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Errata

p. 101, line 13: “possible to quantify” for “possible quantify”

p- 148, last paragraph, line 3: “yet a rat” for “yet it a rat”

p. 150, line 8: “used to show that” for “used to shown that”

p. 151, 2" paragraph, line 5: “may be the” for “may the”

p. 154, "me 3: “episodes of oxidative stress or inflammation™ for “episodes of oxidative
stress of inflammation”

Addenda

Comment based on the siudies performed in Chapters 3 and 4, and interpretation on p.
151:

The studies in Chapters 3 and 4 of this thesis examined the induction of celiular ferritin
expression, which occurs mostly in activated microglial cells and macrophages. It
should be noted that ferritin immunocytochemistry does not label all microglia and
macrophages within the brain, but appears to label a subset of these cells when they
have become activated. There may be some phagocytes that do not express ferritin when
they become activated, and further examination of these cell types with other markers of
inflammation could be used to determine how strong a correlation exists between
ferritin labelling and phagocytic activation. It would also have been desirable to
examine the induction of ferritin expression after injection of other metal ions or AB-
metal complexes, however time constraints did not permit the examination of ferritin
expression to become a major aim of this thesis.

p. 117, Add as a new paragraph at the end of the chapter:

“It should be noted that the species differences present between rat and human AP
implies that there may also be a difference between rat and human cells. Thus, while
human A was not toxic to rat neurons in the present study, the possibility remains that
it may be toxic to human neurons.”

p. 140, Add at the end of paragraph 2:

“While injections of saline do not directly cause oxidative damage, oxidative stress may
be indirectly caused by the cellular damage and inflammation produced by the injection
procedure.”

p. 148, Add as a new paragraph at the end of section 8.2:

“The in vivo model of intracortical injection used throughout this thesis has overcome
many of the problems associated with similar techniques that have been used by other
recearchers. Nonetheless, it needs to be considered that this model is only capable of
directly assessing acute neurotoxicity that occurs in association with a breach of the
blood-brain barrier, and deposition of the injected substance. This model does not
reproduce the chronic changes that occur during Alzheimer’s disease, and the results
presented in this thesis should be interpreted in the light of this limitation.”

p. 153, line 14, insert after “Alternatively,”:
“it could be inferred from the results presented in Chapters 5 and 6 that”
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Summary.

Brains from patients afflicted with Alzheimer's disease (AD) contain numerous senile
plaques that are composed of the amyloid-B peptide (AB). These plaques are found in
regions of the brain that exhibit widespread neuronal damage. It is generally believed
that AP causes the neurodegeneration, with many in vitro studies demonstrating the
toxicity of AP to cortical or hippocampal neurons cultured from neonatal rats. In
addition to A, senile plagues contain ¢levated concentrations of iron, copper and zinc,
all of which have been demonstrated to be neurotoxic. These three metal ions bind to
AP and promote the aggregation of the peptide. Metal ions have also been reported to
mediate the in vitro toxicity of AP, and thus may be partially responsible for the
neurcdegeneration seen in AD. The possibility that metal ions potentiate the
neurotoxicity of AP has not been examined in vivo, so the purpose of this thesis was to

compare the neurotoxicity of A and AB-metal complexes in the rat cerebral cortex.

To examine the in vivo neurotoxicity of AB, a model of intracortical injection was
developed so that the amount of neuronal loss associated with the injected AP deposits
could be determined -7 days after injection. The naturally occurring human variants,
AB1-40 and AB1-42, were examined, along with equivalent variants of endogenous
rodent AP peptide. 1.0pl of 1.0mM AP was injected into rat cerebral cortzx. These
deposits were rapidly cleared from the extracellular space, and were no longer present
after 7 days. The number of dying neurons associated with the A deposits was less
than the number associated with injections of the saline vehicle, indicating that pure A
peptides tend to attenuate neuronal loss. This finding suggests that pure AP is not

responsible for the toxicity of plaques in AD.

To determine whether AB-metal complexes are neurotoxic, mixtures of AP, iron, copper
or zinc were co-injected into rat cerebral cortex. It was found that when 1.0mM iron or
zinc were co-injected with AP, the AB-metal deposits were associated with significantly
mor~ neuronal loss than deposits of pure AP. However, AB-copper deposits were not
neurotoxic. This result indicates that some of the metal ions in plaques may indeed be
responsible for the neurodegeneration that is associated with senile plaques in AD. An
unexpected finding was that AP decreased the overall neurotoxicity of iron and copper,
but it did not decrease zinc neurotoxicity. Furthermore, the presence of zinc appeared to

prevent AP from protecting against the toxicity of iron and copper. These findings
-11-
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indicate that complex interactions occur between AP and metal ions, and these

interactions can be ¢ither nsurotoxic or neuroprotective.

Gestrogen replacement therapy decreases the risk of AD in post-menopausal women,
and improves cognitive function in women who have AD. Oestrogen may provide
neuroprotection through antioxidant actions, and thus differences in the level of plasma
oestrogen may decrease the neuronal loss caused by oxidative stress. The differrnt
stages of the oestrous cycle in female rats are associated with changes in plasma
oestrogen levels. Each stage of the oestrous cycle was compared with respect to the
amount of neuronal loss produceu oy intracortical injections of saline, metal ions and
Ap-metal complexes. The amount of neuronal loss did not differ between any stage of
the oestrous cycle. This finding suggests that the protection provided by oestrogen

replacement therapy in AD is not related to antioxidative properties.

The thesis has provided novel data on the lack of in vivo neurotoxicity of pure AP and
the potentiation of AP neurotoxicity by the metal ions that are normally present in
plaques. The increased neurotoxicity of some Af-metal complexes implies that the
metal ions within plagues may contribute to the neurodegeneration seen in AD brains.
Furthermore, the finding that AP can protect against redox-active metal ions suggests a
hitherto unsuspected role for AP in the neutralisation of toxic metal ions. Together these
findings have implications for the treatment of AD, since they indicate that for anti-

amyloidogenic agents to be successful, they must be combined with chelation therapy.

-12-




Declaration.

This thesis does not contain material that has been accepted for the award of any other
degree or diploma in any university or other institution, except where acknowledged _
otherwise. To the best of my knowledge, this thesis contains no material published or ;'

written by another person, except where due reference is made in the text,

Signed Date _/S-/2- O/

13-




Publications during PhD candidature.

Published and accepted manuscripts.

1. BISHOP, G.M. and Robinson, S.R. (2001) Quantitative analysis of cell death and

ferritin expression in response to cortical iron: implications for hypoxia-ischemia
and stroke, Brain Res. 907:175-187.

2. Robinson, S.R. and BISHOP, G.M., Amyloid P as a bioflocculant: implications for

the amyloid hypothesis of Alzheimer’s disease, Neurobiol. Aging ii press.

Manuscripts submitted for publication.

3. BISHOP, G.M. and Robinson, S.R., The acute response to deposits of fibrillar AB

in vivo: neuronal loss and ferritin expression. Under review, Brain Res.

Manuscripis in preparation.

4, BISHOP, G.M. and Rcbinson, S.R., Human AP but not rat AP protects rat cortical
neurons against iron toxicity.

5. BISHOP, G.M. and Robinson, S.R., Metal ions present in plagues potentiate the
toxicity of human AB1-42 in vive.

6. BISHOP, G.M. and Robinson, S.R., Effect of the oestrous cycle on the
neurotoxicity of AB-metal complexes.

7. BISHOP, G.M. Effects of AP in vivo: a review of models injecting or infusing AB

into the brains of animals.

Conference proceedings.
Abstracts directly related to the work in the PhD thesis.

1. BISHOP, G.M., O’Dowd, B.S. and Robinson, S.R. (1998) Human $-amyloid
peptide injected into rat cerebral cortex is not neurotoxic and does not induce
microglial reactivity, Proc. Aust. Neuroscience Soc. 9:200. Annual Meeting of the
Australian Neuroscience Society.

2. BISHOP, G.M., O’'Dowd, B.S. and Robinson, S.R. (1998) Human B-amyloid
peptide is not neurotoxic to rat cerebral cortex, Neurobiol. Aging 19 Suppl.
48:5127. 6th International Conference on Alzheimer’s Disease and Related

Disorders.
-14-




g e P ] i ) Bt 1,0

. Robinson, S.R., O'Dowd, B.S. and BISHOP, G.M. (1998) B-amyloid peptide fails

to activate microglial ferritin expression in vivo, Neurobiol, Aging 19 Suppl.

45:8127. 6th International Conference on Alzheimer’'s Disease and Related
Disorders.

BISHOP, G.M. Humphrey, R.K.B., Robinson, S.R., Smith, M.S.R., and Walsh,

D.A. (1998) The use of Fluoro-Jade to identify dying cells, 38th Annual Meeting of
the Japanese Teratology Society.

BISHOP, G.M. and Robinson, S.R. (1999) B-amyloid provides less neuroprotection

in old rats, Proc. Aust. Neuroscience Soc. 10:212. Annual Meeting of the Australian
Neuroscience Society.

BISHOP, G.M. and Robinson, S.R. (2000) B-amyloid is more neuroprotective if it

contains fibrils, Proc. Aust. Neuroscience Soc. 11:189. Annual Meeting of the

Australian Neuroscience Society.
BISHOP, G.M. and Robinson, S.R. (2000} B-amyloid helps to protect neurons from

oxidative stress, Neurobiol. Aging 21 Suppl 15:5226. The 7" International
Conference on Alzheimer’s Disease and Related Disorders.

. BISHOP, G.M. and Robinson, $.R. (2001) #-amyloid protects rat cortical neurons

from iron and copper toxicity, Proc. Aust. Neuroscience Soc. 12:133. Annual

Meeting of the Australian Neuroscience Society.

Abstracts that are not directly related to PhD thesis, but were obtained during

candidature.

9.

Fox, S.R., BISHOP, G.M. and Robinson, S.R. (1999) High levels of microglial iron
in the cortices of old primates: implications for the neurotoxicity of B-amyloid,

Proc. Aust. Neuroscience Soc. 10:213. Annual Meeting of the Australian

Neuroscience Society.

10. Zhang Y.F., Swan, L.E., BISHOP, G.M. and Robinson, S.R. (2001) Iron binding

capacity of rat retina varies during the oestrous cycle, Proc. Aust. Neuroscience Soc.

12:191. Annual Meeting of the Australian Neuroscience Society.

-15-
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of sections in Chapter 1 have used text that was originally written for manuscript
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sections that were written for these publications.
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included in the current thesis to prevent the unnecessary death of animals that would
have been required to repeat the work. Permission to include this data has been granted

by the Monash University Research Graduate School Steering Committee.
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1.1. Alzheimer’s disease.

1.1.1. Psychological and pathological chavacteristics of Alzheimer s disease.

Alzheimer’s disease (AD) is the most common cause of dementia in the aged. A decline
in short-term memory and a loss of olfactory discrimination are followed by a
progressive worsening of memory, confusion, behavioural disturbances such as
depression or aggression, a loss of sociaily learned behaviours and eventually a loss of
the ability to communicate, feed or attend to personal hygiene (see Berg and Morris,
1994; Folstein and Bylsma, 1994). The disease has a protracted course, with the interval

between diagnosis and death being around 7-10 years.

