > 0.05). Each
data point represents the mean  S.E.M. of measurements taken from four animals,
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6.4 DISCUSSION

While it is generaily accepted that there is a loss of nAChRs associated with the
progression of AD, there is some degree of inconsistency in the literature regarding how
leveis of the ¢ty nAChR are specifically affected. Studies of post-mortem AD brain tissue
have found either a reduced number (Guan et al., 2000) or no significant change (Martin-
Ruiz et al., 1999; Sugaya et al., 1990) in the level of a7 nAChR subunit protein relative to
aged matched controls. An increase in oy subunit expression at the mRNA level in AD
brains has also been reported (Hellstrom-Lindahl et al., 1999). Based on the results
presented here, and those presented by Wang ef al (2000a,b) there also seems to be some
discordance in regard to whether or not AP peptides are capable of binding to the oy
nAChR subtype. Using unlabeiled AB(142), Wang ef al (2000 a,b) have demonstrated the
Jdisplacement of [’IJa-BGT from a7SK-N-MC (full length human a; nAChR cDNA
transfected in to the human neuroblastoma SK-N-MC cell line) membranes (Wang et al.,
2000a) and ["HJMLA from homogenized hippocampal or cortical tissue from rat brains
(Wang et al, 2000b). These findings raise the notion that Af peptides may bind
specifically to the a7 nAChR subtype. However, the work presented in this chapter finds
no evidence for such an interaction and therefore does not support the {indings reported by
Wang ef al (2000 a, b). While ['®I]a-BGT was readily displaceable using o7 nAChR
selective ligands such as MLA and choline in both the homogenised and slice preparation,
AB(.42) or APqz2s were not capable of displacing ['**I)a-BGT binding under the same
conditions. Interestingly, there was a considerable difference in the ICsp determined for

choline in the homogenate (millimolar) and slice preparations (micromolar). Most likely
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this is due to differences in the nature of the two preparations which affect choline binding.
In slice preparations, but probably not membrane preparations, there remains a more
integrated system with intact neuron-glia interactions, neurona! circuitry, metabolic
processes and so forth.

The results presented hore also indicate that in vivo chronic treatment of rats with
AB40) at a concentration which has been shown to impair cholinergic neuron function
(Nitta et al., 1997; Nitta et al., 1994; Yamada et al., 1998) has no effect on the level of a5
nAChRs or the expression of a7 subunit mRNA. It has previously been demonstrated that
chronic exposure to nicotinic agonists (Barrantes et al., 1995; Ke et al., 1998) and
antagonists (Molinari et al., 1998) causes an up-regulation of the o; nAChR. In this
context, the lack of change in a7 nAChR levels following chronic AB(j40) €xposure shown
here does not support the idea that AP peptides bind directly to these receptors. It is
difficult to offer an obvious explanation for the difference in results between those reported
here and those previously reported by Wang et al (2000 a, b). Possibly, any binding
interaction between AP peptides and the a7 nACHR is critically dependent on experimental
conditions such as the aggregation state of the AP peptide. No attempt was made to assess
the conformational state of the AP peptides prior to use. Despite this apparent
inconsistency in results regarding the binding of AP peptides to a; nAChRs, there is
certainly evidence to suggest that there is an interaction between the two proteins at some
level. Dineley et al., (2001) have demonstrated that A4z in the picomolar—nanomolar
range activates the mitogen-activated protein kinase cascade via o; nAChRs in the
hippocampal slice preparation. However, in contrast to the results reported here which
show that chronic in vivo treatment with AP 40 does not effect a; nAChR levels, Dineley
et al., (2001) report that the o~ nAChR receptor protein is up-regulatéd in cultured

hippocampal slices following chronic (144 h) exposure to APy in vitro. Collectively,
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these results may highlight the importance of differences in the action of AP peptides in
vitro and jn vivo or perhaps differences in the activities of APt.40) and AP 2) in relation to. |
a7 nAChRs. Interestingly, Liu et al., (2001) have reported that APz blocks the function
of o7 nAChRs non-competitively with an 1Cso of 7.5 nM but does not displace ['*’IJa-BGT
binding up to a concentration of 200 nM under the same conditions. This finding is
consistent with the results reported here in relation to the lack of displacement of ['*I)a-
BGT by AP peptides. Furthermore, by recording single-channel currents from the soma of
hippocampal Cal stratum radiutum interneurons, Pettit et al, (2001) have demonstrated
that AB42) reduces the probability and frequency of channel opening in both o7 and non-
o7 RAChR receptor populations. Notably, this effect was significantly greater in the non-ot;
nAChR receptors and supports the finding that APz may bind to multiple classes of
nAChRs (Wang et al., 2000b). In fact, Ap peptides have been shown to bind to a number
of proteins including the low-density lipoprotein receptor-related protein (LRP) (for review
see Jyman et al., 2000), apolipoproteinE (ApoE) (Pillot et al., 1999), scavenger receptors
expressed in microglia and macrophages (El Khoury et al, 1996), the receptor for
glycation end products (RAGE) (Yan et al., 1996) and endoplasmic reticulum amyloid
binding protein (ERAB) (Yan et al., 1997). 1t is possible that due to the ‘sticky’ nature of
AP peptides, they may bind non-specifically to a wide variety of proteins and this may be
the basis for the interaction between AP().42) and the o7 nAChR.

In conclusion, no evidence has been found for AP42) or AP.2s) binding to ay
nAChRs up to a concentration of 30nM in coronal sections or hippocainpal membrane
fragments from rat brain. Consistent with this finding, chronic exposure to AP0y in vivo
does not affect a7 nACHR receptor levels or subunit expression. The exact nature of the
functional interaction between AP peptides and a; nAChRs previously reported (Dineley

et al, 2001; Liu et al, 2001; Pettit et al, 2001) is an area that warrants further
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investigation. The results-presented here suggest that such an interaction is not likely to be

mediated through the competitive binding of AP142)to the a7 nAChR.
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7.1 INTRODUCTION

The o7, ag and ag nAChR subunits are unique among nAChR subunits based on
their capacity to form robust, homomeric nAChRs that are selectively sensitive to «-BGT
when expressed in Xenopus :.ocytes. Although oy and oz subunits co-assemble in chicken

nAChR (Gotti et al., 1994; Keyser et al., 1693), the apparent absence of the oty subunit in

- mammals, and the restricted localisation of the og subunit (Park et al., 1997), has focussed

attention on the a7 subunit and corresponding homomeric receptor in mammalian neurons.

The o7 nAChR subtype is one of the most widely expressed nAChRs in the nervous system

- {for reviews see McGehee et al., 1995b; Sargent, 1993). These receptors have an unusually

high relative permeability to calcium and regulate numerous calcium-dependant events in
the nervous system (Bertrand et al, 1993; Seguela et al., 1993). Examples include
transmitter release (Gray et al., 1996; McGehee et al., 1995a), second messenger cascades
(Vijayaraghavan et al., 1995), neurite extension (Fu et al., 1998; Pugh et al, 1994), and
both apoptosis (Berger et al.,, 1998) and neuronal survival (Messi et al., 1997). The o5
nAChR can also contribute directly to postsynaptic currents (Chang et al., 1999; Ullian et
al., 1997; Zhang et al., 1996) and are expressed at both somato-dendritié and presynaptic
sites on neurons in the hippocampus (Alkondon et al., 1999; Frazier et al., 1998; Hefft et
al., 1999), a structure critical for memory formation (Eichenbaum et al., 1999).

As described in detail throughout the work presented thus far, a consistent
pathological feature associated with AD is the significant reduction in cerebral nAChR
levels. While most studies have implicated the o4B, nAChR subtype with regard to this
effect (Nordberg et al.,, 1986; Warpman et al,, 1995; Whitehouse et al., 1986), there is
some evidence, albeit inconsistent, to suggest that the a7 nAChR subtype may also be
involved. Specifically, post-mortem studies comparing the brains of AD subjects with age-
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matched coﬁtrols have reported either a loss (Burghaus et al.,, 2000; Guan et al., 2000;
Wevers et al., 1999) or no significant change (Martin-Ruiz et al, 1999; Sugaya et a].l,
1990) in the level of a7 nAChR subunit protein, while an increase in a7 subumt expression
at the mRNA level in AD brains has also been reporteci (Hellstrom-Lindahi et al., 1999).
Clearly this is an area that warrants further investigation.

A more compelling case can be made for the significance and therapeutic relevance
of the a7 nAChR in AD based on studies which demonstrate neuroprotective and memory
enhancing properties associated with this receptor subtype (Fujii et al,, 2001; Levin et al.,
1999; Matsuyama et al., 2000; Meyer et al:, 1997; Rezvani et al., 2001). Activation of the
a7 nAChR has been reported to mediate neuroprotective effects against a variety of
neurotoxic insults both in vitro and in vivo. Examples from in vitro studies include
protection against trophic factor deprivation in PCI1Z cells (Li et al., 1999; Martin et al.,
1994), as weil as glutamate excitotoxicity .(Kaneko et al, 1997) and AP induced
neurotoxicity (Kihara et al.,, 1997 & 2000) in primary cortical and hippocampal neuronal
cultures. Activation of oz nAChRs also promotes survival of spinal cord motorneurons
from programmed cell death induced by trophic factor deprivation (Messi et al., 1997).
Results from in vivo studies have demonstrated that the selective o; nAChR agonist, 3-
(2,4-dimethoxybenzylidene)-anabaseine (DMXBA; code name GTS-21), protects against
neocortical neuronal cell loss induced by nucleus basalis magnoceliular lesions in rats
(Meyer et al., 1998c; Nanri «! al., 1998), and protects septal neurons from retrograde
degeneration following unilateral fimbrial transections (Martin et al.,, 1994). Considering
the selective degeneration of these neuronal populations seen in AD, these findings clearly
have implications for the potential therapeutic benefit associated with o7 nAChRs. It is not
surprising then that clinical trials are underway for the treatment of AD using selective o
nAChR ligands such as GTS-21 (for review see Kem, | 2000). Behavioural and
electrophysiological studies that have investigated the involvement of o7 nAChRs in
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cognitivé function and synapt.ic plasticity respectively, indicate that the therapeutic benefits
of this receptor may extend beyond its neuroprotective properties. Activation of o7
nAChRs has been found to enhance performance in several spatial and non-spatial
memory-related paradigms (Meyer et al., 1997 & 1998b; Rezvani et al., 2001; Woodruff-
Pak et al., 1994). Notably, Levin et al., (1999) has reported a significant reversal of the
working memory hﬁpainncnts caused by basal forebrain lesions using the oy selective
nAChR agonist AR-R 17779. Furthermore, a number of studies have demonstrated that
activation o; nAChRs can promote LTP at glutamtergic synapses (Mansvelder et al., 2000;
Matsuyama et al., 2000). As discussed in chapter 4, LTP is widely considered to represent
the physiological basis of learning and memory.

A number of studies have reported that activation of the other major nAChR
subtype in the CNS, the ouf3; receptor, can also mediate both neuroprotection and positive
effects in relation to learning and memory tfor reviews see Belluardo et al., 2000; Rezvani
et al, 2001). Thus, it seems likely that both the a4B> and a7 nAChR subtypes mry
represent important therapeutic targets in for the treatment of AD. Of course, the
sigrificant loss of these receptor subtypes reported in AD brains may significantly limit
their suitability as therapeutic targets. Based on the positive clinical effects of nicotine
treatment on AD subjects despite this significant loss of nAChR dénsity (Levin, 1992;
Rezvani et al.,, 2001; Sahakian et al, 1989; Whilehouse et al., 1995), it is possible that
additional nAChR subtypes may play important roles in learning and memory. It would
certainly be useful to identify novel nAChR subtypes in this regard as targets for the
development of selective ligands for the treatment of AD. One of the complicating factors
associated with nAChR research is the lack of selective ligands available as tools for the
study of the wide variety of nAChR subtypes likely to exist in the CNS. This makes it
somewhat difficult to assess the therapeutic potential for these nAChR subtypes. One

method which has been useful in determining the functional significance of specific
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nAChR subunits in vivo has been the use of antisense oligodeoxyribonucleotide (ODN)
probes which hybridise to the subunit mRNA thereby preventing translation, and
transiently decreasing the expression of specific subunits (for reviews see Stein et al,,
1993; Wagner, 1994). A study by Monmnia et al., (1993} reports that hybridisation of the
ODN to the targeted mRNA may also facilitate the action of intracellular RNascH and
subsequent degradation of the ODN-mRNA hybrid. Regardless of the precise mechanism,
the end result of inhibition of nAChR subunit mRNA translation will be reduced
biosynthesis of tiie subunit protein and the corresponding receptor construct (fig. 7.0). This
can also be achieved in transgelﬁc ‘knockout’ mice in which the gene encoding the nAChR
subunit in questionn has been deleted (knocked-out). Knockout animals differ from
antisense ODN treated, or ‘knockdown’, animals in that the receptor subunit is lacking
throughout development. It has been suggested .tha.t these animals display significant
compensatory adaptations in neural circuitry in response to the loss of specific subunit
proteins (Picciotto et al., 2000).