The brains of AD sufferers are characterised by enlargement of the cerebral ventricles
and a widening of the cortical sulci due to the atrophy and death of cortical neurons.
Microscopical examination of the cerebral cortex reveals a high incidence of
neurofibrillary tangles that are composed of hyperphosphorylated tau, and a high
density of extracellular plaques that are primarily composed of amyloid-8 (A) peptide
(e.g. Braak and Braak, 1991; Cummings et al., 1996). The plaques are often
accompanied by hypertrophic astrocytes and reactive microglia, this gliosis being
indicative of a localised inflammatory response (e.g. McGeer and McGeer, 1995). In
addition to inflammation, AD brains contain evidence of oxidative stress (e.g.
Markesbery, 1997; Munch et al., 1998). These neuropathological features are abundant
in the entorhinal certex, inferior temporal cortex, amygdala and hippocampus. The
primary sensory and motor cortical areas and subcortical brain regions are spared, with
the exception of certain pathways such as the cholinergic projections from the nucleus
basalis and the noradrenergic pathway from the locus ceruleus (see Hof and Morrison,
1994).

There has been much speculation regarding the importance of tangies and plaques in the
pathogenesis of AD, however a consensus has never been reached on whether either
feature, is the primary causative agent in the disease. It is likely that both features are
interrelate. and influence the progress of the disease, however greater attention has
been given to senile plaques since most of the genetically-inherited forms of AD appear
to be involved with the overproduction of AP (see section 1.2.4). Thus, this thesis will

concentrate on senile plagues and the role of A in neurodegeneration.
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1.1.2. Senile plagues,

Two types of senile plaques contain the AR peptide. Diffuse plaques are an amorphous
aggregation of AP and are not associated with neurodegeneration, and thus are not
believed to be directly causative in the pathology of AD (Rozemuller et al., 1989),
Neuwritic plaques, on the other hand, are dense aggregations of AP, where the peptide
forms (-pleated sheets that radiate from the centre of the plaque (Delaere et al., 1991;
Wisniewski et al., 1989b). Neuritic plaques contain a dense core that is surrounded by a
less-compacted corona, and the plaques are associated with dystrophic neurites (Delaere
et al, 1991; Ohgami et al., 1991; Rozemuller et al., 1989). The spatial distribution and
number of neuritic plaques in AD have been correlated with the extent of cognitive loss
(e.g. Cummings et al., 1996).

Senile plaques are not only found in the brains of patients suffering from AD, they are
also present in the brains of patients suffering from Down syndrome (DS} (Mann et al.,
1984; Rumble et al., 1989). There can also be considerable numbers of senile plaques in
non-demeunted aged human brains (Arriagada et al., 1992; Crystal et al., 1988) and in
the brains of non-human primates, such as rhesus monkeys, orangutans and squirrel
monkeys (Selkoe et al., 1987). They have also been observed in brains from dogs
{Nakamura et al., 1997), polar bears (Selkoe et al., 1987) and camels (Nakamura et al,,
1995). Plaques rarely form in rodent brains, with neuritic plaques being observed in the

brains of three aged rats out of 250 examined (Vaughan and Peters, 1981).

1.1.3. Components of plaques,

The major component of senile plaques is AP (Selkoe et al., 1986), however they also
contain many other proteins including a variety of complement factors (Rogers et al,,
1992: Rozemuller et al., 1990), apolipoprotein E (Namba et al., 1991), and -
antichymotrypsin (Abraham et al., 1988). Senile plaques also contain iron, copper and
zinc (Lovell et al., 1998), as well as ferritin and transferrin (Connor et al., 1992a;
Grundke-Igbal et al., 1990; Jellinger et al,, 1990). Ferritin is also present in the cell
bodies and processes of microglial cells that are closely associated with the senile
plaques (Connor et al., 1992a; Grundke-Igbal et al., 1990; Kaneko et al., 1989;
Robinson et al., 1995). Advanced glycation end-products (AGEs) are also present in
senile plaques (Sasaki et al., 1998: Smith et al., 1994; Takedo et al., 1996). These are
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formed when monosaccharides react with the amino groups on proteins, and the sugar
side chains become oxidised (see Munch et al., 1997).

Since neuritic plaques are associated with neurodegeneration, it is widely believed that
they are toxic (sec Wisniewski et al., 1989a). This toxicity could be due to any of the
components that are found within neuritic plaques, but AB is generally regarded as the

most likely factor since it is the major component. Many studies have examined the

toxicity of AR, and these will be reviewed in section 1.3.

1.2, AJ Peptide,
1.2.1, Synthesis of AP,

A is a 39-43 amino acid peptide that is generated from the larger transmembrane
protein, amyloid precursor protein (APP; see Figure 1.1). The APP gene, located on
chromosome 21 (Goldgaber et al., 1987; Tanzi et al., 1987), is alternatively spliced to
form variants of APP that are 695-770 amino acids in length. The 751 and 770 isoforms
of APP contain a Kunitz-type protease inhibitor {(KPT) domain (Kitaguchi et al., 1988;
Ponte et al., 1988; Tanzi et al., 1988), and these isoforms are mostly produced by
astrocytes (Gray and Patel, 1993).

APP is frequently proteolytically cleaved within the AP sequence by a-secretase,
yielding a 3kDa peptide and a truncated form of APP (Haass et al., 1993; Mattson et al.,
1993a; Palmert et al., 1989). KPI-APP is less readily cleaved by ¢-secretase and instead
is preferentially cleaved to form fuli-length Ap (Ho et al., 1996). Cleavage of APP by
B-secretase yields the C100 peptide, a 100 amino acid C-terminal fragment of APP
(Citron et al., 1995; Maruyama et al., 1994). C100 is then cleaved by 7y-secretase to
produce the peptides AB1-40 or AB1-42 (Dyrks et al., 1993). B-secretase has been
identified as the aspartic protease BACE (Hussain et al., 1999; Vassar et al.,, 1999),
while current evidence indicates that presenilin (PS) may be the catalytic component of
y-secretase (Esler and Wolfe, 2001; Li et al., 2000). Astrocytes demonstrate very little
B-secretase activity in vivo and it is likely that most of the AP in the brain is produced
and secreted by neurons (Zhao et al., 1996). It is important to note that production and
secretion of AP1-40 and AP1-42 is a normal process, not a pathogenic one, with

relatively high concentrations of AP1-40 and AP1-42 being present in the cerebrospinal
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Figure 1.1. Production of Af from APP.

The APP770 peptide (black line) spans the cell membrane and contains the A peptide
sequence {blue and yellow), and can contain the Kunitz-type protease inhibitor (KPI)
domain (green). Cleavage of APP by w-secretase cleavage produces a 3kDa product
and a truncated form of APP. Cleavage of APP by f-secretase yields C100, the 100
amino acids at C-terminus of APP. y-secretase can then cleave C100 to produce the Af
peptide. Residues 1-28 of A are extraceliular (blue) and the final 12-14 residues are
intramembranous (yellow). Genetically inherited mutations of APP include the
Swedish double mutation (residues 670/671), the Dutch mutation (692), and the
Indiana and London mutations (717). Modified from Iversen et al., 1995.




fluid (CSF) of all cognitively normal individuals throughout life (Kunicki et al., 1998:
Shoji et al., 1998; Tamaoka et al., 1996),

1.2.2. Variants of the AB pepiide.

APB1-40 and AB1-42 differ from each other by only two amino acids that are present at
the C-terminus of AB1-42 (see Figure 1.2). These two amino acids alter the secondary
structure of the peptides, with AP1-40 in solution tending to form into a random coil
conformation, while dissolved AB1-42 tends to form B-pleated sheets simlar to those
formed by AP fibrils in senile plaques (Barrow and Zagorski, 1991; Kirschner et al.,
1986). AP1-42 has a lower solubility than AB1-40 (Barrow and Zagorski, 1991;
Burdick et al., 1992; Hilbich et al., 1991; Jarrett et al., 1993), which resuits in an
increased ability of AB1-42 to form amyloid fibrils, leading to the widely accepted

belief that it is the most toxic of the naturally occurring AP variants.

In the CSF, AB1-40 is the predominant variant (Shoji et al., 1998), however AB1-42 is
the predominant species in senile plaques. AB1-42 is present in both neuritic and diffuse
plaques (Iwatsubo et al., 1994; Murphy et al., 1994), while AB1-40 is generally limited
to the core region of neuritic plaques, and is not usually present in diffuse plaques
(Iwatsubo et al., 1994). The deposition of AB1-42 into plaques in AD appears to
correlate with a reduction in the amount of AB1-42 in the CSF of AD patients (Motter et
al., 1995).

The AP sequence is highly conserved. Humans share the sequence with non-human
primates, cows, dogs, guinea pigs, pigs, polar bears, rabbits, and sheep (Johnstone et al.,
1991; Podlisny et al., 1991). Of the species examined, rat and mouse have a different
sequence with substitutions in AP occurring at residues 5 (Arg — Gly), 10 (Tyr —
Phe), and 13 (His — Arg) (Shivers et al., 1988). It is interesting to note (hat senile
plaques have been observed in species with the “human” sequence (Selkoe et al., 1987),
but are rarely observed in rats or mice. It has been speculated that the substitutions in rat
AP may alter the amyloidogenicity of the peptide (i.e. its ability to form fibrils),
preventing its deposition into plaques. However, it has been demonstrated that rat AP
fibrils are morphologically similar to human A fibrils, and may even be more stable
and amyloidogenic than equivalent variants of human AB (Fraser et al,, 1992).

Nonetheless, while AB1-40 is present in rat CSF, AB1-42 is not detectable (Anderson et
-26-




1 L3 10 15 20 25 30 35 40 43
human AB1-43 DAEFRHDSGYEVHHQKLVFFAEDVGSNKGANGLMVGGVVIAT

human AB1-42 DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIGLMVGGVVIA
human Af1-40 DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVY
rat AB1-40 DAEFGHDSGFEVRHQKLVFFAEDVGSNKGAIIGLMVGGVYV
human AB25-35 GSNKGAHNGLM

reverse AR1-40 VVGGVMLGIIAGKNSGVDEAFFVLKQHHVEYGSDHRFEAD

Figure 1.2. Variants of the Ap peptide.

The AP peptide contains 39-43 amino acids. It is normally present as AB1-40 or AB1-
42, which contain 40 or 42 amino acids respectively. Rat AB varies from human AP by
three amino acid substitutions at residues 5, 10, and 13. Truncated forms of AP are
sometimes used, especially AP25-35, which contains only residues 25-35 of full-length
A$. Reverse AP peptide (e.g. AP40-1) is often used as a control for AB1-40. The
reverse peptide contains amino acids in the opposite order. Scrambled peptides contain
the same amino acids as the selected peptide, but the amino acids are randomly
arranged. The reverse and scrambled peptides are used to ensure that the effects caused
by AP are not due to the peptide, but to the properties of Ap itself.




al., 1999), and this lack of the more amyloidogenic A B1-42 may be the reason why A f

deposits do not form spontaneously in rat or mouse brains.