One of the aims of the work presented in this chapter has been to investigate
whether there are homeostatic changes in the expression of other nAChR subunit mRNAs
in response to transient knockdown of the a; nAChR subunit using an antisense ODN
probe targeted to o subunit mRNA (a;ODN). Potentially, changes in other nAChR
subunits may represent a homeostatic response in specific nAChR populations in an
attempt to compensate for a loss of functions mediated by the a7 nAChR subtype such as
neuroprotection and cognition. By this reasoning, such nAChR subtypes may represent

preliminary targets for nAChR based therapy of AD.
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Figure 7.0. Schematic showing how a short antisense ODN probe targeted to specific mRNAs can be used to
inhibit the synthesis of the corresponding protein — in this case the oy nAChR subunit protein. Nowunally,
single stranded &, subunit mRNA synthesised in the cell nucleus is translated by ribosomes in the
endoplasmic reticulum into the full a; subunit protein. Exposure to a short 20-mer ODN sequence
complementary in base pair construction 10 a specific sequence in the o; mRNA results in hybridisation of
the ODN to the a; mRNA. Consequently, the resulting double stranded section of the ay subunit mRNA

cannot be translated by the ribosome, thereby preventing formation of the full o; subunit mRNA and the
correspoading receptor constructs. Furthermore, degradation of the mRNA by intraceflular RNaseH as a
result of hybridisation may also contribute to decreased protein synthesis.

Another aim of the work presented here has been to use the same technique of
transient oy subunit knockdown to investigate possible relationships between the o
nAChR population and the expression of APP695 and certain proteins required for its
proteolytic processing including BACE, PS1, PS2 and TACE. A study by Kim et al,,
(1997) has reported that treatment of PC12 cells with nicotine increased fhc release of a
carboxyl-terminally truncated, secreted form of APP {(sAPP) into the conditioned medium
without affecting the expression level of APP mRNA. While it has beer widely reported
that cholinergic transmission may be an important factor in APP pro: 2ssing through PKC

coupled muscarinic receptor activation (for review sece Rossner et al., 1998), this finding
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indicates that nAChR activation may also play a role in APP metabolism. Little is known
however, about which nAChR subtypes may be involved. Considering the widely reported
changes in both nAChRs and AP levels in AD brains, establishing a relationship between
nAChRs and APP processing will have important implications for the interpretation of the
involvement of these two neurochemical markers with regard to the neurodegenerative
process.

In summary, the aim of the work detailed in this chapier has been to investigate
homeostatic respornses in nAChR receptor populations and subunit levels as well as the
expression of APP695, BACE, PS1, PS2 and TACE as a result of the transient inhibition
(knockdown) of the ay nAChR subunit protein and cousequently its corresponding
homomeric receptor construct.  The o7 nAChR subunit was chosen based on well
documented evidence describing‘ the importance of the oy nAChR subtype in
neuroprotection and cognitive function as well as therapeutic benefits in AD treatment.
The relevance of the o7 nAChR population to the expression of other nAChR subunits and

the processing of APP has been discussed.
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7.2 METHODS.

7.2.1 TREATMENT OF ANIMALS AND TISS!IE PREPARATION

The method relating to continuous i.c.v. infusion is based on that previously
described in chapter 3, 3.2.1 Treatment of Animals and Tissue Preparation.

Sprague-Dawley rats (250 — 300 g) of either sex were divided into 3 groups of 4
animals including an &7 antisense QDN group, a mis-sense ODN group and a vehicle
group. The mis-sense probe was used to control for non-specific effects associated with the
i.c.v. infusion of an ODN but not related to the specific targeting of any known mRNA.
Each rat was anaesthetised with pentobarbitone (60 mg/kg i.p.) and constrained to a tilted
skull position (-0.3 mm) using a Kopf stereotaxic apparatus. All animals received
continuous 1.c.v. infusions for 7 days into the left, lateral ventricle (stereotaxic coordinates:
1.0 mm caudal to bregma, 1.5 mm left from the midline, 3.4 mm ventral from thz cortical
surface according to the atlas of Paxinos and Watson (1986). This was achieved using
brain infusion kits (Alza corp., USA.) attached to modified miniosmotic pumps (pump rate
of | pl/hr; Alza corp., USA). The infusion cannula was fixed to the skull using a stainless
steel screw ard icntal cement and the osmotic minipump was placed between the scapulae

in a small subcutaneous cavity. Treated animals received 0.167 pg/hr of o7 nAChR subunit
20-mer antisense oligodeoxynucleotide (0;ODN; disscived in dH;0. Controls received
either vehicle (dH,0) or 0.167 ug/hr of a mis-sense ODN (mis-ODN) that does not target
any known mRNA in the rat brain as assessed (hrough a BLAST search. The mis-ODN had
the same Adenine:Cytosine:Thymine:Guanine ratio as the o7ODN. Both the a;ODN and

the mis~ODN used phosphorothioated bases in order to prevent degradation of the ODNs
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by intracellular nuclease activity. The continuous infusion of phosphorothioated ODNs via
an osmotic mini-pump linked to an intra-veniricular cannula can maintain high
concentrations of ODN in the CSF for several days and cause its relatively homogenous

diffusion in the brain (Whitesell et al.,, 1993). The full sequence and accession details for
the o7ODN and mis-ODN are detailed below in table 7.0. Seven days following surgery
the animals were decapitated and the brains frozen over liquid nitrogen. A Reichert Jung™
cryostat was used to collect a series of 14 pm sections from each brain. Consecutive

coronal sections were taken at 3.6mm caudal to bregma, thaw mounted on poly-L-lysine

coated slides and stored at -70°C for further use.

Target Accession # Sequence of ODN Reference
o7KD L31619 5’-GTGCTGGCGAAGTATTGTGC-3' | (Seguela et al., 1993)
MIS n/a 5’-CACACACCTGACTGACTGAC-3’

Table 7.0. Sequences and accession details for the oy and mis-sense ODNs used.

7.2.2 INSITU HYBRIDISATION HISTOCHEMISTRY
The protocol for in situ hybridisation is based on the methods described Wisden et
al., (1994) and adapied by Loiacono et al., (1999), and has been described in detail under

General Methodology, 2.1 In Situ Hybridisation Histochemistry.

7.2.3 ["** I} a-BUNGAROTOXIN AUTORADIOGRAPHY
The protocol for ['*I)a-BGT was based on that used by Whiteaker et al., (1999)
and has been described in detail under General Methodology, 2.3 ['?1Ja-Bungarotoxin

Autoradiography.

185




ST VORI nechlban

7.2.4 [’H]EP:BA TIDINE AUTORADIOGRAPHY

The protocoi for [*H]epibatidine autoradiography was based on that described by
Perry et al, (1995b) and has been described in detail under General Methodology, 2.2

[ H]Epibatidine Autoradiography.

7.2.5 QUANTITATION

Images generated through the in situ bybridisation histochemistry and binding
proiocols were digitally captured and selected anatomical regions were quantified using
Scion imaging sofiware. For mRNA images, and ['*1Jo-BGT autoradiographs the system
was calibrated aguinst a set of éraded greyscales (Kodak), allowing for quantitation in
terms of relative optical density (ROD). For PH]epibatidine autoradiographs, the system
was calibrated against a set of standard tritium scales, allowing for quantitation in terms of
nCi/mm®. The mean ROD or nCi/miv measurements for the vehicle treated groups was
compared to the mean RCD or nCimm’ for the mis-ODN and o7ODN treatment groups
using a one-way ANOVA with Dunnett’s correction for nuitiple comparisons. Statistical
significance was signified by P values of less then 0.5. The value in all ireatment groups
reprezents the meun of measurements taken from 4 animals. The symbol, “*’, has teen
used to denote statistically significant differences between a particular ireatinent group and
the vehicle treated group (*, P < 0.05; **, P < 0.01; ***, P < 0.001). Issues relating to
quantitation have been described in gremer detail in Chapter 2, General Methodelogy, 2.9

Ldantitation,
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7.3 RESULTS

7.3.1 ¢z 043 0R SUBUNITmRNA EXPRESSION AND RECEPTOR LEVELS

The expression of a7 nAChR subunit mRNA foliowing continuous i.c.v. infuston
of the o;ODN was examined using in situ hybndisation histochemistry. The distribution

and density of o7 subunit mRNA in representative coronal sections froin vehicle, a;0DN

and mis-ODN infused rats is shown in figure 7.1,

Vehicle

a7ODN

Figure 7.1. Distribution of the «; nAChR suburit mRNA in representative coronal sections approximately
3.6 mm caudal 10 bregma from rats that reccived a 7-day continuous i.c.v. infusion of either vehicle, o;ODN
or mis-ODN, Abbreviations: «;0ODN, o5 antiscnse oligodcoxyribonucleotide; Cal-3, ficlds of the
hippocampus; C1-3, cortical layers 1 — 3; C4-5, corlical layers 4 - 5; C6, cortical layer 6; Dg, dentate gyrus;
mis-ODN, mis-sense oligodeoxyribonucleotide. Cortical layers defined as described in the atlas of Paxinos
and Watson (1986).

Continuous t.c.v. infusion of the aiyODN caused a significant reduction (44%) in
the level of a7 subunit mRNA expression in the dentate gyrus relative to the vehicle treated
group (fig. 7.2). On the other hand, continuous infusion of the mis—ODN did not
significantly affect oty mRNA expression relative to vehicle treated antizais in any of the

regions analysed.
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Figure 7.2. Levels of ot; nAChR subunit mRNA expression, quantified in terms of relative optical density
(ROD), in rats that received a continuous 7-day i.c.v. infusion of either vehicle, a;ODN or mis-ODN.
Abbreviations: «;ODN, ay antisense oligodeoxyribonucieotide; Cal-3, fields of the hippocampus;, Cl-3,
cortical layers 1 —3; C4-5, cortical layers 4 — 5; C6, cortical layer 6; Dg, dentate gyrus; mis-ODN, mis-sense
oligodeoxyribonuclectide. Cortical layers defined as described in the atlas of Paxinos and Watson (1986).
The mean ROD for vehicle treated groups was compared to the mean ROD for the a;ODN and mis-ODN
treated groups using one-way ANOVA with a Dunnett post-test (**, P < 0.01). Each data point represents the
mean * S.E.M. of measurements taken from four animals.

The distribution and density of the mature o7 nAChR in various cortical and
hippocampal regions from rats receiving ic.v. infusions of either vehicle, mis-ODN or
o7ODN was assessed by examining [‘**I}a-BGT binding in coronal slices from each
treatment group (fig. 7.3). Binding of ['**I]a-BGT to o; nAChRs was visibly reduced
throughout the hippocampus and cortex in rats treated with a continuous i.c.v. infusion of
the a7ODN oligonucleotide. This effect was most pronounced in and around the immediate

vicinity of the infusion site (left lateral ventricle).
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Figure 7.3. Total ['*1)a-BGT binding in representative coronal scctions approximately 3.6 mm candal to
bregma from rats (hat reccived a 7-day continuons i.c.v. infusion of cither vehicle, a,ODN or wis-ODN,
Abbreviations: a,ODN, a5 antisense oligodeoxyribenucieotide; Cat-3, ficlds of the hippocampus, C1-5,
cortical layers 1-5; C6, cortical layer 6; Dg. dentaic gyrus; HiF, hippocampal fissure; mis-ODN, mis-scnse
oligodcoxyribonuclectide; Rad, stratum radiatum hippocampus.

The level of specific ['*I]a-BGT binding was significantly reduced by 54 — 68%
throughout the hippocampus and cortex of a7;ODN treated rats relative to vehicle infused
controls (fig 7.4). The mis-ODN, however, did not significantly affect the level of [*’T]a-

BGT binding in these regions.
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Figure 7.4. Specific ['*1]¢-BGT binding, quantified in tcrms of relative optical density (ROD), in rats that
reccived a 7-day continuous i.c.v. infusion of cither vehicle, x;ODN or mis-ODN. Abbreviations: o;ODN, o,
antiscnse oligodeoxyribonucleotide; Cal-3, fields of the hippocampus; C1-5, cortical layers 1-5; C6, cortical
layer 6; Dg, dentate gyrus; HiF, hippocampal fissure; mis-ODN, mis-sensc oligodcoxyribonucicotide; Rad,
stratum radiatum hippocampus. The mean ROD for vehicle ircated groups was compared to the mean ROD
for ihe ot;ODN and mis-ODN treated groups using onc-way ANOVA with a Dunnett post-test (**, P < 0.01;
*** P <0.001). Each data point represents the mean + S.E.M. of measurements taken from four animals,

189




i . 1 PR R T .
i R RS O PO [T

7.3.2 NON-as nAChR susuNIT mRNA EXPRESSION
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The effect of inhibiting the translation of a; nAChR subunit mRNA into the o

subunit protein on the mRNA expression of other nAChR subunits was examined using in

situ hybridisation histochemistry. The distribution and density of the a3, a4, as, o, B2 and

gt aniinon

ga

B3 nAChR subunits in representative coronal sections from vehicle, ¢;0DN and mis-ODN
infused rats is shown in figure’s 7.5 (alpha subunits) and 7.6 (beta subunits). The
expression of o4 and B; subunit mRNA was visibly increased in the dentate gyrus of rats

treated with the a7ODN,

A -
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Figure 7.5. Distribution of the o3, oy, a5 and oy nACRR subunit mRNAs in represcntative coronal sections
apnroxtmately 3.6 mun caudal (o bregma from rats that received a 7-day continuous i.c.v. infusion of cither
vehicle, asODN or mis-ODN. Abbreviations: o;ODN, o, antisense oligodcoxyribonucleotide; Cat-3, ficlds
of the hippocampus; C1-2, cortical layers 1 - 2; C1-3, cortical layers 1 — 3; €3, contical layer 3; C4-5,
cortical fayers 4 — 5; C3-6, cortical layers 5 — 6; C6, cortical layer 6; Ctx, cortex; Dg, dentate gyres; mis-
ODN, mis-scnsc oligodcoxyribonucleotide; MHb, medial habenula. Cortical layers defined as described in
the atlas of Paxinos and Watson (1986).