1.2.3. Physiological role of Ap.

The normal role of A is not clear, however a aumber of physiological effects have
been reported. AP has been reported to stimulate the expression and secretion of APP
(Wang et al., 2000), constrict cortical vessels (Paris et al., 1998:; Suo et al,, 1993),
promote blood-brain barrier permeability (Jancso et al., 1998; Strazielle et al., 2000; Su
et al., 1999) and induce an inflammatory response (Bergamaschini et al., 1999; Bianca
et al., 1999; Hu et al., 1998). These cffects could be considered either beneficial or
harmful, depending on the circumstance in which they occur. It is important to note
however, that the majority of studies have demonstrated Af to be toxic. These findings

wiil be discussed in detail in section 1.3.

1.2.4. Genetically-inherited AD and production of Ap.

Genetically inherited cases of AD are associated with autosomal dominant genetic
mutations that have nearly complete penetrance, however they represent only 1-5% of
all AD cases (Bird, 1994; Richard and Amouyel, 2001). These mutations in autosomal
familial AD appear to be associated with the production and cleavage of AP and this
linkage has provided some of the strongest evidence in support of the idea that A is the
pathogenic agent in AD. Three genes have been implicated: APP, presenilin-1 (PS-1)
and presenilin-2 (PS-2). Another genetic factor that influences the development of AD
is the apolipoprotein E (ApoE) genotype, however this is only a risk factor and does not

guarantee development of the disease.

1.2.4.1. Mutarions to APP.

Mutations of the APP gene can occur at a number of different loci and collectively these
mutations account for 0.4% of all AD cases (see Richard and Amouyel, 2001). A
number of point mutations in the APP gene have been reported, most of which alter
only one or two amino acids within the protein (see Figure 1.1). Some of these
mutations have been found within the AP sequence (Axelman et al., 1994; Hendriks et
al., 1992; Kamino et al., 1992), although most are near the y-secretase cleavage site

(Chartier-Harlin et al., 1991; Murrell et al., 1991) and a double mutation has been
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reported directly before the B-secretase site (Mullan et al., 1992). The majority of these
mutations tend to be associated with increased levels of APB1-42 in CSF (Maruyama et

al.,, 1996; Suzuki et al., 1994; Tamaoka et al., 1994), supporting a potential role for this
variant in the pathogenesis of AD.

Individuals with DS show an AD-like cognitive decline during their adult life and this
decline is accompanied by the appearance of neuritic plaques and neurofi brillary tangles
in their hippocampus and cerebral cortex (Mann et al., 1985; Mann et al., 1986). DS
patients have an extra copy of chromosome 21, and thus three copies of all genes
located on the chromosome. Since the APP gene is located on chromosome 21, DS
patients have three copies of the APP gene, and it has been postulated that the
overexpression of APP in DS Jeads to an excessive production of AP and an early onset
of AD (c.g. Beyreuther et al., 1993). Indeed, it has been shown that overexpression of
APP is correlated with excess levels of A (Teller et al., 1996; Tokuda et al., 1997),
with elevated levels of soluble AP being detected even as early as the foetal stage
{Teller et al., 1996).

1.2.4.2. Mutations to PS.

There are two types of PS: PS-1, located on chromosome 14 and PS-2, located on
chromosome 1. Mutations to PS-1 cause the majority of familial AD cases and
constitute 2-3% of all AD cases, while PS-2 mutations are the least common,
accounting for only 0.1% of all AD cases (see Richard and Amouyel, 2001). As
mentioned in section 1.2.1, PS is involved in the cleavage of AP from: its precursor
protein. Mutations to PS have been reported to increase the levels of AB1-42 in serum
and in senile plaques (Borchelt et al., 1996; Scheuner et al., 1996}, and this linkage is

often regarded as evidence that AP deposition is responsible for AD.

1.2.4.3. The ApoE genotype as a risk factor for AD.

The ApoE gene is located on chromosome 19, and the genotype varies in the human
population, with the E3 allele being present in about 77% of individuals, while E4 is
present in 15% and E2 in around 8% (Zabar and Kawas, 2000). The other ApoE alleles
are present in negligible proportions. The ApoE4 genotype is associated with 37% of
sporadic late-onset AD cases (see Rubinsztein, 1997), however ApoE4 is a risk factor

for both early- and late-onset sporadic AD (Brousseau et al., 1994; Farrer et al., 1997,
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Schmechel et al., 1993). Heterozygosity increases the risk 2.7-fold, while homozygosity
increases the risk 12.5-fold (Farrer et al., 1997). ApoE4 is also a factor in the age of
onset of AD, with affected individuals having an earlier onset if they carry an E4 allele
(Chartier-Harlin et al., 1994). In contrast, an E2 allele is protective, and the risk of AD
and cognitive decline is decreased (Chartier-Harlin et al., 1994; Farrer et al., 1997).
Nonetheless, the possession of an E4 allele is neither sufficient, nor necessary, to canse
AD (Plassman and Breitner, 1996).

ApoE interacts with AB, at least to the extent that ApoE can be immunocytochemically
detected in some senile plaques (Namba et al., 1991; Stritimatter et al., 1993;
Wisniewski and Frangione, 1992), and AB deposits will not develop in transgenic mice
overexpressing mutant APP if their expression of ApoE is knocked out (Bales et al.,
1999). By contrast, overexpression of ApoE4 in APP transgenic mice causes a 10-fold
increase in fibrillar AB deposiis (Holtzman et al., 2000). Similarly, humans with an
ApoE4 allele display higher numbers of senile plaques (Berr et al., 1994), Thus, ApoE

in general, and ApoE4 in particular, seem to facilitate the deposition of Ap.

1.2.5. The amyloid hypothesis of AD.

Given that neuritic plaque load is reported to correlate with cognitive decline in AD
{Cummings et al., 1996), and that the mutations associated with autosomal familial AD
increase the amount of Af1-42 in the brain, the view has been formed that fibrillar A
is neurotoxic and is largely responsible for the pathogenesis in AD. This prevailing
view has become known as the ‘amyloid hypothesis’, and variants of this hypothesis
have guided most of the research into AD pathogenesis during the r.st decade (Hardy
and Higgins, 1992; Rozemuller et al., 1989; Selkoe, 2001). The amyioid hypothesis
(Figure 1.3) posits that an altered proteolysis of APP leads to a gradual accumulation of
AP1-42 in the interstitial fiuid of the brain. AB1-42 oligomerises and deposits into
diffuse plaques, providing a focus for the subsequent deposition of AB1-40 and other
proteins. This accumuiation of toxic fibrillar AR injures neurites within the plaques and
in the surrounding neuropil. This focal injury distupts neuronal function and
homeostasis and eventually causes neuronal death. As increasing numbers of neuritic
plaques are formed there is a cascade of neuronal loss that results in dementia. In this
view, familial AD is caused by genetic mutations that directly lead to the

overproduction of AP, while sporadic AD is caused by genetic and/or environmental
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Missense mutations in APP, PS1 and PS2 genes
4

Altered proteolysis of APP
3

Increased production of AB1-42
J
Progressive accumulation and aggregation of AB1-42 in brain interstitial fluid

Deposition of aggregated AB1-42 as diffuse plaques
(in association with proteoglycans and other amyloid-promoting substrates)

Aggregation of AB1-40 onto diffuse Af1-42 plaques
Accrual of certain plaque-associated proteins (complement clq, etc.)

“Inflammatosy” response:
o Microglial activation and cytokine relcase
e Astrocytosis and acute phase protein release

Progressive neuritic injury within amyloid
plaques and elsewhere in the neuropil
O
Disruption of neuronal metabolic and ionic
homeostasis; Oxidative injury

Altered kinase/
phosphatase activities — Hyperphosphorylated 8
tan — PHF formation
3
Widespread neuronal/neuritic dysfunction and deatn in hippocampus
and cerebral cortex with progressive neurotransmitter deficits

DEMENTIA

Figure 1.3. The amyloid hypothesis of AD. "
A hypothetical sequence of the pathogenetic steps in autosomal familial forms of AD.

From Seikoe, 2001.




factors that |.-edispose the brain to an increased production or a reduced rate of
clearance of AB.

1.2.6. Transgenic models of AD.

The involvement of APP and PS mutant genes in the development of AD has led to the
generation of transgenic mouse modeis that express these mutant genes. According to
the amyloid hypothesis, it would be expected that these transgenic mice should develop
the clinical and pathological symptoms of AD. These mice provide a valuable mode} in
which the effects of AP overexpression can be measured, and the role of genetic

mutations in AD pathogenesis can be examined.

1.2.6.1. Transgenic mice expressing mutant APP,

Transgenic mice have been produced that overexpress APP containing the Swedish
double mutation (KM670/67INL): the Tg2576 strain (Hsiao et al.,, 1996) and the
APP23 strain (Sturchler-Pierrat et al., 1997). There are also mice expressing the Indiana
mutation (V717F): the PDAPP mice (Games et al., 1995); and mice expressing the
London mutation (V7171) (Moechars et al., 1999). Each of these strains has a different
phenotype, related to the consequences of the mutation (see Figure 1.1), as well as the
promoter to which the human APP gene is linked. As they age, these transgenic mice
can acquire a massive plaque burden in their cerebral cortices and hippocampal
formation, and the plaques are associated with activated microglial cells and
hypertrophic astrocytes (Games et al., 1995; Hsiao et al., 1996; Sturchler-Pierrat et al,,
1997). These transgenic mice show that human APP mutations do cause plaque
deposition and associated gliosis, albeit when the mutant APP is massively

overexpressed.

In late stages of AD, the AP burden is 1.3-11% of neocortical volume in the inferior
temporal and entorhinal cortices (Hyman et al.,, 1993; Mufson et al., 1999), and the
different strains of APP transgenic mi.e have at least that amount, often more,
However, neuronal loss is not seen in the two most widely studied APP transgenic
mouse lines, PDAPP and Tg2576. Stereological neuronal counts in the entorhinal cortex
in PDAPP mice that were 8,12 or 18 months old found no difference in neuronal

number between transgenic and control mice, even though in the oldest mice assesseu,

the entorhinal cortex had been exposed to AP plaques for 6-8 months, and had a plaque
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burden of 20-50% (Irizarry et al., 1997b). Similarly, in Tg2576 mice that were 16
months old, stereological neuronal counts in the CA | region of the hippocampus were
not different to the number of neurons in non-transgenic mice (Irizarry et al., 1997a),
even though these mice would have had AP deposits for approximately 4-5 months. The
same regions of the brain are greatly affected in AD, both by the presence of AP
plaques (Arnold et al., 1991; Hyman et al., 1986) and by a substantial amount of
reuronal loss (Vogt et al., 1992; West et al., 1994; West et al., 2000). One strain of
transgenic mouse, APP23, does show neuronal loss in the pyramidal laye.r of the CAl
region (Calhoun et al., 1998), where Ap burden in the whole of the CA1 region can
reach 28%. However there is no neuronal loss in neocortical regions of these mice,
despite similar densities of plaques, being up to 26% of neocortical volume (Calhoun et
al., 1998). This lack of inter-regional correlation indicates that plaque deposition alone
does not cause neuronal loss, and that other factors must have contributed to the loss in
CA1. A lack of toxicity of AP deposits in APP23 transgenic mice is further indicated by
the frequent occurrence of axonal sprouting in the vicinity of A plaguss (Phinney et
al.,, 1999). These observations led the researchers to conclude that “cerebral amyloid

deposition has neurotropic effects” (Phinney et al., 1999).

While neuronal loss is not normally evident in APP transgenic mice, there have been
reports of decreased syiiaptophysin and MAP-2 immunoreactivity in the molecular layer
of the dentate gyrus in PDAPP mice (Dodart et al,, 2000; Games et al., 1925). However
the same study has found considerable variability between cortical areas with respect to
synaptophysin expression, and this variability is not linked in any consistent way to the
deposition of AP (Dodart et al., 2000). In contrast, Tg2576 mice have no change in
synaptophysin immunoreactivity (Irizarry et al., 1997a) but they do display decreased
immunoreactivity for somatostatin, substance P and choline acetyltransferase (ChAT) in
regions where plaques are present (Tomidokoro et al., 2000). From these findings, it has
been suggested that there may be a neuronal dysfunction in the transgenic mice, even
though neuronal loss is not present. However, a decreased level of immunoreactivity for
these markers is not necessarily indicative of synaptic loss, as these markers are closely
related to neurotransmitter metabolism and turnover. The presence of vesicular
acetylcholine (ACh) transporter may give a more accurate reflection of synaptic
function in cholinergic cells. It is noteworthy therefore that Tg2576 mice have an

increased density of this iransporter in the frontal and parietel cortices, while the density

in the entorhinal cortex is unchanged (Wong et al., 1999), suggestive of normal
33




functioning of the cholinergic pathways in these mice. Mild disruption of cholinergic
pathways has been seen in APP23 mice, where the local cholinergic fibre network
appears to be distorted in the vicinity of plagues (Sturchler-Pierrat et al., 1997).
However, in mice with the London mutation, there are variable changes in the
cholinergic system and it depends on the specific brain region as 1o whether there is o
decrease or an increase in ChAT activity (Bronfman et al., 2000). Thus, in the absence
of quantitative electronmicroscopical analyres of synapse densities it is difficult to
ascertain whether there is a decrease in synaptic function, At best, it can be concluded
that the expression of some neurotransmitters and related enzymes is decreased in some

APP transgenic mouse strains.

Dystrophic neurites have bee. seen in most APP transgenic mice, and many of these
neurites contain tubular or filamentous structures that are recognised by antibodies
against phosphorylated neurofilamunts and phosphorylated tan (Masliah et al., 2001;
Sturchler-Pierrat et al., 1997). These structures are different from the paired helical
filaments that are seen in AD, and no neurofibrillary-like structures or neuropil threads
are ohserved. It has been proposed that the filamentous structures may resemble the
early cytoskeletal pathology that occurs in AD (Masliah et al., 2001). However, such
changes are also commnon in brain injury (King et al., 1997) so it cannot be concluded

that this cytoskeletal pathology necessaiily results from AP deposition.

Behaviourally, the APP transgenic mice display some cognitive changes, however these
changes occur prior to AP deposition in the mice (Dodart et al., 1999b; Hsiao et al.,
1996; Moechars et al., 1999). There does appear to be a progressive decline in cognition
(Chen et al., 2000), but there is never a complete loss of memory, as seen in AD
patients. Aggression and other abnormal social behaviour have been observed in some
strains (Moechars et al., 1999), but these are probably related to the genetic background
of the mice used to create the transgenic line (see Guenette and Tanzi, 1999). The other
behavioural symptoms seen in AD patients, such as olfaciory loss and an inability to

feed and groora, have not been reported in any of the APP transgenic strains.

In summary, the APP transgenic mice show that overexpression of human APP
mutations can cause AP to deposit as plagues. The plaques appear to be involved in the

activation of glia and the promotion of dystrophic neurites, but their effect on the

cholinergic pathways is minimal. Furthermore, the APP transgenic mice demonstrate
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that plaques do not cause neuronal loss or neurofibrillary tangles, and probably do not
cause synaptic loss. The mild cognitive impairment seen in these transgenic mice
precedes amyloid deposition, and therefore may have a different basis. Indeed, most of
the pathological changes observed in APP transgenic mice occur prior to the deposition
of AP and many researchers have reached the conclusion that the changes are plaque-
independent (e.g. Dodart et al., 1999a; Hsia et al., 1999; Moechars et al., 1999). One
group has even concluded that the “results strongly argue against a direct acute

neurotoxic mechanism of AR deposits in vivo in the transgenic mouse” (Irizarry et al.,
1997)).

1.2.6.2. Transgenic mice expressing PS mutations.

In addition to the APP transgenic mice, other mice have been engineered to overexpress
the PS-1 or PS-2 mutations found in some forms of autosomal familial AD. PS
transgenics display an increased level of soluble AB1-42 (Borchelt et al., 1996; Duff et
al., 1996; Oyaina et al., 1998), but they do not develop AP plaques, tangles or glioss.
This result demonstrates that these particular mutations do not directly cause plaque
deposition in mice. On the other hand, the mutations do decrease the activity of
antioxidant enzymes within the brains of these transgenic mice (Leutner et al., 2000),
and cultured neurons from these mice are more likely to undergo apoptosis when
trophic factors are removed (Czech et al., 1998). Thus, while the PS mutations do not
cause plaque deposition they do compromise the ability of newions to withstand injury.
This conclusion is consistent with the fact that PS-1 mutant mice display increased

levels of neurodegeneration despite their lack of AP deposits (Chui et al., 1999).

When mutant PS-1 transgenic mice are crossed with mutant APP transgenic mice, AD-
like pathology can be detected in the double transgen!es, and it is present at a much
earlier age than in APP single transgenics (Borchelt et al., 1997; Holcomb et al, 1998;
McGowan et al., 1999). Double transgenic mice display increased microglial and
astrocytic reactivity in association with AP plaques {Matsuoka et al., 2001). They also
exhibit a decrease in the density and size of synaptic boutons expressing the vesicular
ACh transporter (Wong et al., 1999). Furthermore, these double transgenic mice display
cognitive impairments on standard behavioural tests (Arendash et al,, 2001; Holcomb et
al., 1998), but it should be noted that these * - nairments are frequently evident before

any pathological changes appear (Holcomb et al., 1998).
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Only overexpressed mutant forms of APP have been shown to produce plaques in mice
and the PS mutations require the co-overexpression of a mutated APP as well to
generate plaques. Thus, even a powerful PS mutation that induces early-onset AD in
humans requires assistance in the mouse. Nonetheless, these double transgenics are
considered by many researchers to be the best available animal model of AD, but it is
sobering to consizder that no AD sufferers are known to express mutations in both of

these genes. Thus, these double transgenic mice may mimic some of the features of AD,

but their physiological relevance is questionable.

1.3. Neurotoxicity of Af.

In addition to the transgenic mouse models of AD, a number of other models have been
used to study the neurotoxicity of AB. These techniques vary from examining the
properties of dissolved AP in test tubes, adding the peptide to cell cultures, or injecting

or infusing AP into the brains of living animals. Such studies are discussed below.

1.3.1. In vitro toxicity of Af.

The in vitre models used to study A neurotoxicity generally utilise one of two research
paradigms. The most common paradigm is to expose cultured cells to the AP, and the
other is to put AP in a test tube and examine its reaction when mixed with other
substances. While several in vitro studies have shown AP to have neurotrophic actions
(Whitson et al., 1990; Whitson et al., 1989; Wujek et al., 1996; Yankner et al., 1990b),
the majority have reported that AP is neurotoxic to cultured cells (e.g. Pike et al., 1592;
Roher et al., 1991). This is the case for both AB1-40 and AP1-42, while rodent variants
of AP have been reported to be non-toxic to cultured neurons (Giulian et al., 1996). The
basis of AP neurotoxicity is not known, but in view of the results obtained with these
two paradigms, it has been variously proposed to include the generation of reactive
oxygen species (ROS), the disruption of cellular calcium homeostasis, and the

recruitment of microglial cells that secvete neurotoxins.

1.3.1.1. Generation of radicals.
AP has been reported to spontaneously generate radicals in a test tube at a very fast rate

(Butterfield et al., 1994; Hensley et al., 1995; Hensley et al., 1994), with maximal
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activity after 6hr. The formation of radicals correlates with the ability of AP to decrease
glutamine synthetase activity (Aksenov et al., 1995), and (o increase intracellular
calcium, ROS and carbonyl content (Harris et al., 1995). From these results, it was
hypothesised that AP radicals interact with cells, producing oxidati;/e stress that leads to
neuronal degeneration. This idea is supposted by the finding that AB is not toxic in the
presence of antioxidants such as vitamin E or propyl gallate (Behl et al., 1992), or free
radical scavengers (Richardson et al., 1996). Catalase can also prevent AP toxicity,

indicating that hydrogen peroxide or subsequently generated hydroxyl radicals have a

role in the toxicity of the peptide (Behl et al., 1994).

-1.3.1.2, Interaction with metal ions.

Iron, copper and zinc are all present in senile plagues at high concentrations (Loveli et
al., 1998). All of these metal ions have been demonstrated to mx ¢ the in virro
toxicity of AP. In fact, it has been reported that AP is toxic to cultured neurons only if
iron is present in the culture media (Schubert and Chevion, 1995). Contamination of AP
solutions with iron may also cause toxicity, since pre-treatment of the peptide with
deferoxamine decreases the toxicity of Af to cultured neurons (Rottkamp et al., 2001).
Furthermore, it appears that the spontaneous radical production by AP in the test tube
may also be attributed to low-level contamination with iron (Dikalov et al., 1999; Monji
et al., 2001; Turnbull et al., 2001). The potentiation of AP toxicity by high
concentrations of copper and zinc is also well established (e.g. Huang et al., 1959b;
Lovell et al., 1999; Moreira et al., 2000). Apart from potentiating the generation of
ROS, metal ions promote the aggregation of AP and cause the peptide to precipitate
from solution (Atwood et al., 1998; Mantyh et al., 1993). When Af aggregates and
forms a $-sheet structure, it is more toxic to cultured neurons (Pike et al., 1993), and

thus the interaction of AP with metal ions may promote this increased toxicity.

1.3.1.3. Disruption of calcium homeostasis.

AP is reported to increase intracellular calcium concentrations and to destabilise
calcium homeostasis in cultured neurons (Mattson et al., 1992) by disrupting the
regulation of calcium at the plasma membrane (Mattson, 1994), Calcium influx
associated with membrane depolarisation caused by excitatory amino acids is
augmented by pre-treatment of cell cultures with AR (Mattson et al., 1993c). By
destabilising calcium homeostasis, AP increases neuronal susceptibility to excitotoxic
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damage (Koh et al., 1990). However, the excitotoxic actions of AP are not specifically
mediated by NMDA glutamate receptors (Gray and Patel, 1995), and instead may be
mediated via metabotropic glutamate receptors or L-type calcium channels (Iversen et
al,, 1995). Basic fibroblast growth factor can be used to stabilise intracellular calcium

levels and this prevents the potentiation of AP excitotoxicity (Mattson et al., 1993b).