19




'5_'_ Figure 7.6. Distribution of the expression of the fi; and 35 nAChR subunit mRNAs in representative coronal
sections approximalely 3.6 mat caudal to bregma from rats that received a 7-day continuous i.c.v. infusion of
¢ither vehicle, o;ODN or mis-ODN. Abbreviations: «,;ODN. «; antisense oligodcoxyribonucleotide; Cal-3,
ficlds of 1he hippocampus: Cix, cortex; Dg, dentate gyrus; inis-ODN, mis-sensc oligodeoxyribonucleotide;
MHb, medial habenula.

Relative to the vehicle treated group, in response to transient knockdown of the o

nAChR subunit the dentate gyrus showed a significant up-regulation in the expression of

a4 and B3 nACHR subunit mRNA of 52 and 59% respectively (fig. 7.7). No change in the
level of these receptor subunit mRNAs was seen in any of the other regions quantified.
Rats treated with a continuous infusion of the mis-ODN probe did not show any significant

change in the level of hippocampal or cortical expression of any of the nAChR subunit

mRNAs examined in this study.
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Figure 7.7. Levels of nAChR subunit mRNA expression, quantified in terms of relative optical density
(ROD)}, in rats that received & 7-day continuous i.c.v. infusion of either vehicle, ¢«;GON or mis-ODN.
Abbreviations: a;0DN, a5 antisense oligodeoxyribonucleotide; Cat-3, fields of the hippocampus; C1-2,
cortical layers 1 —2; C1-3, cortical layers 1 - 3; C3, cortical layer 3; C4-5, cortical layers 4 — 5; C5-6, cortical
layers 5 — 6; C6, cortical layer 6; Dg, dentate gyrus; mis-ODN, mis-sense oligodeoxyribonucleotide; MHb,
medial hahenula. Cortical layers defined as described in the atlas of Paxinos and Watson (1986). The mean
ROD for vehicle treated groups was compared to the mean ROD for the a;ODN and mis-ODN treated
groups using cne-way ANOVA wiih a Dunnett post-test (**, P < 0.01; ***, P < 0.001). Each data point
represents the mean £ S.E.M. of measurements taken from four animais.

7.3.3  HIEPIBATIDINE AUTORADIOGRAPHY
The distribution of [*Hlepibatidine binding, which reflects predominately the

presence of the oyf; nAChR subtype, is shown in representative coronal sections from the

vehicle, mis-ODN and a;ODN treated groups in figure 7.8.
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Figure 7.8, Total [*H]cpibatidine binding in representative coronal sections approximately 3.6 mm caudal to
bregma from rats that received a 7-day continuous i.c.v. infusion of cither vehicle, o;ODN or mis-ODN.
Abbreviations: a;ODN, «; antisense oligodeoxyribonucicotide; Cal, ficld of the hippocampus; C1-3, cortical
layers 1 — 3; C4, cortical layer 4; C5-6, cortical layers 5 — 6; mis-OGN, mis-scnsc oligodeoxyribonucleotide;
GrDG, dentate gyrus granular layer; MolDG, dentate gyrus molecular layer. Cortical layers defined as
described in the atlas of Paxinos of Watson (Paxinos ¢t al., 1986).

Densiometric assessment of the autoradiographic images from each treatment
group revealed a significant reduction the cortical level of [*H]epibatidine binding in rats
treated with the a;0DN relative to vehicle infused rats. Rats treated with the o;ODN
exhibited a significant reduction of 39%, 27% and 31% in cortical layers 1 --3,4and 5 -6
respectively but showed no significant change in the hippocampal regions examined (fig
7.9). No significant changes were seen in the level of ["Hlepibatidine binding in rats

treated with the mis-ODN in any of the regions examined.
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Figure 7.9. Specific [*H]Epibatidine binding in selected cortical and hippocampal regions from rats that
received a 7-day continuous i.c.v. infusion of either vehicle, 0;ODN or mis-ODN. Abbreviaticns: a;ODN, ¢4
antisense oligodeoxyribenucleotide; Cal, field of the hippocampus; C1-3, cortical layers 1 - 3; C4, cortical
layer 4; C5-6, cortical layers 5 — 6; GrDG, dentate gyrus granular layer; mis-ODN, mis-sense
oligodeoxyribonucleotide; MolDG, dentate gyrus molecular layer. Cortical layers defined as described in the
atlas of Paxinos of Watson (Paxinos et al., 1986). The mean nCi/mm’ for vehicle treated groups was
compared to the mean nCi/mm? for the o;ODN and mis-ODN treated groups using one-way ANOVA witha
Dunnett post-test (**, P < 0.01; **, P < 0.01). Each data point represents the mean x S.E.M. of measurements
taken from four animals.

7.3.4 mRNA EXPRESSION OF APP695, BACE, PSI. PS2 AND TACE

The mRNA expression of APP695 and a number of other proteins involved in the
proteolytic processing of APP, including BACE, the presenilins and TACE, was examined
in rats treated with i.c.v. infusions of either vehicle, mis-ODN or o;ODN using in situ
hybridisation histochemistry. The distribution of these mRNAs in representative coronal

sections from vehicle, 0;ODN and mis-ODN treated rats is shown in figure 7.10.
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Figure 7.10. Distribution of APP69S5, f-sitc APP-clcaving cnzyme (BACE), presenilin-1 (PS1), presenilin-2
(PS2) and tumour necrosis facior-a-converting enzyme (TACE) mRNA in representative coronal scclions
taken approximatcly 3.6 mun caudal to bregma (rom rats that reccived a 7-day continuouts i.c.v. infuston of |
cither vehicle, o;ODN or mis-ODN. Abbreviations: o;ODN, «, antisense oligodcoxyribonucicotide; Cal-3,
ficlds of the hippocampus; C3, cortical layer 3; Cix, cortex; Dg, dentate gyrus; HiF, hippocampal fissure;
mis-ODN, mis-sense oligodeoxyribonucleotide; VZ, ventricutar zone.

Relative to the vehicle treated group, knockdown of the atz nAChR subunit caused

a pronounced increase in the expression of PS1, PS2 and TACE mRNA in specific areas

but did not affect the level of APP695 or BACE mRNA. There was a significant up-

regulation in the expression of PS1, PS2 and TACE mRNA of 76 - 86% and 66 - 85% in

the ventricular zone (VZ) cells and hippocampal fissure (HiF) respectively, in rats treated

196




E—

A AR AL K b Sy o S

st

s

e g e g

= L N Lt P oty
AT Ll L v S Rt P i

e

T Ll

i
5
_

R P T AR S
"

with the ayODN (fig. 7.11). Additionally., the level of PS1 mRNA was also significantly
increased by 33% in the cortex, while TACE mRNA levels were significantly increased by
52 — 83% throughout the hippocampus and cortex of the a;ODN treated rats. Continuous
i.c.v. infusion of the mis-ODN did not significantly affect APP695, BACE, PS1, PS2 or

TACE levels in any of the regions examined relative to the vehicle treated group.
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Figure 7.11. Levels of APP695, B-site APP-cleaving enzyme (BACE), presenilin-1 (PS1), presenilin-2 (PS2)
and tumour necrosis factor-a-converting enzyme (TACE) mRNA, quantified in terms of relative optical
density (ROD), in telencephic regions of rats that received a 7-day continuous i.c.v. infusion of either
vehicle, a;ODN or mis-ODN. Abbreviations: a;ODN, oy antisense oligodeoxyribonucleotide; Cal-3, fields
of the hippocampus; C3, cortical layer 3; Ctx, cortex; Dg, dentate gyrus; HiF, hippocampal fissure; mis-
ODN, mis-sense oligodeoxyribonucleotide; VZ, ventricular zone. The mean ROD for vehicle treated groups
was compared to the mean ROD for the a;ODN and mis-ODN treated groups using one-way ANOVA with a

Dunnett post-test (**, P <0.01; **, P < 0.01; *** P <0.001). Each data point represents the mean + S.E.M.
of measurements taken from four animals,
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7.4 DISCUSSION

The down-regulation in the biosynthesis of specific proteins by targeting the
corresponding mRNAs with antisense ODNs is a novel approach for investigating the
homeostatic changes that occur as a result of a loss of specific protcin synthesis in vivo. It
is not clear whether the predominate mechanism for reduced protein synthesis is due to
inhibition of the translation of the hybridised section of mRNA by ribosomes in the
endoplasmic reticulum, or the degradation of the ODN-mRNA hybrid resulting from the
recruitment of intracellular RNaseH. There have been studies published which support
both mecharisms of action. For instance, studies which show no change in the targeted
mRNA level but a significant reduction in the corresponding protein following ODN
treatment (Moats-Staats et al., 1993; Skutella et al., 1997) indicate that impaired ribosomal
translation rather than RNaseH activity is likely to be important. A study by Monia et al.,
(1993), however, has reported that the efficacy of antisense ODNs in relation to inhibition
of protein synthesis is highly correlated with the affinity of RNaseH for the ODN-mRNA
hybridisation product. The resuits reported in this chapter, detailing the effects of in vivo
treatment with an ODN probe targeted to the o nAChR subunit mRNA, indicate that
impaired translation and mRNA degradation are both likely to be important factors. Rats
treated with the o;ODN displayed a robust and nearly complete abolishment of ['*I}a-
BGT binding throughout the hippocampus and cortex along with a more restricted decline
in the o7 mRNA signal which was limited to the granular layer of the dentate gyrus.
Therefore, while the loss of [*’IJa-BGT binding in the dentate gyrus may be due to some
degree of mRNA degradation by RNaseH, the loss of ['"**IJa-BGT binding in areas in
which there was a persistence of the ¢ mRNA signal probably reflects reduced o7 protein

synthesis primarily due to impaired ribosomal translation. Regional differences in the level
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of o7 mRNA reduction associated with i.c.v. antisense ODN probe infusion may be related
to a number of reasons including variance in: the amount of probe which reaches different
anatomical localities following infusion; the amount of residual mRNA levels in these
areas following hybridisation of available antisense probe; and regional differences in the
level of RNaseH activity.

One of the main aims of the work presented in this chapter has been to examine
how inhibition of a7 nAChR subunit protein synthesis might affect the mRINA expression
of other nAChR subunits. It is reported here that rats treated with a continuous i.c.v.
infusion of the antisense a;ODN for 7 days exhibit a pronounced up-regulation of the
expression of both a4 and B3 subunit mRNA in the granular layer of the dentate gyrus, in
addition to a significant loss of o; mRNA expression and ["**I]Ja-BGT binding in this
region. This response may reflect a homeostatic up-regulation of novel nAChR subtypes in
an attempt to compensate for a loss of functions normally mediated by the a; nAChR.
While the importance of the o4y nAChR subunit in nAChR function has been well
documented, relatively little is known about the functional significance of the 33 subunit
and some authors initially expressed doubts over it can form part of a functional nAChR
(Deneris et al., 1989). Failure of B; subunit to form functional ion channels when
expressed heterologously with other nAChR in Xenopus oocytes led to the labelling of B3
as an ‘orphan subunit® (Sargent, 1993). However, a number of studies have since reported
evidence that suggests that P; subunits does in fact contribute to functional nAChR
formation. For example, Groot-Kormelink et al., (1998) have reported that a mutated form
of the human form of the 8; subunit, which would be expected to increase agonist
sensitivity, can form functional receptors when expressed in Xenopus oocytes along with
the o3 and B4 subunits. This a3Bsos receptor has physiologically distinct properties when

compare to the previously characterised azf4 subtype (Boorman et al., 2000). The finding
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that B subunit mRNA is selectively up-regulated in 1:ponse to the inhibition of
nAChR formation, reported here, supports the notion that the f§; subunit may form part of
functional nAChR subtypes. Interestingly, using intracellular recordings of voltﬁge
clamped Xenopus oocytes, Palma et al., (1999) have reported that the o, and B3 nAChR
subunits can co-assemble to form functional heteromemric receptors with physiological
properties distinct from the homomeric a7 receptor. Consistent with this finding, Matter et
al, (1998) have characterised the promoters driving the transcription of the oy and $3
nAChR subunit genes in chick retinal neurons and have reported that, although their
regulatory modalities are different, they lead to co-expression of the a7 and 3 subunits in
the same neurons. These findings, together with those reported here, indicate some degree
of affiliation between the o; and f; nAChR subunits and raise the notion that these
subunits may combine to form a novel nAChR subtype in vivo. Furthermore, the finding
that there is a significant up-regulation of oy mRNA in rats treated with the a;ODN
suggests that a similar relationship may exist between the a4 and o; receptor subunits.
However, this subunit combination has not been shown to form functional nAChRs.