The ability of AP to form calcium channels in lipid bilayers (Arispe et al., 1993b), along
with the ability to disrupt calcium homeostasis, has led to the hypothesis that AB exerts
toxicity by creating a specific ion channel (Pollard et al., 1995). Hexameric AB peptides
are thought to insert into the cell membrane, forming a cation-selective channel
permeable to calcium (Durell et al., 1994). AR ion channels can also conduct
monovalent cations such as caesium, lithium, potassium and sodium (Pollard et al.,
1993). The conductance of the AP ion channel resembles that of L-type calcium
channels, however specific blocking agents of these channels cannot prevent ionic flow
(Arispe et al., 1993a). It appears that the AB-ion channel allows unregulated entry of
calcium ions into the cell, and formation of the ion channels may be accelerated by the
interaction of A} with metal ions which induce the aggregation of AR (Kawahara and
Kuroda, 2000).

The hypothesis that AP toxicity is due to a disruption of calcium homeostasis is related
to the hypothesis of radical formation. Oxidative stress disrupts cellular ion

homeostasis, and an increase in intracellular calcium concentration leads to ROS

~ production. Mattson and colleagues propose that AP indirectly induces lipid

peroxidation, resulting in the release of 4-hydroxynoneal wizich impairs ATPases that
are involved in the transport of calcium, sodium and potassium, and ultimately cause an
increase in intracellular calcium (Mattson et al., 1997). This produces a cycle whereby

ROS are produced, which can further increase intracellular calcium.

1.3.1.4. Release of microglial-derived neurotoxins.

Another hypothesis regarding the mechanism of AP toxicity involves mediation by
microglial cells. When plaques that have been isolated from human brains are added to
cultured neurons, neuronal death does not result (Giulian et al., 1995,. However, these
researchers have found that if microglia are cultured in a filter-bottom chamber that is

placed above the neurons, preventing contact between the microglia and neurons but
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allowing diffusion of substances between the chambers, then the addition of plagues to
the microglia results in the death of the neurons in the chamber below. In this system,
the neurotoxicity appears to be caused by a diffusible agent of 1éss than 1000Da that is
secreted by the activated microglial cells (Giulian et al., 1995). This neurotoxin was

also found to kil hippocampal neurons when infused into the brains of living rats.

The microglial mediation of plaque neurotoxicity appears to be due to the AP within the
plaques, since similar results are obtained by exposing microglia to pure AB (Giulian et

al., 1996; Meda et al., 1995). The nevrotoxic agent has not been identified, but the list

_of potential agents includes TNF-o, ROS and reactive nitrogen intermediates (Bianca et

al., 1999; Klegeris and McGeer, 1997; McDonald et al.,, 1997; Meda et al., 1995; Van
Muiswinkel et al., 1999). Residues 10-16 of AP are necessary for microglial binding
and activation (Giulian et al., 1996), which has important implications for the rodent Ap
variant, since this peptide has two amino acid substitutions within the microglial
binding region. These alterations may be why rodent AP is no! neurotoxic even in the

presence of microglial cells (Giulian et al., 1996).

1.3.2. In vivo toxicity of Ap.

More than 60 published studies have assessed the neurotoxicity of AP that has been
injected or infused into the brains of experimental animals. In these studies, the term
‘neurotoxicity’ is often loosely used to describe any disruption of neuronal function,
whether it is necuronal death, alterations in metabolism or decreased neurotransmitter
expression. Thus, when reviewing the studies that have examined the in vivo
neurotoxicity of AP, it is necessary to determine how the toxicity was measured. For
instance, some studies have examined alterations in neuronal metabolism, such as
changes in the expression of nenrotransmitters or the enzymes that are iesponsible for
their synthesis. While such changes indicate a decrease in neuronat function, they do not
necessarily indicate an irreversible loss of function that will lead to cell death. This
point has been demonstrated by Giovannelli and colicagues, who originally described
an impairment of the cholinergic system in response to injections of AP (Giovannelli et
al., 1995), but later found that this was a temporary impairment and that normal
function returned over time (Giovannelli et al., 1998). Other studies have used the
numbers of activated astrocytes or microglial cells or the area containing them as an

indication of the degree of neurotoxicity, but this is not a good measure of neurotoxicity
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since AP can directly activate astrocytes and microglia (e.g. Giulian et al., 1996; Pike et
al., 1994). Changes in behaviour or cognitive function have also been used as an

indicator of neurotoxicity, but the presence of such changes is not always associated
with neuronal loss (Nitta et al., 1997).

This review therefore, will be limited to studies that have examined tissue for AB-
mediated neurodegeneration or neuronal loss. These studies generally use histological
stains of neuronal viability or death such as Nissl stains, haematoxylin and eosin, or
terminal deoxynucleotide transferase-mediated dUTP-biotin nick end labeiling
(TUNEL). There are over 30 studies that have assessed AB-mediated neurodegeneration
as a resuit of injection or infusion of AP into the brains of rats, mice or monkeys. The
protocols used in these studies vary considerably and these variations may be
responsible for the conflicting results obtained. These methodological differences have
been summarised in Table 1.1 according to the appropriateness of each variation, and

they will be discussed in detail below.

1.3.2.1. Variations of the protocol used in in vivo studies.

The most important variation between different in vivo studies is the type of solvent that
was used to dissolve the AD peptide. Many solvents can dissolve AJ, but they vary in
their physiological relevance and toxicity. The ideal physiological solvent would be
CSF from the animal receiving the intracortical injections, but it is not practical to
prepare the AP in this way. Therefore, the preferable and practical option is a solvent
that is known to be non-toxic when added to cells ir vitro. Such solvents are generally
characterised by a buffering capacity and an iso-osmotic concentration of salts. These
“physiological” solvents include artificial CSF, PBS, saline and HEPES. Solvents that
do not meet these criteria, such as the organic solvents acetonitrile and dimethyl
sulphoxide (DMSO), are generally more toxic and in this thesis will be classified as
“nonphysiological” solvents. While water is abundant within the brain, it normally
contains dissolved salts. For this reason, pure water is also classified as a
nonphysiological solvent because by itself it creates cytotoxic changes in osmotic

pressure.

The points raised in the previous paragraph are particularly relevant because of the

findings of a study performed by Waite and colleagues (| 992), which demonstrated the
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Table 1.1. Mcthodological flaws evident in some in vivo studies of A neurotoxicity.

Avyropriate methodology

Inappropriate methodology

Use of a “physiological solvent” (e.g.
artificial CSF, saline, PBS, HEPES).

Comparison of AR toxicity with that of

the injected solvent.

Comparison of AP toxicity with that of
another type of peptide (e.g. rodent

AP, reverse or scrambled peptides).

Quantitative analysis of neuronal loss.

Systematic correction of values
obtained to account for variation in the

depth of the injection tract.

Injection of naturally occurring Af3
variants (e.g. AB1-40 and AP1-42).

Elimination of injection sites that
demonstrate inechanical damage or

bleeding.

Use of a “nonphysiological solvent”

{e.g. water, acetonitrile, DMSQO).

No comparison with the solvent

vehicle.

No comparison with other peptides.

Qualitative or semi-quantitative

analysis of neurodegeneration.

No correction for variable depths of

injection.

Injection of truncated AP variants that
are not naturally present in the brain
(e.g. AP25-35).

No criteria for eliminating injection
sites that demonstrate mechanical

damage or bieeding.




importance of using a physiological solvent when assessing the neurotoxicity of Af.
They found that AB dissolved in acetonitrile and injected into rat hippocampus was
neurotoxic, hiowever when dissolved in water AB was less toxic, and only a minimal
toxic reaction was seen when dissolved in phosphate-buffered saline (PBS) and
cyclodextrin. Similarly, when the solvent vehicle alone was injected into the
hippocampus, acetonitrile was most toxic, water had some toxicity and PBS was only
minimaily toxic. This result also shows that the injection procedure itself causes
neuronal death and demonstrates the importance of comparing vehicle control injections
to AP injections. AP is highly soluble in acetonitrile, yet it precipitates out of solution
when there are salts present, indicating that the type of solvent can alter the structure of
AP and potentially alter its physiological properties (Waite et al., 1992). 1t is important
to note that acetonitrile can be converted to cyanide in the microsomes of cells
(Freeman and Hayes, 1988). Cyanide compromises oxidative metabolism (Goldberg et
al., 1987), and thus when A is dissolved in acetonitrile, the compromised metabolism
may allow AP to be toxic, even though it may not be toxic under physiological
conditions. Despite the fact that the toxic effects of nonphysiological solvents have been
known for 9 years, many studies have continued to use them. However, there are scme
situations where organic solvents may be a better choice, such as to maintain constant
infusion of AP from a mini-osmotic pump. Since A is more soluble in organic solvents
than in salt solutions (Waite et al., 1992), the use of an organic solvent will ensure that
AP remains soluble for the duration of the infusion and will reduce the likelihood of the

pump becoming blocked.

Another variation between studies is the type of ‘control’ that is used for comparison to
AB. The most appropriate control is the vehicle in which the A is dissolved. However,
some studies do not make this comparison but instead compare the neurotoxicity of A
to healthy untreated tissue (e.g. Giordano et al., 1994; Kowall et al., 1991). The need for
an additional contro! arises when injecting human AB variants into rats or micc, since
the endogenous AP is structurally different. Thus, it would be of use to compare the
effects of human AP variants to the effects produced by rodent AP variants of
equivalent length. Nonetheless, the effects of rodent Af are rarely examined, and

reverse or scrambled forms of AB (see Figure 1.2) have been used in preference
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Any of the AB variants will provide a control for the peptide’s propensity to form large,
sticky deposits that displace neurons in the vicinity of the injection site. The volume of
the peptide deposit needs to be considered when assaying for cell death, because there
will normally be a core of tissue that will not contain healthy neurons due to their
displacement by the AP deposit (see Figure 1.4). If the protocol assesses neurotoxicity
by determining the density of healthy neurons around the injection site (e.g. Giordano et
al., 1994; Kowall et al., 1991; Kowall et al., 1992; Maurice et al., 1996), one must be
careful not to include the area containing the AP deposit in the assessment (Figure
1.4A). Instead it would be best to count the number of neurons around the margin of the
AP deposit (Figure 1.4B), since there will not be a corresponding peptide deposit at the
vehicle injection sites. If however, the study is assessing the number of dying neurons
associated with the injection site, perhaps by counting pyknotic profiles, then the total
number of dying cells should be counted regardless of whether they are within the AP
deposit or outside of it (Figure 1.4C). Despite the importance of these considerations,

few studies mentton the exact part of the injection site that was assessed.