Perhaps the most interesting hypothesis that might be advanced based on the results
presented here, is that the selective increase in both f; and ¢4 subunit mRNA in the dentate
gyrus in response 10 a loss of o7 subunit synthesis may represent a homeostatic up-
regulation of a novel nAChR subtype incorporating both of these subunits — i.e. an oyfs
nAChR subtype. Consistent with this idea, Vailati et al., (2000) have used subunit-specific
antibodies in immunopurification experiments to show that the $; subunit is associated
with the o3, a3, o4, P2 and P, subunits in a heterogeneous population of nAChRs which
bind nAChR agonists with high (nM) affinity. Furthermore, Forsayeth et al., (1997) have
demonstrated that the B; subunit is present in heteromeric receptors in rat cerebellar

neurons together with the oy, B> and B4 subunits, The lack of change in [JH]epibatidine
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levels in the granular layer (;f the dentate gyrus following a7ODN treatment suggests that
the increase in oy MRNA expression in this region is not likely to reflect an up-regulation
of the oqP2 nAChR subtype. It is interesting to note that the up-regulation of o4 and B3
mRNA in a;ODN treated rats was specifica’’y restricted to the only region (the dentate
gyrus) that also displayed a significant loss in a7 mRNA levels. This suggests that the
regulatory mechanislm responsible for the homeostatic up-regulation of oy and B3 mRNA is
likely to be downstream of ribosomal translation and dependent on the cytoplasmic
concentration of oy mRNA. On the other hand, in the cortex where there was no significant
change in o7 mRNA level bui a signiﬁ-cant decrease in o7 receptor levels as a result of
o7ODN treatment, there was a significant reduction in [*HJepibatidine binding. This result
is somewhat more difficult to rationalise than the up-regulation of nAChR subunit mRNAs
in the dentate gyrus and is an interesting response which may be directly related to the loss
of o7 nAChR density or, secondarily, to homeostatic changes in other nAChR populations
following a7 receptor loss. The lack of change in oy or B2 subunit mRNA levels in the
cortex suggests that the loss in [*H]epibatidine binding in this region, following a;ODN
treatment, is likely to be mediated at a post-transcriptional level. There have been a number
of studies which report that both the oy (Nordberg et al., 1986, Warpman et al., 1995;
Whitehouse et al., 1986) and o, (Burghaus et al., 2000; Guan et al., 2000; Wevers et al,,
1999) nAChR subtypes are lost as part of the neurodegenerative process in AD. The
findings presented here with regard to the loss of [*H]epibatidine binding in response to an
inhibition of o7 subunit synthesis raise the interesting notion that the loss of o3, nAChRs
in AD may be related to and even caused by an initial loss in a; nAChR density.
Therefore, the loss of o; nAChR density in AD may be an important pathological change
with implications beyond those associated specifically with a loss of a7 nAChR function.

As far as c¢un be determined there has been no data previously reported describing the
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regulation of other nAChR populations by o; rAChR numbers. A useful direction in future
worl: may involve investi‘gating the effect of transiently inhibiting oy or B3 mRNA on the
a7 NAChR population.

In summary, with regard to nAChRs, transient inhibition of the synthesis of the o7
nAChR subunit protein following i.c.v. infusion of an ODN targeted to oy mRNA results
in a significant loss of a7 nAChR density and a concomitant increase in a4 and 3 nAChR
mRNA. Infusion of the mis-ODN did not significantly affect nAChR mRNA or receptor
levels and therefore the changes associated with o;ODN treatment are likely to be related
specifically to impaired translation of a; mRNA rather then non-specific affects associated
with i.c.v. ODN inﬁ.lsion. The selc-ctive and localised increase in oy and B; mRNA may
represent a homeostatic up-regulation of novel nAChR subtypes with similar functional
properties to the a; nAChR. Considering the potential benefit of a; nAChR activation in
the treatment of AD along with reports that there may be a significant loss of these
receptors in AD brains, targeting nAChR populations which persist during AD
neurodegeneration and have functional properties similar to the « subtype represents a
reasonable approach to the development of new nicotinic based therapies. In this context,
the work presented here details preliminary evidence that novel nAChR subtypes
incorporating the o, and f; subunits represent potential therapeutic targets.

In addition to changes in nAChR markers, i.c.v. infusion of the o7ODN caused
significant changes in the mRNA expression of PS1, PS2 and TACE mRNA in specific
anatomical regions. As has been discussed, these proteins play an important role in the
secretion of sAPP fragments following the proteolytic processing of full length APP. Two
proteolytic pathways have been characterised for APP metabolism that differ in terms of
the sAPP fragments produced due to variability in the cleavage sites (refer to fig. 1.1,

Chapter 1, General Introduction). The amyloidogenic P-secretase pathway involves an
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initial cleavage by BACE at the f-secretase site at the N-terminal end of the AP sequence
followeé'by PS1/2 dependen‘t cleavage at the y-secretase site at the C-terminal end of the
AP sequence. The result is the formation of AP as well as a C-terminally truncated soluble
APP fragment, SAPPP. Alternatively, APP may be processed along the non-amyloidogénic
a-secretase pathway which involves cleavage within the AP sequence at the a-secretase
site in a progess which is mediated to some degree by TACE, followed by PS1/2 mediated
cleavage at the )'-sécretase site. The resulting soluble APP fragments include a small
section of the AP sequence of unknown function termed ‘p3’ as well as the longer, C-
terminally truncated sAPPa fragment. Following o;ODN treatment, the significant
increase in PS1, PS2 and TACE but no; BACE mRNA reported here, reflects the specific
up-regulation of mRNAs for the proteins that are involved in the non-ammyloidogenic a-
secretase mediated processing of APP and subsequent generation of sAPPa. A study by
Kim et al.,, (1997) has reported that nAChR stimulation can stimulate the processing of
APP and the release of sAPPx in a dose dependent manner. Considering the affinity of
nicotine in rat brain varies from nM for the osf; nAChR to pM for the a7 nAChR subtype,
the required (—)-nicotine dose of >50 pM is consistent with the activation of the o7 rather
then a4f; subtype as being necessary for the processing of APP. The mechanism of action
is not clear at present but is likely to be dependent on [Ca®']; considering that the effect of
nicotine on APP processing is almost completely abolished by the calcium chelator,
EGTA. This is consistent with a number of studies which have demonstrated that APP
processing is stimulated by increases in [Ca®*); (Buxbaum et al., 1994; Loffler et al., 1993;
Nitsch et al., 1993; Querfurth et al., 1994). Nicotinic receptors, and particularly the o
receptor subtype, are well suited to mediating cellular evenis dependent on [Ca”ji levels
based on the high permeability of these receptors to Ca** ions. Certain neurotrophic actions

facilitated by o; nAChR activation, including survival of spinal cord motorneurons
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following trophic factor deprivation, aré mediated by Ca® influx (Messi et al, 1997).
A]thnugl"ll1".=:latiw.=:l),r little is known about the biological function of APP, sAPPc has been
shown to possess potent trophic and neuroprotective activity in a variety of cell culture
models (Goodman et al., 1994a; Mattson et al., 1993a; Schubert et al.,, 1989b). Kim et al.,
(1997) and colleagues have raised the interesting hypothesis that the neuroprotective
effects associated with nAChR stimulation may be mediated by the release of secreted
APP fragments such as sAPPo. One possible interpretation of the results presented her:
with regard to the up-regulation of mRNA expression of proteins specifically involved in
sAPPa production following o;ODN treatment, is that this effect represents a homeostatic
response to a loss of oy nAChR'mediate;:l sAPPa secretion. Up-regulation of TACE, PSt
and PS2 levels may reflect the mechanism by which a certain level of sSAPPa secretion is
maintained in the brain. Consistent with this idea, Kim ef al., (1997) report that the
increased sAPPa production associated with nAChR stimulation is not associated with an
increase in APP expicssion and is more likely to reflect an increase in the processing of
existing APP by the secretase enzymes. The finding that TACE mediated cleavage of APP
is a calcium activated, reported by Allsop et al., (1991), supports the notion that nrAChR
stimulation may facilitate APP processing through increased activity of the proteins
involved in its proteolytic cleavage.

Interestingly, the increase in TACE, PS1 and PS2 in ai;ODN treated rats was most
pronounced in the cells of the VZ. If one considers the aforementioned neurotrophic
activities associated with ¢ nAChRs and secreted foims of APP, this result is perhaps
consistent with evidence demonstrating the importance of VZ cells in neurogenesis (for
reviews see Bruni, 1998; Goldman, 1998; Kuhn et al., 1999: Morshead et zﬁ., 2001).
Considerable progress has been made over the last decade regarding the fundamental
properties of neural stem cells in the mammalian adult brain. Recently, there has been

much interest in the identification and precise location of the neural stem cells in vivo and
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it has been demonstrated that there are two distinct locations within the adult brain: the
cpendyfnal layer lining the ventricles, and the subependymal layer immediately adjacent to
the ependyma (Morshead et al., 2001). The generation and survival of new neurons‘from
these cells is regulated by trophic factors such as brain derived neurotrophic factor (BDNF)
and fibroblast growth factor-2 (FGF-2) (Benraiss et al, 2001; Pincus et al, 1998).
Furthermore, it has been demonstrated that secreted APP enhances the proliferation of
neural stem cells and that the N-terminal region of APP is likely to be responsible for this
action (Hayashi et al., 1994; Ohsawa et al., 1999). Together with the report that ependymai
cells are positive for antibodies directed against the N-terminal region of APP (Coria et al.,
1992), these findings suggest that secret-ed forms of APP, such as sAPP«, play in important
role in the development and maintenance of neuronal precursor cells in the VZ. One
explanation for the significant increase in PS1, PS2 and TACE mRNA in the VZ of
a70DN treated rats reported here is that it may reflect a homeostatic attempt to maintain a
certain level of sSAPPq secretion in this region in response to a reduced level of a; nAChR
mediated processing of APP. In support of this theory, a study by Kostyszyn et al., (2001)
has reported PS1 immunoreactivity in neuroblasts localised to the neuroepithiliai cell layer
of the VZ and has suggested that presenilin-1 may also be involved in processes such as
axonal and dendritic outgrowth or synaptic formation. Furthermore, Rogers et al., (2001)
have demonstrated that oligodendrocyte precursor cells (OPCs) purified from the rat
corpus collusum express a number of nAChR subunits including the o; nAChR subunit,
and approximately 65% of OPCs loaded with the calcium-responsive dye FURA-2
increased their intracellular free calcium in response to nicotine application.

The work presented in this chapter regarding the increase in PS1/2 and TACE in
o7ODN treated rats provides important evidence suggesting that activation of the oy
nAChR subtype may be an important factor in the regulation of APP processing.

Furthermore, based on the localisation of changes in PS1, PS2 and TACE mRNA, this

203




T ACTR Keckdouwn

evidence circumstantially supports the theory that the neurotrophic activity associated with
o7 nAChR activation may be related to the secretion of sAPPa. Accordingly, a loss of o7
nAChR density associated with AD may be a direct cause of further neurodegenerative
changes or may increase the vulnerability of certain neuronal populations to neurotoxic
insults such as AP exposure. Notably, neuronal damage associated with AR exposure can
be significantly attenuated by both nAChR stimulation (for reviews see Shimohama et al.,
2001; Zamani et al., 2001) and sAPPd (Goodman et al., 1994a). A useful direction for
future work in this area may involve investigating the effects of transient knockdown of the
o7 nAChR on markers for neurogenesis and measures of sAPPa dependent

neuroprotection. It would also be interesting to examine the actions of o selective agonists

currently in clinical trials for the treatment of AD in this respect.
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8.1 INTRODUCTION

A central theme in the amyloid cascade theory of AD pathology states that one of
the causative factors associated with AD neurodegeneration is the accumulation of ABasa
result of an imbalance between its prodpction and clearance in the CNS. Consequently, a
considerable amount of work has focussed on rationalising a pharmacological intervention
on the processing of APP in an attempt to limit AB production as a therapeutic strategy in
AD. As a result, inhibitors of the y and [-secretase enzymes, which together process APP
along the amyloidogenic pathway are curreritly being develo-ped for use in clinical trials by
a number of pharmaceutical companies including Amgen, Bristol-Meyer Squibbs, Elan
Pharmaceuticals, Scios Inc. and SmithKline Beecham. However, despite extensive
chemical and biological scrutiny, relatively little is known about the precise physiological
role of APP or its metabolic products.