Another major technical problem often encountered is that studies rarely make any
adjustments for the depth of ‘he injection. Experience of the present researcher has
shown that repeated application of an identical injection protocol can still result in
injection tiaces of variable depth (see Figure 1.5). When the needle penetrates deeper
into the brain, more neurons will be subjected to mechanical damage, and a greater
amount of cell death will be seen around these injection sites. This increased neuronal
loss is a methodological artefact, and needs to be taken into account when assessing the

apparent toxicity of Af.

Yet another factor that varies considerably between studies is the variant of AP that was
examined. The use of different length variants can confer different properties en the
peptide, and thus produce different results. For instance, residues 10-16 of Af} are
thought to activate microglial cells (Giulian et al,, 1996), however these residues are not
present in AB25-35. The manufacturer of the AB peptide can also be a significant factor,
as it has been shown that even though the peptides are claimed to have an identical
primary structure, va :able toxicity to cultured neurons can occur when the peptides are
sourced from different manufacturers (May et al., 1992). The reported neurotoxicity can

also be influenced by whether the peptide was freshly prepared or stored for some time
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Figure 1.4. The effect of peptide dzposits when assessing neuronal deaih.

An eyepiece graticule in the microscope is used to count cells within a small region
(between 0.15 and 0.64mm?). Normally, 3 to 6 of these regions wouid be counted for
each injection site. When healthy neurons are counted, care must be taken to ensure that
regicns where AB are deposited (the white area in the middle of the injection) are not
included in the count because living cells will be displaced by the peptide deposit (A).
Instead, the healthy neurons should be counted around the AP deposit to prevent bias
appearing in the results (B). However, if the number of dying neurons are being
counted, the entire region of the injection site should be analysed to ensure that all
dying neurons are included (C).
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Figure 1.5. Depih of the injection ir:ito the cerebral cortex.

Penetration of the needle into the cerebral cortex (A) will cause a lesion in the grey
matter (B). Sometimes the lesion will penetrate deeper into the cortex (C) even though
the experimenter followed an identical procedure, and a greater number of neurons will

be subjected to the injection.
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before use. This factor is difticult (o take into account because most studies do not state

how long the AB peptide solution was stored prior to injection.

The region of the brain where AP is injected may alse produce variable results. For
instance, the hippocampus appears to be more sensilive than the neocortex to deposits
of AP (Calhoun et al., 1998; Frautschy et al., 1991). Some studics have injected AB into
regions where AP deposits do not normally form, such as the vitreous chamber of the
eyeball (Jen et al., 1998). While it would be ideal to inject numerous small deposits of
AP into the regions of the brain that are affected in AD, it is not possible to do this
without causing substantial damage to other regions which the needle must pass through
{e.g. Emre et al., 1992). Thus, the least amount of damage will be caused by discrete
injections into the neocortex, and for this reason many studies have examined the in

vivo toxicity of AP to cortical neurons.

1.3.2.2. Examination of AB-induced neurodegeneration.

The studies that have examined AB-induced neurodegeneration in vivo are summarised
in Tables 1.2 and 1.3. They have been further categorised in Table 1.4 into studies that
used physiological or nonphysiclogical solvents to dissolve AB (as defined above), and
the studies are grouped according to the region of the brain into which the AP was
injected. When AP was dissolved in a physiological solvent, such as saline or PBS, and
then injected into the hippocampus or cortex of rats or young monkeys, it was found
that AP did not kill more neurons than vehicle control injections (Dornan et al., 1993;
Games et al., 1992; Geula et al., 1998; Morimoto et al., 1998; Podlisny et al., 1992;
Podlisny et al., 1993; Waite et al., 1992; Winkler et al., 1994), There are three other
studies that have dissolved AP in a physiological solvent that have reported Af
neurotoxicity. Out of these, it was found that fibrillar AP kills cortical neurons when
injected into the cortices of old monkeys, but not when injected into the cortices of
young monkeys or young or old rats (Geula et al., 1998). It has also been shown that AP
in PBS is toxic to neurons in the outer nuclear layer of the retina after injection into the
vitreous chamber (Jen et al., 1998). Interestingly, plaque cores extracted from brains
affected by AD are not toxic to cortical neurons, yet are able to kill hippocampal
neurons after micro-injection of the plaque cores dissolved in saline (Frautschy et al.,
1991). This difference in regional sensitivity to AR resembles that seen in APP23

transgenic mice which display neuronal loss in the CA1 region of the hippocampus, but
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Table 1.2, Studies reporting that injection of A kills neurons in vive.

Reference Animal AJ variant Physiological | Site of
solvent? injection
Emre et al., 1992 rat AB1-40 No Cortex/
Hippocampus
Frautschy et al., 1991 rat young | Plaque core Yes Hippocampus
to middle
aged
Geula et al,, 1998 monkey AB40, AP42 | Yes Cortex
old (fibrillar)
Giordano et al., 1994 rat AP1-40 No Cortex
young/old )
Jen et al., 1998 rat AP1-40, Yes Viueous
AfB1-42 chamber
{retina)
Kowall et al., 1991 rat AB1-40 No Cortex or
Hippocampus
Kowall et al., 1992 rat, AP1-40, No Cortex
monkey AP25-35
young/old
Maurice et al,, 1996 mice AB25-35, No Ventricle
AP1-28
Rush et al., 1992 ra AB1-40, No Hippocampus
AB25-35
Sigurdsson et al., 1996 | rat AP25-35 No Amygdaia
Sigurdsson et al., 1997a | rat AP25-35 No Amygdala
Sigurdsson et al., 1997b | rat APB25-35 No Amygdala
Waite et al., 1992 rat AB1-40, No Hippocampus
AP1-42,
rat AB1-42
e




Table 1.3. Studies reporting that injection of AD does not kilt neurons in vive,

Reference

Animal AB variant Physiological | Site of
solvent? injection
Clemens and rat young/ | AP1-43, No Striatum,
Stephenson, 1992 middle AB1-40 Hippocampus
aged
Dornan et al., 1993 rat Ap25-35 Yes Hippocampus
Frautschy et al., 1991 rat Plague core Yes Cortex
Games et al,, 1992 rat AP1-40, Yes or No | Cortex or
Ap1-38, Hippocampus
AP25-35
Geula et al., 1998 rat AB40, AR42 | Yes Cortex
young/old, | (fibrillar or :
monkey soluble)
young
Giovannelliet al., 1995 | rat AB25-35, No Nucleus
AB1-40 basalis
Giovannelliet al., {998 { rat AB1-40 No Nucleus
basalis
Morimoto et al,, 1998 | rat AfB25-35, Yes or No | Hippocampus
AfB1-40
Nelson and Saper, 1996 | sheep AB1-40 Doesn’t say { Cortex
Podlisny et al., 1992 monkey AfB1-40, Yes or No | Cortex
ApB25-35
Podlisny et al.,, 1993 monkey AB1-40, Yesor No | Cortex
AP25-35
Sigurdsson et al., 1995 | rat Af25-35 Yes or No | Ventral
pallidum/
Substantia
innominata
Smyth et al,, 1994 rat AB1-42, No Hippocampus
AB25-35
Soto et al., 1998 rat Ap1-42 No Amygdala
Stein-Behrens et al., rat AR25-35 Yes or No | Hippocampus
1992
Stephenson and rat APB1-43 No Striatum,
Clemens, 1992 Hippocampus
Waite et al., 1992 rat AB1-40, Yes Hippocampus
Ap1-42,
rat AB1-42
Winkier et al., 1994 rat Rat AB1-42 Yes Hippocampus

or Ventricle

PP L




Table 1.4. Summary of the numbers of studies that have assessed neurotoxicity

after injection of AJ} into various brain regions,

Site of

AP injection killed neurons

Ap injection did not kill neurons

sy s Total | Physiological solvent | Total | Physiological solvent
Injection number number

of studies Yes No of studies Yes No
Cortex 5 ] 4 6 5 3
Hippocampus 5 1 4 8 6 5
Ventricles 1 - | 1 - 1
Amygdala 3 - 3 1 - i
Retina 1 | - - - -
Nucleus

. - - - 2

basalis 2
Striatem - - - 2 - 2
Ventral
pallldurm" - - - 1 1 1
Substantia

innominata

Note: There may appear to be more studies in this table than are present in Tables 1.2
and 1.3, because some studies injected AB into more than one region of the brain.
Furthermore, a number of studies examined the effects of both physiological and

nonphysiological solvents.




not in the neocortex, even though the AP plaque burden in both rcgi’ons is similar
(Calhoun et al., 1998). When AP has been dissolved in a nonphysiological solvent and
injected into the brain, the results are quite variable, with approximately half of the

studies reporting neurodegeneration (see Tables 1.2 and 1.3).

It is important to note that out of 13 studies reporting neurotoxicity, only 3 used
physiological solvents and the other 10 (77%) used water, acetonitrile or DMSO.
Furthermore, there were 17 studies that did not find neurotoxicity after AP injection,
and as can be seen in Table 1.3, there were 5 studies that dissolved AB in both
physiological and nonphysiological solvents, but did not find neurotoxicity for either

type of solvent.

Studies using infusion of AB have generally used nonphysiological solvents (see Tables
1.5 and 1.6). In contrast to the injection studies, a lack of neurodegeneration was seen in
three infusion studies that used nonphysiological solvents (Games et al., 1992; Nitta et
al., 1997; Snow et al., 1994), while nevronal death was found in the only infusion study
that used a physiological solvent (Frautschy et al., 1998). Constant infusion of A
provides the opportunity for the peptide to accumulate over periods of 1 week or more,
however this technique does not allow examination of the effects of A after acute time

points.

1.4. Studying Ap-induced neuronal loss in a controlled in vivo model.

It is evident that the toxicity of AB ir vivo is not a straightforward issue. However as a
generalisation, it appears that AB is not toxic to neurons when dissolved in a
physiological solvent and injected into the cerebral cortex or hippocampus. The
conflicting results of the in vivo studies described above demonsirate the need for a
well-controlled study that uses a physiological solvent and compares the effects of AR
injections to those of appropriate control injections. Such a study should count the
number of dying neurons around the site of injection, and make appropriate adjustments

for depth of injection.

In order to develop a paradigm that took all of the above mentioned factors into

account, and to establish the validity of this model, it was decided to examine the effects

of a known neurotoxin in such a model prior to the examination of Ap. Iron is known to
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Table 1.5. Studies reporting that infusion of A Kills neurons in vivo.

Reference

Animal AP variant Physiological | Site of
solvent? injection
Frautschy et al., 1598 rat AB40, Yes Ventricle
Aprotinin,
Leupeptin

Table 1.6. Studies reporting that infusion of AR does not kill neurons in vive.