The first function to be described for APP involved the identification of the Kunitz
protease inhibitor (KFI) motif in the sequence of the APP751 and APP770 isoforms as an
inhibitor of certain serine proteases such as trypsin and chymotrypsin (Kitaguchi et al.,
1988; Oltersdorf et al., 1989; Sinha et al,, 1990; Van Nostrand et al., 1989). Another
possible function for the secreted ectodomain of APP is as an extracellular substrate
promoting cell-cell or cell-matrix interactions (Schubert et al., 1989a). Several studies have
demonstrated that secreted forms of APP may mediate cell-cell or cell-substrate adhesion
in cultures of primary neurons or neuronal like cell lines (Breen et al, 1991; Chen et al.,
1991; Milward et al., 1992; Schubert ¢t al., 1989a). As discussed in the previous chapter,
secreted full length APP and its metabolic products, particularly sAPPa, have been shown
to possess potent neurotrophic and neuroprotective activities. Primary rat hippocampal
neurons grown on a monolayer of APP-transfected Chinese hamster ovary CHO cells show

enhanced neurite outgrowth compared with neurons grown on non-transfected CHO cells
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(Qiu et al., 1995). Furthermore, Saitoh et al., (1989) have reported that fibroblasts treated
with antisense ODN targeted towards APP mRNA show a marked decrease in APP
expression and concomitant decrease in proliferation. Cell growth could be restored by the
addition of exogenous, purified sAPP. In addition to stimulating neuronal 'growth and
survival there have been 2 number studies published that describe the neuroprotective
effects of secreted forms of APP in a variety of neurodegenerative paradigms. For
example, in vitro, sAPPs can protect cultured neurons from neuronal damage caused by
excitotoxicity and hypoglycaemia (Mattson et ai., 1993a), ischemia (Smith-Swintosky et
al., 1994), or AP mediated neurotoxicity (Goodman et al., 1994a). /n vivo, moderate over-
expression of SAPPs in transgenic mice confers resistance to acute and chronic forms of
excitotoxicity, and has a synaptotrophic effect (Masliah et al., 1997; Mucke et al.,, 1994 &
1996). While the precise mechanism of action is not clear, the neurotrophic and
neuroprotective properties associated with sAPPs is thought to be related to stabilisation of
the intraneuronal concentration of calcium (Li et al., 2000; Mattson et al., 1993a & 1993b).
A study by Furukawa et al, (1996a) has reported that sAPPs may be involved in the
containment of neuronal excitability based on the finding that activation of a high
conductance charybdotoxin-sensitive K*-channel by sAPPs leads to hyperpolarisation of
neurons and reduced intracellular calcium concentrations. Of course, the corollary of the
finding that SAPPs maintain neuroprotection by stabilising [Ca’"};, is that a loss of SAPP
levels may be expected to predispose neurons to Ca** sensitive forms of neuronal damage
such as excitotoxicty and A toxicity. In support of this hypothesis, decreased levels of
soluble APPs have been found in the cerebrospinal fluid of AD patients (Van Nostrand et
al., 1992), and accumulating evidence suggests that altered regulation of [Ca®*}; may play a
role in the neuronal damage that occurs in AD (Gibson et al., 1987; Greenamyre et al.,

1989; Mattson et al., 1992; Siesjo et al., 1989).
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Consistent with the notion that a loss of sAPPs may predispose neurons to damage
caused by excessive neuronal excitability and [Ca®']; overload, a study by Steinbach et al.,
(1998) has shown that transgenic mice either homozygous for a targeted mutation of the
APP gene, or a deletion of the entire APP locus, display a significantly increased level of
cortical neuronal excitability as well as an increased sensitivity to kainic acid induced
seizures. Relative to wild-types, these mice displayed seizure activity which started earlier,
was more severe, and led to enhanced mortality, During the initial stages of sporadic AD,
seizures are usually considered relatively infrequent, but tend to become more frequent
toward the end of the clinical course (Hauser et al., 1986; Romanelli et -al., 1990).
Interestingly though, familial AD caused by APP or PS1 mutations is often associated with
seizures and myclonic jerks early in the progression of the disease (Haltia et al., 1994),
affecting more than 80% of individuals in some pedigrees (Lampe et al., 1994). This
corresponds with pronounced mis-processing of APP and, specifically, a reduction of
processing along the non-amyloidogenic pathway and subsequent secretion of the
neuroprotective SAPPo fragment (Lannfelt et al., 1995).

Based on the aforementioned findings that indicate a loss of sAPP levels may
contribute to neuronal damage in AD, the aim of the work presented in this chapter has
been to investigate the effect of inhibiting the synthesis of APP on a number of other
neurochemical markers relevant to AD pathology. Specifically, nAChR density and the
expression of various nAChR subunit mRNAs as well as mRNA for APP695, BACE, PSH,
PS2 and TACE were examined following i.c.v. infusion of rats with an antisense ODN

targeted to APP.
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8.2 METHODS

8.2.1 TREATMENT O ANIMALS AND TISSUE PREPARATION

The method relating to continuous ic.v. infusion is based on that previously
described in the previous chapter 3, 3.2.1 Treatment of Animals and Tissue Preparation.

Sprague-Dawley rats (250 — 300 g) of either sex were divided into 3 groups of 4 d
animals including an APP695 antisense ODN group, a mis-sense ODN group and a vehicle
group. Bach rat was anaesthetised with pentobarbitone (60 mg/kg i.p.) and constrained to a
tilted skuil position (-0.3 mmy) using a Kopf stereotaxic apparatus. All animals received
continuous i.c.v. infusions for 7 days into the left, lateral ventricle (stereotaxic coordinates:
1.0 mm caudal to bregma, 1.5 mm left from the midline, 3.4 mm ventral from the cortical

surface according to the atlas of Paxinos and Watson (1986). This was achieved using

brain infusion kits (Alza corp., USA.) attached to modified miniosmotic pumps (pump rate
of 1 pl/nr; Alza corp., USA). The infusion cannula was fixed to the skull using a stainless
steel screw and dental cement and the osmotic miniptmp was placed between the scapulae ,

in a small subcutaneous cavity. Treated animals received 0.167 pg/hr of a 20-mer antisense

oligodeoxynucleotide targeted to APP695 mRNA (APP-ODN) dissolved in dH,C.

Controls received either dH,0 alone or 0.167 ug/hr of a mis-sense ODN (mis-ODN) that

N T i = 1 g 3 T e

does not target any known mRNA in the rat brain as assessed through a BLAST search.

The mis-ODN had the same Adenine:Cytosine:Thymine:Guanine ratio as the APP-ODN.

PP U

Both the APP-ODN and the mis-ODN used phosphorothioated bases in order to prevent
degradation of the ODNs by intracellular nuclease activity. The continuous infusion of

phosphorothioated ODNs via an osmotic mini-pump linked to an intra-ventricular cannula

Pl acih e el
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can maintain high concentrations of ODN in the CSF for several days and cause its
relatively homogenous diffusion in the brain (Whitesell et al., 1993). The full sequence and
accession details for the APP-ODN and mis-ODN are detailed below in table 8.0. Seven
days foilowing surgery the animals were decapitated and the brains frozen over liquid
nitregen. A Reichert Jung™ cryostat was used to collect a series of 14 um sections from
each brain. Consecutive coronal sections were taken at 3.6mm caudal to bregma, thaw

mounted on poly-L-lysine coated slides and stored at -70°C for further use.

| Ta rget | Accession # | Sequence of ODN Reference
APPKD | AY011335 | 5"-GGTGCCAATGCAGGTTTTGG-3 (Murphy et al., 2001)
MIS n/a 5"-CACACACCTGACTGACTGAC-3’

Table 8.0. Sequences and accession detaiis for the APP and mis-sense ODNs used.

8.2.2 IN S1TU HYBRIDISATION HISTOCHEMISTRY
The protocol for in situ hybridisation is based on the methods described Wisden et

al,, {1994) and adapted by Loiacono et al.,, (1999), and has been described in detail under

General Methodology, 2.1 In Situ Hybridisation Histochemistry.

8.2.3 P HJEPIBATIDINE AUTORADIOGRAPHY

The protocol for [*Hlepibatidine autoradiography was based on that described by
Perry et al,, (1995b) and has been described in detail under General Methodology, 2.2

[*H]Epibatidine A utoradiography.
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8.2.4 ['**I}a-BUNGAROTOXIN AUTORADIOGRAPHY

”~

The protocol for ['**[Ja-BGT was based on that used by Whiteaker et al., (1999)
and has been described in detail under General Methodology, 2.3 ['*IJa-Bungarotoxin

Autoradiography.

3.2.5 QUANTITATION

Images generated through the in sifu hybridisation histochemistry and binding
protocols were digitally captured and s.e:lected anatomical regions were quantified using
Scion imaging software. For mRNA images, and ['*’IJa-BGT autoradiographs the system
was calibrated against a set of graded greyscales (Kodak), allowing for quantitation in
terms of ROD. For [*H]epibatidine autoradiographs, the system was calibrated against a set
of standard tritium scales, allowing for quantitation in terms of nCi/mm®. The mean ROD
or nCV/mm’ measurements for the vehicle treated groups was compared to the mean ROD
or nCi/mm? for the mis-ODN and APP-ODN treatment groups using a one-way ANOVA
with Dunnett’s correction for multiple comparisons. Statistical significance was signified
by P values of less then 0.5. The value in all treatment groups represents the mean of
measurements taken from 4 animals. The symbol, ‘*°, has been used to denote statistically
significant differences between a particular treatment group and the vehicle treated group

(*, P < 0.05; ¥*, P < 0.01; *** P < 0.001). Issues relating to quantitation have been

described in greater detail in Chapter 2, General Methodology, 2.5 Quantitation.
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8.3 RESULTS

8.3.1 mRNA EXPRESSION OF APP695

The level of APPG95 mRNA expression was assessed in coronal slices from the
brains of rats treated with a continuous 7-day i.c.v. infusion of either vehicle, mis-ODN or
APP-ODN, using in situ hybridisation histochemistry (fig. 8.0). Rats treated with the APP
antisense ODN probe exhibited a modest but ;igniﬁcant increase in APP695 mRNA
expression in the cortex (fig. 8.1). This effect was not seen in rats treated with the mis-

sense probe.

Vehicle

. Mis-ODN APP-ODN

Figure 8,0 Distribution ol APP695 1nRNA in representative coronal slices taken approximately 3.6 mm
caudal 1o bregma from rats that reccived a continuous 7-day i.c.v. infusion of cither vehicle, mis-ODN or
APP-ODN. Abbreviations: APP-ODN, APPG95 antisense oligodeoxyribonucleotide; Cal-3, fields of the
hippocampus, C3, cortical layer 3; Ctx, coriex; Dg, deniate gyrus. mis-ODN, mis-scnse
oligodcoxyribonucleotide. Cortical layers defined as described in the atlas of Paxinos of Watson (Paxinos ¢t
al., 1986).
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Figure 8.1. Levels of APP695 mRNA, quantified in terms of relative optical density (ROD), in telencephic
regions of rats that received a continuous 7-day infusion of cither vehicle, mis-ODN or APP-ODN.
Abbreviations: APP-ODN, APP695 antisense oligodeoxyribonucleotide; Cal-3, fields of the hippocampus;
C3, cortical layer 3; Ctx, cortex; Dg, dentate gyrus; mis-ODN, mis-sense oligodeoxyribonucleotide. Cortical
layers defined as described in the atlas of Paxinos and Watson (1986). The mcan ROD for vehicle treated
groups was compared to the mean ROD for the a,ODN and mis-ODN treated groups using one-way
ANOVA with a Dunnett post-test (*, P < 0.05). Each data point represents the mean £ S.EM. of
measurements taken from four animals.

8.3.2 nAChR sUSUNIT mRNA EXP3{SSION

The effect of inhibiting the translation of APP695 mRNA on the mRNA expression
of various nAChR subunits was examined using in situ hybridisation histochemistry. The
distribution of the o, o, a5, &, a7, Bz and B3 nAChR subunits in representative coronal

sections is shown in figure 8.2.
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Figure 8.2, Distribution of nAChR subumit smRNA cxpression in representative coronal scctions
approximately 3.6 mm caudal 1o bregma from rats that received a continuous 7-day i.c.v. infusion of either
vchicle. mis-ODN or APP-ODN. Abbreviations: Cal-3, ficlds of the hippocampus: C1-2, cortical layers 1 -
2. C1-3, cortical layers 1 — 3; C3, cortical layer 3; C4-5, cortical layers 4 — 5; C5-6. cortical layers 3 ~ 6: C6,
cortical layer 6; Ctx. cortex; Dg. dentaie gyrss: MHb, mediai habenula. Cortical layers defined as described
i the atlas of Paxinos and Watson (1986).

Densiometrsic analysis revealed that i.c.v. infusions of either APP-ODN or mis-
ODN did not significantly affect the level of expression of the o, o, os, o, az, B2 or B3

nAChR subunit mRNA relative to vehicle treated rats.
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Figure 8.3. Levels of nAChR subunit mRNA, quantified in terms of relative optical density (ROD), in
telencephic regions of rats that received a continuous 7-day infusion of either vehicle, mis-ODN or APP-
ODN. Abbreviations: APP-ODN, APP695 antisense oligodeoxyribonucleotide; Cal-3, fields of the
hippocampus; Cl-2, cortical layers 1 — 2; CI-3, cortical layers 1 — 3; C3, cortical layer 3; C4-5, cortical
layers 4 — 5; C5-6, cortical tayers 5 - 6; C6, cortical layer 6; Dg, dentate gyrus; mis-ODN, mis-sense
oligodeoxyribonucleotide; MHb, medial habenula. Cortical layers defined as described in the atlas of Paxinos
and Watson {1986). The mean ROD for vehicle treated groups was compared to the mean ROD for the APP-
ODN and mis-ODN treated groups using one-way ANOVA with a Dunneit post-test { P > 0.05). Each data
point represents the mean £ S.E.M. of measurements taken from lour animals,

8.3.3 PHJEPIBATIDINE AUTORADIOGRAPHY

The level of a-BGT insensitive or ‘non-oy° nAChRs was measured by analysing
[*Hiepibatidine autoradiography in each treatment group. The distribution of
[*H]epibatidine binding, which reflects predominately the presence of the ouf; nAChR

subtype, is shown in a representative coronal section in figure 8.4.
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Figure 8.4. Total |’H]cpibatidine binding in a represcnlative coronal scction approximatcly 3.6 mm caundat to
biegma. Abbreviations: Cal. ficid of the hippocampus; C1-3, cortical layers 1 - 3: C4, cortical layer 4; C5-6,
cortical layers 5 — 6. GrDG. dentate gyrus granular layer: MolDG, dentate gyrus molecular layer. Cortical
layers defined as described in the atlas of Paxinos of Watson (Paxinos ¢t al., 1986).

Densiometric assessment of the autoradiographic images from each treatment
group revealed no significant change in the cortical level of [’H]epibatidine binding in rats
treated with the APP-ODN relative to vehicle infused rats (fig 8.5). The APP-ODN group
exhibited a small reduction of 18% and 22% in cortical layer 4 and the granular layer of
the dentate gyrus, however this was not a statistically significant effect. Infusion of the
mis-ODN did nut significantly affect [*H]epibatidine binding in any of the regions

examined.
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Figure 8.5. Specific ['H]Epibatidine binding, quantified in terms of relative optical density (ROD), in
selected cortical and hippocampal regions from rats that received a continuous 7-day infusion of either
vehicle, mis-ODN or APP-ODN. Abbreviations: APP-ODN, APP695 antisense oligodeoxyribonucleotide:;
Cal, field of the hippocampus; C1-3, cortical layers | — 3; C4, cortical layer 4; C5-6, corticai layers 5 - 6;
GrDG, dentate gyrus granular layer; mis-ODN, mis-sense oligodeoxyribonuclectide; MolDG, dentate gyrus
molecular layer. Cortical layers defined as described in the atlas of Paxinos of Watson (Paxinos et al., 1986).
The mean ROD for vehicle treated groups was compared to the mean ROD for the APP-ODN and mis-ODN
treated groups using one-way ANOVA with a Dunnett post-test ( P > 0.05). Each data point represents the
mean t S.E.M. of measurements taken from four animals.

8.3.4 ['"** I} a-BUNGAROTOXIN AUTORADIOGRAPIY

The distribution and density of «; nAChRs in various cortical and hippocampal
regions from rats receiving i.c.v. infusions of either vehicle, mis-ODN or APP-ODN was
assessed by examining ['*’I]a-BGT binding in coronal slices from each treatment group

(hg. 8.6).
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Figure 8.6. Total [**[Ja-BGT binding in representative coronal sections approximately 3.6 mm caudal to
bregima from rats that received a 7-day continuous i.c.v. infusion of cither vehicie, APP-ODN or mis-ODN.
Abbreviations: APP-ODN, APPG695 antisensc oligodeoxyribonucicotide; Cal-3, ficlds of the hippocampus;
C1-5, cortical layers 1-5; C6, cortical layer 6; Dg, dentate gyrus; HiF, hippocampal fissure; mis-ODN, mis-
sense oligodeoxyribonucleotide; Rad, stratum radiatum hippocampus. Cortical layers defined as described in
the atlas of Paxinos of Watson (Paxinos ct al., 1986),

The level of specific ['*’I}o-BGT binding was significantly reduced by 22% in the
dentate gyrus of APP-ODN treated rats relative to vehicle infused controls but was not
affected in any of the other regions analysed (fig 8.7). The mis-ODN did not significantly

affect the level of ['*1]o-BGT binding.
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Figure 8.7. Specific ['*1]a-BGT, quantified in terms of relative optical density (ROD), binding in rats that
received a 7-day continwous i.c.v. infusion of cither vehicle, APP-ODN or mis-scnse oligonucicotide.
Abbreviations: APP-ODN, APP695 antiscuse oligodcoxyribonucleotide; Cal-3, fields of the hippocampus;
C1-5, cortical layers 1-5; C6, corlical tayer 6, Dg, dentate gyrus; Hi”, i spocampal {issure; mis-ODN, mis-
sense oligodeoxyribonucleotide; Rad, stratum radiatum hippocampus; ROD, relative optical density, Cortical
layers defined as described in the atlas of Paxinos of Watson {(Paxinos ct al., 1986). The mean ROD for
vehicle treated groups was compared (o the mean ROD for the APP-ODN and mis-ODN treated groups using
onc-way ANOVA with a Dunnelt post-test (***, P < 0.001). Each data point represents the mean £ S.EM.
of measurements {aken {rom four animals, '
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8.3.5 mRNA ExPRESSION OF BACE, PS1, PS2 AND TACE

The mRNA expression of a number of other proteins involved in the proteolytic
processing of APP, including BACE, the presenilins and TACE, was examined in the three
treatment groups. using in sitn hybridisation histochemistry. The distribution of these
mRNAs in representative coronal sections from vehicle, APP-ODN and mis-ODN treated

rats is shown in figure 8.8.

Vehicle . Mis-ODN__ APP-ODN

BACE

PS1

PS2

TACE

Figure 8.8. Distribution of APP695, p-sitc APP-cleaving cnzyme (BACE), presenilin-1 (PS1), presenilin-2
(PS2) and tminour necrosis factor-o-converling enzyme (TACE) mRNA in represcntative coronal scctions
taken approximately 3.6 mm caudal to bregma from rats that received a continuous 7-day infusion of either
vehicle, APP-ODN or mis-ODN. Abbreviations: APP-ODN, APP695 antisense oligodcoxyribonucleotide;
Cal-3, fields of the hippocampus; C3, cortical layer 3; Ctx, cortex: Dg, dentate gyrus; mis-ODN, mis-sense
o{igodco.\'yribonucleotidc. Cortical layers defined as described in the atlas of Paxinos of Watson (Paxinos et
al., 1986).
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Continuous i.c.v. infusion of the mis-ODN probe did not significantly affect the
level of BACE, PS1, PS2 or TACE mRNA expression in the hippocampus and cortex
relative to the vehicle treated group. However, rats treated with the APP antisense probe
exhibited a significant increase of 29 — 40% in TACE expression in the cortex and the Cal,
Ca2 and dentate gyrus regions of the hippocampus (fig 8.9). Relatively little TACE
mRNA was detected in the Ca3 field of the hippocampus and this was not affected by the
APP-ODN treatment. The level of BACE, PS1 and PS2 mRNA expression was not
significantly affected by i.c.v. infusions of APP-ODN in the cortical or hippocampal

regions examined.
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Figure 8.9. Levels of APP69S, B-site APP-cleaving enzyme (BACE), presenilin-1 (PS1), presenilin-2 (PS2)
and tumour necrosis factor-a-converting enzyme (TACE) mRNA, quantified in terms of relative optical
density (ROD), in telencephic regions of rats that received a continuous 7-day infusion of either vehicle,
APP-ODN or mis-ODN. Abbreviations: APP-ODN, APP695 antisense oligodeoxyribonucleotide; Cal.3,
fields of the hippocampus; C3, cortical layer 3; Cix, cortex; Dg, dentate gyrus; mis-CDN, mis-sense
oligodeoxyribonucleotide. Cortical layers defined as described in the atlas of Paxinos of Watson (Paxinos et
al., 1986). The mean ROD for vehicle treated groups was compared to the mean ROD for the APP-ODN and
mis-ODN ftreated groups using ene-way ANOVA with a Dunnett post-test (*, P < 0.05). Each data point
represents the mean 2 S.E.M. of measurements taken from four animals.
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8.4 DISCUSSION

As a result of continuous i.c.v. infusion of the antisense ODN probe targeted to
APP, there was relatively little change in the level of APP695 mRNA expression, with the

exception of a small increase in the expression of APP695 in the cortex which was not

localised to specific cortical layers. As discussed in the previous chapter, quantification of

the target mRNA will not necessarily be affected by in vive treatment with the antisense
ODN, provided that the antisense probe does not hybridise with the target mRNA at the
same position as the oligonucleotide probe(s) used for the detection of that mRNA using in
situ hybridisation histochemstry. The target regions on the complete APP mRNA sequence
for the antisense APP-ODN used for i.c.v. infusions and the ODN used for in situ
hybridisation histochemstry are separated by over 650 base pairs. The findings presented
here with regard to APP mRNA expression are consistent with those previously reported
by Coulson et al., (1997) which show that i.c.v. injections of antisense ODNs targeted to
APP does not affect the level of expression of APP mRNA in a number of brain regions
including the amygdala, septum and hippocampus. The small but significant up-regulation
of APP mRNA in the cortex reported here may represent a homeostatic response to
reduced synthesis of APP and is indicative in ongoing, and perhaps up-regulated,
transcriptional activity in response to reduced translation of the mRNA. This has also been
suggested by Landgraf et al., (1995) in .. _ .dy showing that cerebral injections of antisense
ODN targeted to the V1 vasopressin receptor subtype results in significantly increased
expression of VI mRNA. A number of studies have shown that a significant increase in
APP mRNA expression is also associated with neuronal damage (Nakamura et al., 1992;
Ohyagi et al., 1993; Schubert et al., 1993). However, i.c.v. infusion of the mis-sense ODN
was not associated with any change in APP mRNA levels and therefore the increase in

APP mRNA in the APP-ODN group is not likely to be related to non-specific neuronal
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damage caused by ODN infusioﬁ or the surgical procedure. Alihough APP protein levels
were not quantified as part of the present study, treatment with similar amounts of
antisense APP-ODNs, both in vitro and in vivo, has consistently been shown to
significantly reduce the level of APP protein in a number of other studies (Coulson et al,
1997; Denman et al., 1997; Kumar et al, 2000). The study by Coulson et al., (1997)
reports that i.c.v. injections of an APP-ODN does not significantly affect APP mRNA
levels, but causes a significant reduction of 43 — 68% in cerebral levels of the APP protein.
Relative to the vehicle ireated group, rats treated with the antisense APP-ODN

exhibited a significant reduction in {'*IJa-BGT binding in the granular layer of the dentate

gyrus, This result is indicative of a reduction in density of the a7 RACHR subtype related to
restricted synthesis of the APP protein. Along with the results reported in the previous
chapter describing the effects on a;ODN on the expression of various proteins involved in
the proteolytic processing of APP, this finding further supports the hypothesis that there is
some sort of interaction between a; nAChRs and APP. The level of o; mRNA expression
was not affected in any of the areas quantified in this study and therefore the reduction in
[(*11o-BGT binding is likely to be due to post-transcriptional or post-translational
mechanisms rather then a change in transcriptional activity. The apparent discordance
between nAChR mRNA expression and receptor protein levels has been well documented
(Blumenthal et al., 1997; Ke et al., 1998; Marks et al., 1992; Pauly et al., 1996; Zhang et
al., 2000) and has led these authors to conclude that nACHR levels are regulated primarily
by post-transcriptional/translational mechanisms. Based on the finding that secreted forms
of APP are likely to play an important role in terms of stabilising [Ca®*}; and therefore
preventing excessive neuronal excitability (Li et al., 2000; Mattson et al., 1993b; Mattson
et al, 1993a), a sustained irhibition of the synthesis of APP may have significant
consequences for [Ca’'}; in certain neuronal populations. Furthermore, considering the

high calcium permeability of the o; nAChR, neurons which express o; nAChRs may be
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particularly vulnerable to such changes which favour increased [Ca™};. The dentate gyrus
shows one of the highest levels of nAChR density of any area in the brain, which may
explain the selective change in o7 nAChR density in this area. Hypothetically, down-
regulation of ¢7 nAChR levels in the dentate gyrus as a result of APP-ODN treatment may
represent a homeostatic mechanism that is initiated in an attempt to limit o7 mediated
increases in [Ca®"];, 'following sustained increase in intraneuronal calcium levels due to
lower ambient levels of SAPPs. An important implication for this hypothesis of course is
that, to some extent, [Ca*}; regulates a7 nAChR levels. Interestingly, a study by Ospina et
al., (1998) has reported that the affinity of agonist binding to a7 nAChRs is significantly
enhanced by the presence of calcium in autoradiographic studies. Furthermore, the o
nAChR subtype is rapidly desensitised (Buhler et al., 200!; Fabian-Fine et al., 2001; Mike
et al., 2000; Papke et al., 2000) and probably internalised (Fabian-Fine et al., 2001)
following agonist binding, and therefore a sustained increase in agonist affirity due to
increased calcium levels may also be expected to be associated with an increased level of
receptor desensitisation and subsequent internalisation. Of course this is a highly
speculative line of reasoning, but offers one possible explanation for the APP-ODN
mediated reduction in ['*’I}a-BGT binding reported here. As a useful direction for further
work in this area, it would be interesting to investigate the possibility that intraneuronal
calcium levels may facilitate an auto-inhibitory feedback loop for u7 nAChRs.