Reference Animal AP variant Physiological | Site of
solvent? injection
Games et al., 1992 Tat AR1-40, No Hippocampus
AP1-38,
AB25-35
Nitta et al., 1997 rat AB1-40 No Ventricle
Snow et al., 1994 rat AB1-40, No Hippocampus
HSPG,
HSGAG
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be very neurotoxic due to its potentiation of ROS generation in the Haber-Weiss
equation (see Halliwell and Gutteridge, 1999), and the neurotoxicity of exogenous iron
has previously been demonstrated in the substantia nigra (Ben-Shachar and Youdim,
1991; Rauhala et al., 1998; Sengstock et al., 1992; Sengstock et al., 1993; Sziraki et al.,
1998). Thus in Chapter 3, a model of intracortical injection was developed that allowed
the spatio-temporal examination of neurona! loss after survival times ranging from 1 to
7 days. Neurotoxicity was examined by using a histological marker that is specific for
dying neurons, and then counting labelled cells to obtain a precise determination of
neurcnal loss. This method overcame the inaccuracy of attempting to count healthy
neurons within the limits of the injection site, since it is often difficult to delimit the
edge of the injection site from healthy tissue when Nissl stains are used. While
developing the model, a thorough study was performed examining the spatio-temporal
neuronal loss after injection of iron into rat cerebral cortex. These results have
implications for the neurodegeneration that occurs after episodes of hypoxia-ischaemia,

and the relevance of the findings has been discussed in Chupter 3,

After it was certain that an appropriate model of intracortical injection had been
developed, it was possible to examine the in vivo neurotoxicity of the naturally
occurring human A variants, AB1-40 and AP1-42, to determine whether they produce
the same amount of neuronal loss, or if one of the variants is more toxic than the other.
The volume of the deposits was measured at various survival times and the fibrilar
structure of the peptides was determined. The toxicity of human A variants were also
compared to the ‘endogenous’ rodent variant, rat AB1-40. This study is described in
Chapter 4.

1.4.1. The interaction between Af and metal ions.

While it is not clear whether all neuritic plaques contain iron, the fact that iron is
elevated in some neuritic plaques suggests that the presence of iron may have some
pathological relevance. It is also important to consider differences between human and
rodent AP variants, since the histidine at residue 13 of the peptide has been implicated
in the binding of iron to AP (Atwood et al., 1998), and this residue is substituted in
rodent AB. Thus, the human and rodent AP variants may interact differently with iron,

and could produce a different degree of neurotoxicity in vivo. An investigation of the in
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vivo neurotoxicity of iron combined with human AP, and iron combined with rodeat
AP, is described in Chapter 5.

In addition to iron, there is potential for copper and zinc to alter the in vivo
neurotoxicity of AP (see section 1.3.1.2). Thus, it is pertinent to examine the neuronal
loss produced by mixtures of copper and AB, and zinc and AP. Since iron, copper and
zinc appear to be present in plaques simultaneously (Lovell et al., 1998), these metals
may interact to influence the toxicity of Ap. It is therefore necessary to examine the
neurotoxicity of a combination of all three metal species with AB. The neurotoxicity of

AP-metal complexes in an in vivo model is described in Chapter 6.

1.4.2. The influence of endogenous oestrogen on Af} neurotoxicity in vivo.

In women, menopause causes a decrease in the level of endogenous estrogens. The risk
of developing AD is increased after menopause, and oestrogen replacement therapy
decreases this risk (Baldereschi et al., 1998; Manly et al.,, 2000; Waring et al., 1999).
Furthermore, oestrogen has been reported to decrease the in vitro toxicity of AR
(Hosoda et al., 2001; Pike, 1999; Thomas et al., 1999} and to decrease the neurotoxicity
of iron (Bae et al., 2000; Culmsee et al., 1999; Vedder et al., 1999). The female rat, with
an intact reproductive system, provides a model in which oestrogen levels change
systematically during the oestrous cycle (Everett, 1989). Thus, the amount of neuronal
death associated with injections of AP-metal complexes can be compared at different
stages of the oestrous cycle. The possibility that endogenous levels of oestrogen alter

the toxicity of AP-metal complexes is the subject of Chapter 7.

1.5. Summary of the aims.

This thesis reports the results of a series of studies regarding the toxicity of the naturally
occurring human AP variants to cortical neurons in vivo, due to the injection of Af
peptide into the cerebral cortices of adult rats. The amount of neuronal death produced
by human AP is compared to that produced by rat AP variants. The possibility that A8
toxicity may be mediated by iron, copper or zinc is examined and compared to the
toxicity that was produced by pure deposits of AB. Furthermore, the human and rat Ap
variants are compared to determine whether the amino acid sequence difference

between the two variants alters the toxicity of an AB-iron complex. The last report
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examines whether fluctuations in plasma oestrogen levels during the oestrous cycle i

i
affect the neurotoxicity of AB-metal complexes. Together these studies are intended to i ]
further our understanding of the relative contributions of AB peptide and metal ions to ’
the pathogenesis of AD. ;
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CHAPTER 2

Methodology.
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2.1. Sourcing and maintenance of animals.

Female Wistar rats aged 9-13 weeks, were obtained lrom The University of Queensland
Central Animal Breeding House, Perth Animal Resources Centre or Monash University

Animal Services. Animals were maintained on a 12h:12h light:dark cycle and supplied
with standard rat food pellets and water ad libitum.

2.1.1. Ethical use of animals in research.

All anima) experimentation met the guidelines specified by the “Australian code of
practice for the care and use of animals for scientific purposes”, as defined by the
National Health & Medical Research Council. The studies described in this thesis were
performed at three different universities and ethical approval was obtained from each
institution. All expe}imenlal chapters describe results obtained at Monash University,
and this work was approved by the Monash University Psychology Animal Ethics
Commiittee (project approval numbers: PSYC/1998/25A or PSYC/1999/22A). Some of
the work described in Chapters 3 and 4 was performed at The University of New South
Wales, and this work was approved by the Animal Care and Ethics Comumittee
(registration number: ACEC 1997/145). Eight animals that were used in the work
described in Chapter 4 were studied at The University of Queensiand, and this work was
approved by the University Animal Experimentation Ethics Committee (project
approval number: PHYS/PH/489/96/NHMRC or PHYS/¢H/192/97/NHMRC).

2.2. Preparation of the substances to be injected.

All of the substances that were injected are listed in Appendix 1.1. All substances were
dissolved in sterile saline (0.9% NaCl). Sterile saline was used as the vehicle control for

all substances injected.

2.2.1. Iron,

Ferric ammonium citrate (ICN) and ammonium citrate (Sigma) were dissolved to a
concentration of 1.0mM on the day of use. Ammonium citrate was used to control for

vehicle effects associated with the ferric solution.
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2.2.2. A[ peptides.

Four variants of AB were used: two human variants, and two rat variants. Human AB1-
40 (U.S. Peptide, CA, Lot #10), human Af1-42 (U.S. Peptide, CA, Lot #12), rat APl-
40 (California Peptide Research, CA, Lot #BB0395), and rat AB1-42 (California
Peptide Research, CA, Lot#MF0218) were prepared at a concentration of 1.0mM at
least one day prior to use, Solutions were stored at 4°C and vortexed at 2400rpm for 2-

3sec immediately before use.

2.2.3. Mixtures of iron, copper and zinc.

Solutions of iron (1.0mM ferric ammonium citrate, pH 5.2; ICN), copper (0.4mM
cupric acetate, pH 3.4; Sigma) and zinc (1.0mM zinc acetate, pH 5.8; Sigma) were
prepared on the day of use. A mixture of all three metal ions (iron+copper+zing;
1.0:0.4:1.0mM) was prepared by dissolving each of the metal ions at 3-fold the final

concentration, and then mixing equal volumes together.

2.2.4. Mixtures of A and metal ions.

For co-injection of AP and metal jons, a 2.0mM stock solution of human or rat AB1-42
was preparved and stored at 4°C. Immediately prior to mixing with metal ions, the AB
stock solution was vortexed for 10sec at 2400rpm. The metal ion solution was prepared
at twice the desired concentration and added in equal parts to the stock solution of
2.0mM AB. This solution was vortexed at 2400rpm for 30sec and stored at 4°C for 18-

22hr. Immediately prior to use, the solution was vortexed for 3sec at 2400rpm.

2.3. Surgical and invasive procedures.
2.3.1. Anaesthesia,

Rats used in Chapters 3 and 4 were anaesthetised with intraperitoneal (IP) injections of
ketamine:xylazine (80:10mg/kg) or ketamine:xylazine:acepromazine (90:9:0.9mg/kg).
Rats used in Chapters 5, 6 and 7 were anaesthetised with 3% halothane in carbogen via

a face mask.
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2.3.2. Intracortical injection.

Anaesthetised rats were placed in a stereotaxic head holder. Three or four burr holes
were drilled in the left and right parietal bones 10 expose the underlying dura, Buer holes
were made in the skull region that was 1.3-7.3mm posterior to bregma, and
approximately 3.0-3.5mm lateral to the midline according to the stereotaxic coordinates
of Paxinos and Watson (1982). Using stereotaxic guidance, a 26-gauge needle was
lowered 1.5mm below the dura, and 1.0pl of either sterile saline or the cxperimental
substance were injected through each burr hole into the gray matter of the parietal
cortex, at a rate of 0.2u! per minute. The needle was kept in place for Imin after each

injection to reduce backflow of the substance into the subarachnoid space.

2.3.3. Transcardial perfusion.

Rats were euthanased with sodium pentobarbitone (200mg/kg 1P), and transcardially
perfused with 4% paraformaldehyde in phosohate buffer (PB; 0.1M, pH 7.2). The brains

were removed and fixed in paraformaldehyde for 4hr, and stored in PB at 4°C.

2.3.4. Cervical lavage.

A blunted disposable plastic transfer pipette containing a few drops of lukewarm water
was inserted into the vagina of the rat. The water was slowly inserted into the vagina
and was used to wash off the surface layer of cells. The cells were sucked up into the
pipetie and then smeared onto a gelatinised microscope slide and allowed to dry. The
slide was incubated in a solution of 0.1% methylene blue for 2min and briefly rinsed in
distilled water, After air-drying, the smear was coverslipped with Depex and viewed by

bright-field microscopy (see section 7.2.2).

2.4. Detection of ferric iron.
2.4.1. Preparation of brain tissue.

The day after the animals were perfused, brains were sectioned coronally at {00um on a

vibratome. The sections were processed immediately.
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2.4.2. Modified Perl’s stain for the detection of ferric iron,

Sections to be labeled for ferric iron were stained with a modification of the Moos and
Mollgaed (1993) protocol of Perl’s stain. Specific reagents are listed in Appendix 1.2
All solutivas were prepared using water that was extensively filtered with multi-stage
treatments to remove microbial, ionised, organic and particulate contaminants. Sections
were incubated for 30min in 5% potassium ferrocyanide in PB, then incubated for
another 30min in 5% potassium ferrocyanide + 1% HCI in PB, then washed for 20min
in PB. Intensification of the Perl's reaction was performed with 3',3"-diaminobenzidine-
nickel sulphate (DAB-Ni sulphate; 0.05%:0.01%). Secticns were incubated for {5min in
DAB-Ni sulphate, followed by two 15min incubations in DAB-Ni sulphate + H,0,
(0.005%), then washed three times in PB for 20min. The sections were partially

dehydrated and mounted onto gelatinised slides, cleared in Histolene and coverslipped
with Depex.