In terms of the relevance of these results to AD, it has previously been reported that
the level of both a7 nAChR subunits (Burghaus et al., 2000; Guan et al., 2000; Wevers et
al., 1999) and secreted forms of APP (Lannfelt et al., 1995; Van Nostrand et al., 1992) are
significantly reduced in the brains of AD subjects. The findings reported here indicate that
these changes may indeed be related. Specifically, APP may regulate a7 nAChR fevels in
certain areas of the brain such as the hippocampus. As has been outlined in previous

chapters, the o; nAChR has neuroprotective and neurotrophic activities and is thought to
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play acritical role in learning and memory function in the hippocampus. Therefore, a loss
in the density of these receptors resulting from reduced APP ;evels may be an important
factor in relation to the neurodegenerative changes and clinical symptoms associated with
AD. In addition to the development of y— and P-secrctase inhibitors that reducc AP
formation, an aiternative therapeutic strategy for the treatment of AD may involve the
development of drugs that increase the level of secreted forms of APP in the brain. The
o—secretase enzyme represents a potential target in this context, in that stimulation of
o~secretase activity will increase the release of sAPPo and preclude AR formation by
cleaving APP within the AP sequence. -

The processing of APP via the a—secretase pathway_occurs on thé C-terminal side
of residue 16 of the AP sequence, liberating a soluble N-terminal fragment (sAPPo) from
the cell surface and leaving an 83 residue C-terminal fragment anchored to the cell
membrane (Esch et al, 1990). Cleavage of APP by a—secretase has both regulated and
constitutive components. Regulated a—secretase activity appears to be under the control of
protein kinase C (Hung et al., 1993; Sinha et al., 1999b). Although the exact identity of the
a~secretase enzyme is not known, there is good evidence to suggest that tumour necrosis
factor-a-converting enzyme (TACE) is involved. For example, the inhibi‘ion or knockout
of TACE significantly decreases the level of a—secretase mediated proces:ing of APP and
therefore the relea £ of the SAPPa fragment (Buxbaum et al., 1998). It is reported here that
continuous i.c.v. infision of an antisense ODN probe targeted to the APP695 isoform of
APP results in a significant up-regulation in the expression of TACE mRNA in the cortex
and hippocampus. This finding further supports existing evidence that TACE is involved in
the processing of APP. Furthermore, these results constitute preliminary evidence that
TACE activity is regulated by APP levels. As discussed above, although a definitive
description of the physiological role for APP in the brain is still lacking, there is a

considerable amount of evidence that implicates the proteolytic prodict. sAPPq, in
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neuronal growth and neuroprotection. Inhibiting the synthesis of APP might be expected to
have physiologically relevant consequences by also reducing the level of sAPPo
production. One interpretation of the results presented here is that the increase in TACE
mRNA expression following transient inhibition of APP synthesis reflects a homeostatic
mechanism directed at maintaining a certain level of sAPPa production. Of course an
important assumption for such a hypothesis is that increased TACE mRNA expression is
translated into increased TACE activity. Further studies that measure TACE protein levels
and both constitutive and stimulated a—secretase activity, following APP-ODN treatment,
would certainly be justified. It is notable that the expression of mRNA for BACE, which is
involved in B-secretase mediated processing, and PS1 and PS2, which are involved in the
y-secretase processing of APP, was not affected by APP-ODN treatment. Therefore,
inhibition of APP synthesis may specifically increases o—secretase processing of APP and
the production of sAPPq, rather than non-specifically up-regulating processing at the a—,
B— and y-secretase siles and the production of other APP fragments such as sAPPJ, p3 and
AB. This further supports the notion that sAPPa represents an important and
physiologically relevant product of APP processing.

In conclusion, the work presented in this chapter demonstrates that oz nAChR
receptor levels in the dentate gyrus and TACE mRNA expression in the hippocampus and
cortex may be regulated by the ievel of APP695 or its proteolytic products. Considering
the importance of the o; nAChR in neurotrophic, neuroprotective and cognitive activity, a
loss of this vecepior as a result of reduced APP synthesis may be an important factor in the
neurodegeneration and clinical symptoms associated with AD. The finding that TACE
mRNA expression is significantly increased in APP-ODN treated rats indicates that the
brain may posscss the capacity to maintain a certain level of SAPPa through changes in
a-secretase activity when the availability of the APP substrate is limited. Stimulation of

the a—secretase mediated processing of APP may represent a useful therapeutic approach
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in the treatment of AD. Furthermore, this approach may offer advantages over the use of
B- and y-secretase inhibitors if one considers that increased a-secretase activity would
achieve the same goal, in terms of reducing AP formation, but also increase the production
of the neurotrophic/neuroprotective SAPPa molecule and not interfere with normal cellular

processes that may rely on §~ and y—.scretase processing of APP.
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Alzheimer’s disease is the major cause of the severe intellectual decline described
as dementia and is thought to affect over half of the population over the age of SS in
industrialised nations (Hof et al., 1995). This presents a substantial financial and, of course,
emotional cost to the community. Consequently, AD has been the subject of more
scientific research than any other disorder of the central nervous system. Despite an
enormous amount of time and money dedicated to the study of AD, surprisingly little is
known about the precise nature of the events that precipitate the neurodegenerative
processes associated with the disease. In order to gain a better understanding of these
neurodegenerative précesses and identify which pathological changes represent the best
targets for therapy, it would be particularly useful to establish ‘cause and effect’
relationships between the vast array of neurochemical changes s¢en in AD brains. In this
context, the central aim of the work presented here has been to examine a number of the
neurochemical markers thcught to pfay important roles in AD pathology, and to explore
possible relationships between changes in these neurochemical markers based on rodent
models of specific pathological changes associated with AD. Although the results
presented throughout this thesis have been discussed in some detail at the end of each
chapter, it is worthwhile briefly discussing some of the more interesting results that relate
across multiple chapters, and their relevance to AD. It may be useful to briefly review

some of the major findings and couclusions presented in each chapter first,

CHAPTER 3:

* A continuous 14-day i.c.v. infusion of AP4g) causes a significant reduction in the
binding of [PHJHC-3 to high affinity choline uptake sites in the cortex and
hippocampus, but does not affect ChAT activity or AChE levels. It was concluded
from this finding that chronic elevation of AB( o) levels in the brain may modulate
the normal functioning of cholinergic independently of a direct neurotoxic effect.

* Chronic nicotine treatment at doses similar to those which may be experienced as a
rgsult of smoking also caused a significant reduction in cortical and hippocampal
[HJHC-3 binding. Furthermore, chronic nicotine treatment significantly
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potentiated the reduction in [*HJHC-3 binding caused by AP0 infusions. One
interpretation of this finding is that chronic nicotine exposure associated with
smoking may exacerbate the neuromodulatory and potentially pathological effects

mediated by elevated A levels in the brain.

Chronic nicotine treatment at a dose of either 0.75 or 1.25 mg/kg/day resulted in a
significant up-regulation of [*H]epibatidine binding to non-o; nAChR subtypes in
the hippocampus and cortex. This affect was somewhat more pronounced in rats
also treated with APB(j4q). Binding of ['**1]a-BGT to a7 nAChRs was not affected
by chronic nicotine treatment, continuous i.c.v. AP 4o infusion or a combination
of these treatments.

The mRNA expression of the oy, B2 or o7 RAChR subunits was not significantly
affected by either chronic nicotine or AB(4p) treatment. However, a combination of
chronic nicotine and AP0 treatment results in a significant increase in a; mRNA
levels in the Cal field of the hippocampus.

Chronic nicotine treatment at a dose of 1.25 mg/kg/day caused a significant
reduction in both NR1 and NR2A, but not NR2B, NMDAR subunit mRNA in the
cortex and a3 field of the hippocampus. This effect is abolished by co-treatment

with i.c.v. infusion of ABj40).

Expression of APP695, BACE, PS1, PS2 or TACE mRNA was not significantly
affected by chronic nicotine treatment, continuous i.c.v. AP(.e infusion or a
combination of these treatments.

CHAPTER 4:

The i.c.v. injection of 192-1gG-saporin caused the selective degeneration of
cholinergic basal forebrain neurons as demonstrated by a significant reduction in
AChE levels in areas that receive basal forebrain innervation. The significant
recovery in AChE levels as early as 7 days after 192-IgG-saporin treatment
indicates some degree of plasticity associated with the cholinergic basal forebrain
system.

192-1gG-saporin treatment caused a modest but significant increase in the level of
o4 and o7 nAChR subunit mRNA in the cortex and hippocampus respectively. This
effect was only seen at later time points following i.c.v. 192-1gG-saporin injection.
The time dependent nature of this effect may relate to the regeneration rather than
degeneration of cholinergic basal forebrain neurons. The level of B, subunit mRNA
was not affected by 192-1gG-saporin treatment.
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The binding of ['*1a-BGT and [*H]epibatidine to &7 and no -0y nAChR subtypes
respectively was not affected as early as 4 days and up to 90 days after i.c.v. 192-
IgG-saporin injection. '

The level of NR2A NMDARK subunit mRNA was significantly up-regulated in the
cortex and Cal field of the hippocampus after the i.c.v. injection of 192-1gG-
saporin. Again this effect was time dependent and was only seen 90 days after 192-
IgG-saporin treatment. The level of NR1 and NR2B mRNA was .+ affected and
therefore degeneration of the cholinergic basal forebrain neurons wiay selectively
affect certain NMDAR subtypes.

There was a significant increase in the expression of nNOS mRNA in the dentate
gyrus detectable 7 days after 192-1gG-saporin treatment and persisting until 90
days after treatment. -

APP695 mRNA expression was significantly increased by i.c.v. injection of 192-
IgG-saporin. This effect was not seen until 90 days after treatment with 192-IgG-
saporin. One interpretation of this finding is that the degeneration of the cholinergic
forebrain system associated with AD may be a causative factor in the increased
production of APP fragments such as Af. No change in the level of BACE, PS1,
PS2 or TACE mRNA was seen after 192-1gG-saporin treatment. The expression of
these proteins is not likely to be under the control of the cholinergic basal forebrain
system.

CHAPTER §:

Excitotoxic lesioning of the nbM region in the basal forebrain, using quinolinic
acid, resulted in significant increases in oy, B2 and a7 nAChR subunit mRNA in the
hippocampus and cortex. In light of the relatively small changes in the expression
of these subunits associated with 192-IgG-saporin treatment, it was concluded that
non-cholinergic basal forebrain neurons (ie. GABAergic) may regulate the
expression of certain nAChR subunits,

The increase in hippocampal and cortical oy and B2 nAChR was not accompanied
by a concomitant increase in [*H]epibatidine binding following excitotoxic nbM
lesions. As discussed in chapter 3, this finding may reflect an up-regulation of c4f3;
nAChRs in the hippocampus and cortex, masked by a loss of presynaptic P,
nAChRs on basal forebrain afferents. The significant increase in ['*IJa-BGT
binding in the same regions which showed increased o; mRNA expression

fcllowing excitotoxic nbM lesions was interpreted as an increase in o7 nAChR
. «nsity mediated at the transcriptional level.
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= [Injection of quinolinic acid into the nbM resulted in a much greater response in the
level of expression of hippocampal and cortical NMDAR subunit mRNA relative to
the modest increase in NR2A mRNA expression following i.c.v. 192-1gG-saporin
injection. Specifically, excitotoxic nbM lesions cased a significant increase in NR1
and NR2B subunit mRNA in the cortex and hippocampus while NR2A mRNA was
unaffected. It was concluded that non-cholinergic basal forebrain neurons may play
an important role in reguiating specific NMDAR populations in these regions.

* There was a significant increase in cortical and hippocampal APP695 expression
following excitotoxic basal forebrain lesions, which was more proncunced than that
associated with 192-lgG-saporin treatment. Both cholinergic and non-cholinergic
basal forebrain neurons may play a role in regulating APP695 levels. Unlike 192-
IgG-saporin treatment, quinolinic acid injections caused a significant increase in
mRNAs corresponding to proteins involved in the non-amyloidogenic processing
of APP, including PS1, PS2 and TACE.

CHAPTER 6:

= Binding of ['*I]a-BGT to o7 nAChRs in hippocampal membrane fragments was
readily displaceable by the selective a; nAChR agonist, choline, but not by the
Aﬂ(lz.zs) or AB(1.42) peptides.

* Binding of ["*I]a-BGT to a3 nAChRs in the whole hippocampal slice was readily ;
displaceable by the selective a; nAChR agonists, MLA and choline, but not by the L}
AB(lg.zg) or AB(Mz) peptides.

* The continuous 14 day i.c.v. infusion of Ao did not significantly affect the
expression of a; mRNA or binding of ['*’I]a-BGT to o7 nAChRs in the
hippocampus or cortex. Based on studies which show that nAChRs are up-
regulated by chronic treatment with either agonists (Barrantes et al., 1995; Ke et
al., 1998) or antagonists (Molinari et al., 1998), it was concluded that the A3 .40
did not bind to o7 nAChRs.

» The main conclusion from work presented in chapter 6 was that AP peptides do not

bind competitively to the oz nAChR subtype as has been previously rcported
(Wang et al., 2000a & 2000b).

CHAPTER 7:

® Transient knockdown of the a; nAChR protein by the continuous i.c.v infusion of
an antisense ODN probe targeted to o7 nAChR subunit mRNA caused a significant
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‘reduction in ['**I}a-BGT binding throughout the hippocampus and cortex. There

was also a more restricted reduction in a; mRNA levels. Breakdown of the
o7ODN-mRNA hybrid as well as inhibited ribosomal translation may both be
important mechanisms in inhibiting ¢t7 subunit protein synthesis following i.c.v.
o7ODN infusion.

There was a significant up-regulation of oy and 3 nAChR subunit mRNA in the
dentate gyrus following continuous i.c.v infusion of the aODN probe. This finding
may reflect the up-regulation of novel nAChR subtypes in response to a reduction
in o7 nAChR levels.

The level of [PH]epibatidine binding to non-o; nAChRs was significantly reduced
in the cortex following o;ODN treatment.

Continuous i.c.v. infusion of the o;ODN caused a significant up-regulation of PS1,
PS2 and TACE mRNA in the ventricular zone cells. It was concluded that o4
nAChR activation may play an important role in regulating APP processing along
the non-amyloidogenic o-secretase pathway.

CHAPTER 8:

A small but significant increase in cortical APP695 mRNA levels was observed as

a result of continuous i.c.v infusion of an antisense ODN probe targeted to APP6935
mRNA.

Continuous infusion of APP-ODN caused a significant increase in TACE mRNA
levels in the hippocampus and cortex. Reductions in APP levels may stimulate the
processing of APP at the a-secretase site.

There was a significant reduction in binding of {'*’I}a-BGT to a; nAChRS in the
dentate gyrus following APP-ODN treatment. Zhe level of o7 subunit mRNA

expression was not affected and therefore APP levels may regulate o; nAChR
levels through a post-transcriptional mechanism.

Overall, based on these results, it may be concluded that a number of

neurochemical markers are readily manipulated by models of specific neurodegenerative

and morphological changes associated with AD. Furthermore, evidence has been presented
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showing that there may be causal relatidnships between changes in certain groups of
neurochemical markers seen in AD brains. Two such changes, which are often described as
being definitive for AD neuropathology, include the selective degeneration of éholinergic
basal forebrain neurons and a significant increase in the accumulation of AP peptides in
deposits throughout the brain. A central focus in AD research has been to establish a causal
relationship between cholinergic basal forebrain denervation and increased AP levels by
addressing the question - “Which change is causative factor relative to the other in the
context of newrodegeneration associated with AD?” The work presented here indicates
that, to some degree, the answer may be “both”. In chapter 3 it was demonstrated that a
chronic elevation in the level of AB(.) in the brain can modulate the function of
cholinergic neurons by reducing the density of high affinity choline uptake sites. In light of
evidence that cheline deprivation may eventually cause damage to chollinergic neurens
(Wurtman, 1992), this finding supports the hypothesis that AP accumuiation may play a
causative role in relation to the degeneration of cholinergic basal forebrain neurons seen in
AD. However, results presented in chapter 4 showed that degeneration of the cholinergic
basal forebrain neurons resuits in a significant increase in the expression of predominate
APP isoform in the brain, APP695. Based on reports showing that increased expression of
APP in rats is also associated with a significant increase in the formation of AP peptides
(Games et al,, 1995), it may be concluded that this finding supports the hypothesis that
degeneration of the cholinergic basal forebrain system directly contributes to the
accumulation of AP deposits. Collectively, the results from chapters 3 and 4 indicate that
there may be a reciprocal relationship between cholinergic basal forebrain activity and AB
levels. An important consequence of this hypothesis is that a change m either of these
systems may cause a self-perpetuating pathological response resulting in both cholinergic

neuron loss and AP accumulation. Clearly maintenance and restoration of the choiinergic
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basal forebrain system and prevention of AB accumulation may be equally important
strategies in the therapy of AD.

One of the central aims of the work presented here was to examine hov-v binding of
['®[}a-BGT and [*Hjepibatidine to oy and non-o; nAChR subtypes, as well the expression
of nAChR subunit mRNAs, is affected in various experimental paradigms which model
certain aspects of AD. A number of findings have been described that relate to possible
cause and effect relationships between the neurochemical changes seen in AD brains. For
example, in chapter 7 it was demonstrated that transient inhibition of the synthesis of the
a7 nAChR subunit in vivo is associated with a significant reduction in the density of the o
nAChR subtype in‘ the cortex and hippocampus, but also a significant reduction in the
binding of [*H]epibatidine to non-o; nAChR subtypes in the cortex. This finding raises the
notion that there may be a relationship between the loss of «y32 nAChRs (Nordberg et al.,
1986) and a; nAChRs (Wevers et al., 1999) seen in AD brains. The finding that transient
inhibition of the synthesis of the APP695 protein causes a significant reduction in o
nAChR levels, presented in chapter 8, indicates that there may also be a relationship
between the reduced levels of secreted forms of APP found in the CSF of AD patients
(Van Nostrand et al., 1992) and a loss of a; nAChRs. Collectively, these findings suggest
that the a7 nAChR may play a prominent role in the neuropathological changes associated
with AD, and substantiates the idea that the a7 nAChR represents a potentially important
therapeutic target for the treatment of AD (Kem, 2000).

In terms of how the significant loss of nAChR levels associated with AD may be
related to specific pathological changes, no evidence was found to indicate that elevated
levels of AP might directly affect nAChR levels. Furthermore, the degeneration of both
cholinergic and non-cholinergic basal forcbrain neurons was found to increase the

expression of certain nAChR subunits as well as binding of ['**la-BGT and

[’H]epibatidine to nAChRs. While this finding may indicate that the loss of nAChR density
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seen in AD is not directly related to the degeneration of the basal forebrain, it should be
noted that measurement of neurochemical markers in AD brajns is usually taken from post-
mortem tissue representing end stages of the disease. While the progre.ésion of AD
neurodegeneration takes years, and even decades, the measurement of neuro?:hemical
markers in this study was performed a matter of only weeks after the initial experimental
manipulation. Therefore, the up-regulation of nAChRs seen here may represent an early
response to degeneration of the basal forebrain structure that precedes an eventual loss of
nAChRs associated with latter stages of the disease. The same conclusion might be made
for other neurochemical markers such as NMDAR subunits and nNOS, which were
increased following excitotoxic or-selective cholinergic lesions but have been reported to
be significantly dowr-regulated in the brains of AD subjects (Greenamyre et al, 1985;
Thorns et al., 1998). Collectively, these findings may have important implications for the
treatment of AD at early stages of the disease. For example, the effect of cholinergic or
nicotinic therapy of AD, may vary between late stages of the disease, when there may be a
significant ainount of cholinergic hypofunction and early stages where, as has been
reported here, there may be an up-regulation of certain cholinergic markers, such as
nAChRs. Furthermore, the up-regulation of multiple excitatory neurochemical! markers,
such as nAChRs, NMDARS and nNOS, reported here as an early response to certain
neurodegnerative changes associated with AD, suggests that limiting excitotoxic forms of
neurodegeneration may be an important strategy in the early treatment of the disease.
Perhaps one of the more interesting findings to come out of the work presented
here, details preliminary evidence that chronic nicotine exposure, such as that associated
with smoking, may exacerbate the potentially damaging effects in relation to cholinergic
neurons associated with elevated AP levels. Clearly this finding does not support the
epidemiological study by van Duijn et al, (1991) reporting that chronic nicotine intake

associated with smoking is positively correlated with a significant increase in the age of

237

2 e




Friscuaskt

onset for AD. However, a recently puBlished review by Kukull, (2001) has discussed a
nucber of experimental biases associated with this and other studies that report a
protective effect of smoking in relation to AD. Furthermore, Kukull, (2001} have desct'ibed
stuc®; - that correct for these experimental biases and show a moderate increase in the risk
of .31} - smokers (Merchant et al., 1999; Ott et al.,, 1998), While the exact nature of any
association between smoking sad AD remains controversial, the results presented here
support studies showing an increased risk of AD associated with smoking and also
describe a possible mechanism for such an interaction involving nicotine, AR and high
affinity choline upta’ > sites.

Another group. of related neur-ochemical markers examined throughout this thesis
included the neuronal isoform of APP, APP69S, as well as a number of proteins iavoived
in the proteolytic processing of APP including BACE, PS1, P$S2 and TACE. Evidence has
been presented showing that damage to both cholinergic and non-cholinergic basal
forebrain neurons may be important factors related to the up-regulation of APP (and
therefore perhaps AP) evels in the brain. Interestingly, two distinct experimental
manipulations resulted in the selective up-regulation of mRNAs corresponding to proteins
associated with the processing of APP along the non-amyloidogenic a-secretase pathway.
Specifically, both excitotoxic basal forebrain lesions as well as transient knockdown of the
a7 DACIR subunit using an antisense ODN probe caused a significant up-regulation of
PS1, PS2 and TACE in various hippocampal and cortical regions. As discussed in chapter
.. it was concluded that becruse 07ODN treatment results in a significant reduction in a-
nAChR levels in these regtons, there v be an irnpoftant relationship between increased
mRNA cxpression of PS1, PS2 and TACE mRNA and a loss of o nAChRs in AD.
However, at odds with this conclusion, the excitotoxic basal forebrain lesions that caused a
significant increage in ¢ nAChR levels, also resuited in an up-regulation of PS1, PS2 and

TACE mRNA. Collectively, these results indicate that there may be a specific factor
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common to both excitot;)xic basal forebtain lesions and transient o7 nAChR knockdown
that regulates the expression of proteins involved in processing of APP along the o-
secretase pathway. One may therefore conclude that there may be a close relationship
between two imporiant changes associated with AD, a loss of a7 nAChRs and the
degeneration of basal forebrain neurons, and the non-amyloidogenic processing of APP.
Further work m this area may involve investigations into specific factors related to the
egulation of APP processing, and experimental manipulations that favour processing of
APP along the amyloidogenic f-secretase pathway rather than the non-amyioidogenic o-
secretase pathway. - ’

It should be stated that while some interesting results have been presented here, as
is often the case, the most significant contribution to the field of AD research advanced by
this thesis is perhaps not the expertimental data itself but rather directions for future work
based on this data. Two of the more promising directions for further work relate to the
finding that the modulation of certain aspects of cholinergic neuron function by AP is
potentiated by chronic nicotine treatment, and that transient knockdown of the oy nAChR
causes the selective up-regulation of mRNA for proteins involved in the a o-secretase
processing of APP. Ciéarly, based on the prevalence of smoking in the community, the
finding that chronic nicotine exposure may have specific and detrimental effects in relation
to the pathogenesis of AD should not be understated. This finding represents a clear
direction for further work in t.:x: already intensely studied field of nicotine and nAChR
pharmacology in AD. Specifically, the investigation of the exact nature of the interaction
between nicotine and AB, in relation to the modulation and, potentially, the degeneration of
cholinergic neurons. Furthermore, the implication that nicotine may exacerbate
legenerative changes associated with clevated AP levels goes somewhat against the
current thinking in this field, which has produced findings showing a positive correlation
between smoking and delayed AD onset (van Duijn et al., 1991) and nicotine mediated

239

e o g1 Ak = ot

o




Dhscoston

.

neuroproiection against AP toxicity in vitro (for reviews see Shimohama et al., 2001,
Zamani et al., 2001). It is not known whether the effects of nicotine in relal n to the AB
mediated change in cholinergic neurcn function reported here, and elsewhere (for review
see Auld et al., 1998), are related to specific nAChR subtypes. Considering the cutrent
focus in AD research on the potential of selective nAChR ligands in the treatment of AD,
this is an area that warrants further research. It would be particulariy interesting to
investigate the effects of chronic treatment with nicotine and selective nAChR ligands,
such as GTS-2i, in the transgenic rodent model of AD characterised by Games et al.,
(1995) which dver-expresses ; mutant form of APP and consequently produces
significantly greater amounts of the AP peptide.

The finding that mRNAs corresponding to proteins associated with the production
of sAPPa from APP (PSl, PS2 and TACE) are significantly up-regulated following
transient knockdown of the o7 nAChR: is another result that is worth exploring further. It
was particularly interesting to note that the up-regulation in these mRNAs was most
prominent in the ventricular zone. The ependymal layer that forms part of the
neuroepithelial lining of the ventricles is an important source of neural progenitor cells in
the mammalian brain. In chapter 8, following a detailed discussion of the available
literature regarding the neurotrophic activities of both sAPPa and o7 nAChRs and their
relevance to neural precursor cells, it was concluded that stimulation of the a-secretase
processing of APP and the subsequent production of sAPPa by o7 nAChRs may represent
an important neurotrophic and neurogenic mechanism in the mammalian brain. The use of
cell replacement therapy for the treatment of neurod:generative disease is a promising and
rapidly growing field, but one that is limited by the availability of appropriate neurcnal
material (Bjorklund et al., 2000). A numter of researchers are presently investigating ihe
possible use of neural progenitors derived from the ventricular zone and expanded in vitro

as donors in cel! replacement therapy of neurodegenerative disorders such as Parkinson’s
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disease (Sawamoto et al., 2001.). The expansion and differentiation of neuronal precursor

cells both in vive and in vitro ic critically dependant or: extrinsic regional signals

(Bjorklund et al., 2000). Based on the resuits presented in chapter 8 showing a relationship

between ay nAChR density and the mRNA expression of PSI, PS2 and TACE in the

ventricular zone cells, it is worth investigating the possibiiily that selective o7 nAChR

ligands may be useful tools in the ficid of cell replacement therapy and neural stem cell
research.

The results presented throughout this thesis show that a wide range of
neurochemical markers are differentially affected in response to specific neurodegenerative
and morphological changes associated with AD. Furthermore, evidence has been presented

and discussed showing that, in many cases, changes in these neurochemical markers are

likely to be interrelated. This is something that should certainly be considered as part of
the development of therapeutic strategies that seck to alter the expression or function

specific neurochemical markers for the treatment of AD. In AD, the pathogenesis of iz

disease is likely to be related to a delicate, and probabiy complicated, balance between
many neurochemical systems, including cholinergic neuron function, APP procassing and
nAChR pharmacology. The work presented here has shown that manipulation of one of
' | these systems can have important consequences for the functioning of the others. This is
h consisteni with the current line of thinking jn AD, in that the pathogenesis of the disease is
likely ic be multifactorial in nature, involving genetic and environmentally based changes
in many biological systems in the brain. Consequenily, effective therapy of AD is also
likely to involve the treatment of multiple systems. Investigations into possible

relationships bstween changes in certain reurochemical markers and biological systerms,

B
S .
ol

ang their relevance to the neurodegenerative changes and clinical symptoms associated
. = with A}, will continue t¢ be an important part of the development of muitifactorial

therapeutic strategies.
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