2.4.3. Determination of the intensity of fron label.

The amount of iron in the brain was determined on the basis of the intensity of ferric
iron label. This was measured from digital micrographs taken with an Olympus DP-50
digital microscope camera attached to an Olympus Provis AX-60 microscope. To
ensure consistent imaging conditions, the intensity of the light source was set at ‘4’ and
all filters were removed or disabled. The light was focussed so that the field iris
diaphragm was sharp, and the aperture iris diaphragm lever was open. The light path
was split so that half of the light went to the eyepiece and the other half to the digital
camera. The image was viewed with a 10X objective and the magnification changer set
at 1.6x. The region of the cortex analysed was located 1.3-3.8 mm posterior to bregma,
2.5-5.0 mm lateral to the midline and i.0-2.5mm ventral to bregma according to the
stereotaxic coordinates of Paxinos and W ison (1982). This is the cortical region where
most of the data was obtained for this thesis (see section 2.7.1). Using the software
application View Finder 1.0, the image was viewed on the computer screen and
focussed. The image was captured at a tesolution of 640x480 pixels, with an exposure
time of 1/500sec and sensitivity set at 100ASA. The image was captured with the
software application Studio Light 1.0 and saved as a JPEG file in 16 million colours at
100% quality. The image was opened in Adobe Photoshop 5.5, where a luminosity
histogram was obtained for each captured image and the mean fuminosity recorded.

Luminosity levels have a range of 256, with ‘0" being the darkest possible colour
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(black) and ‘256" being the lightest possible colour (white). Thus the lower the

luminosity level, the more intense the iron label, and the greater the amount of iron that
is present in the cortex.

2.5. Immunocytochemistry
2.5.1. Preparation of brain tissue,

Brains were sectioned coronally at 100um on a vibiatome. Sections were post-fixed in

4% paraformaldehyde for 30min, and then washed three times in PB for 20min each.

2.5.2. Standard immunocytochemistry protocol.

The protocol previously used in the labcratory (Robinson et al., 1995) was moditied to
develop a faster protocol. Specific reagents are listed in Appendix 1.3. Free-floating
tissue sections were incubated for 3hr in a solution of 1% bovine serum albumin (BSA)
+ 1% Triton-X + 1% ethanolamine in phosphate-buffered saline (PBS; 0.1M, pH 7.4)
and then washed in PBS (3 X20min). Sections were incubated in primary antibody
diluted in 1% BSA + 0.5% Triton-X + 0.05% sodium azide in PBS for 18hr at 37°C,
and then given three 20min PBS washes. Sections were then incubated at 37°C for 3hr
in secondary antibody diluted to a concentration of 1:300 in 1% BSA in PBS. Sections
were given three 20min PBS washes, and then incubated for 3hr at 37°C in streptavidin-
horseradish peroxidase complex (Amersham; 1:300 in 1% BSA) and washed in PBS,
three times for 20min each. Sections were incubated for 10min in DAB-Ni sulphate, for
10min in DAB-Ni sulphate + H,0, (0.005%), and then washed three times in PB for
20min each. Sections were dehydrated, mounted onto gelatinised slides, cleared in

Histolene and coverslipped with Depex.

To recognise a specific antigen, an appropriate primary antibody was applied. Each

antibody system is outlined below and summarised in Appendix 1.4.

2.5.3. Ferritin immunocytochemistry.

For ferritin immunocytochemistry, the primary antibody was rabbit anti-human L-chain
ferritin (ICN), which was diluted to a concentration of 1:2500. The secondary antibody

was biotinylated donkey anti-rabbit Ig (Amersham).
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2.5.4. Ap immunocytochemistry.

To perform AP immunocytochemistry on injection sites containing human AB1-40 or
human AB(-42, sections were first pre-treated with concentrated formic acid for 5 min,
and then given three 20min PBS washes. The sections were processed using the primary
antibody mouse anti-human AB8-17 (Dako), which was diluted to a concentration of

1:200. The secondary antibody was biotinylated sheep anti-mouse Ig (Amersham).

To perform AP immunocytochemistry on injection sites containing rat AB1-40, sections
were processed using the primary antibody rabbit anti-human AB1-40 (Sigma), which
was diluted to a concentration of 1:10000. The secondary antibody was biotinylated

donkey anti-rabbit Ig {Amersham).

2.5.4.1. Electronmicroscopic analysis of Af} deposits for the detection of fibrils.

Injection sites containing AP peptides were immunolabelled for AP peptide, trimmed
from the coronal section, and then embedded in Durcupan. Semithin sections were cut
longitudinally through the injection sites at 2um and stained with Toluidine blue (pH
9.0) to localise the Af} deposits with the light microscope. Ultra-thin sections (70nm)
were stained with uranyl acetate and lead citrate, and examined with a Joel 1200EX
transmission electron microscope. To examine fibrils within the AR deposits, sections

were examined using 100 kV intensity at a magnification of 68,000x.

2.5.5. Doubje-label immunocytochemistry for A peptide and ferritin.

Sections were first pre-treated with concentrated formic acid for Smin, and then
processed for ferritin immunocytochemistry as in section 2.5.3, except the primary
antibody was used at a concentration of 1:1000. Immunolabelling for AB was performed
as described above, except streptavidin-horseradish peroxidase complex was substituted
for streptavidin-alkaline phosphatase complex (Vector Laboratories; 1:300 in 1% BSA
in PBS). Following incubation for 3hr at 37°C, sections were washed twice in PBS and
twice in Tris-HCI buffer (0.1M, pH 8.2) for 20min each and then processed with a
Vector Red Substrate Kit (Vector Laboratories), giving AB deposits a translucent red
colour. Sections were given three 20min washes in Tris-HCl buffer, and then were
immediately dehydrated, mounted onto gelatinised slides, cleared in histolene and

coverslipped with Depex.
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2.6. Detection of neurodegeneration.

2.6.1. Preparation of brain tissue,

Brains were sectioned coronally at 100pm on a vibratome. Seciions were post-fixed in
4% paraformaldehyde for 30min, and then washed three times in PB for 20min each.

Sections were dehydrated with 70% ethanol for 15min, mounted onto gelatinised slides,
and allowed to dry.

2.6.2. Fluoro-Jade staining.

The detection of dying neurons was performed by staining sections with Fluoro-Jade
using a modification of the technique described by Schmued and coworkers (1997).
Specific reagents are listed in Appendix 1.5. Slides were immersed in 100% ethanol for
3min, 70% ethanol for Imin, and distilled water for Imin. Sections were placed in
0.06% potassium permanganate for 15min, and rinsed in distilled water for Imin.
Labelling occurred when sections were incubated for 30min in 0.0005% Fluoro-Jade
(Histo-Chem, AR) diluted in 0.1% acetic acid. Sections were then given three 2min
rinses in distilled water before being rapidly dried on a hotplate, cleared in Histolene
and coverslipped with Depex. Stained sections were subsequently examined with a

fluorescein (FITC) filter system by epifluorescence microscopy.

2.6.3. Haematoxylin and eosin counterstaining.

Sections to be counterstained with hematoxylin and eosin (H&E) were first stained with
Fluoro-Jade and the labelled cells were counted and imaged with confocal microscopy.
The coverslips and Depex residues were removed with Histolene, and the slides were
immersed in descending concentrations of ethanol (100%, 90%, 70%, 50%) and then
dried. Sections were immersed in water for 2min, Mayers hematoxylin for 20min, and
rinsed quickly in water. Slides were then immersed in Scotts blue for 90sec, rinsed in
water for 3min, and put into 70% ethanol for 1min. Sections were stained with eosin for
3min, then immersed three times in 100% ethanol for 2min each, cleared in Histolene

and coverslipped with Depex.
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2.7. Microscopic analysis of injection sites.

2.7.1. Exclusion criteria.

Injection sites were excluded from analysis if they: i) showed evidence of mechanical
damage; ii) contained appreciable quantities of red blood cells; iii) penetrated the corpus
callosum; or iv) were shallower than the length of the bevel on the tip of the needle
(Figure 2.1). The injection sites that werz analysable were mostly located within the
region of the cortex that was 1.3-3.8mm posterior to bregma. Injection sites that were
further posterior were often excluded by the criteria, probably due the rostral portion of
the parietal bone being slightly thicker than the caudal portion. The thicker parietal bone
may have absorbed some of the heat and pressure of the drill and minimised the amount
of damage that was produced. Injection sites that were performed in the rostral region of
the parietal cortex were also less likely to penetrate into the corpus callosum because

the thickness of the cortex is greater in this region than in the caudal portion.

2.7.2. Qualitative observations,

Injection sites labelled for ferric iron, ferritin, H&E or AP peptide werc examined using

bright-field microscopy on an Olympus BH-2 microscope.

2.7.3. Quantitative analysis of ferritin-immunolabelled injection sites.

Ferritin-immunolabelled sections were examined using an Olympus BH-2 light
microscope. The injection tract for each substance was visible on at least three serial
sections. On each section, all ferritin-labelled cells were counted using an eyepiece
graticule and a 20x objective. During each injection, the needle was lowered exactly
i.5mm below the dura into the cortex, however upon examination of the processed
tissue, it was evident that the injection tracts had a variable depth, The depth of the
injection tract was determined as the distance below the pial surface to which the needle
penetrated the cortex. For instance, in the study reported in Chapter 3, saline injection
sites had a mean depth of 0.67+0.15mm, ferric ammonium citrate injection sites had a
mean depth of 0.84£0.19mm, and ammonium citrate injection sites had a mean depth of
0.76+0.20mm. To overcome the minor variability in injection depth, the number of

ferritin-labelled cells (N,) per mm depth of injection tract was calculated:

N, = Total number of labe]led cells

depth of injection tract (mm)
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Figure 2.1. Exclusion criteria for analysis of injection sites.

Injection sites were excluded from the analysis if they experienced trauma, eg. tearing
caused by the needle (A), damage by the drill (B), or if they contained red blood cells
(C). Injection sites were analysed if the needle penetrated below the pial surface and
did not penetrate the corpus callosum (D), and were rejected if they were too shallow

(E) or too deep (F).




Stereological counting methods are often an accurate way to estimate total cell number
from a small sample of the population. However, such techniques are unreliable if the !
cells of interest have a highly non-uniform or variable distribution, like those around

injection sites in the present study. Therefore, every labelled cell around the injection

site was counted. This approach avoids the need to estimate cell number, and

consequently it is more accurate than stereological methods. For each injection site, the

number of ferritin-labelled cells on each serial section was counted, and the section with

the highest number of labelled cells was used in the analysis.

2.7.4. Quantitative analysis of Fluoro-Jade-stained injection sites. i

2.7.4.1. Chapters 3 and 4.

Sections stained with Fluoro-Jade were examined using an Olympus BH-2
epifluorescence microscope with an FITC filter. The injection tract for each substance
was visible on at least three serial sections. The total number of Fluoro-Jade-labelied
neurons at each injection site were counted using a 20X objective and an eyepiece
graticule. The depth of the injection tract was determined as the depth to which the
needle penetrated the cortex. For instance, in the study reported in Chapter 3, saline
injection sites had a mean depth of 0.82+0.18mm, ferric ammonium citrate injection
sites had a mean depth of 0.90::0.18mm, and ammonium citrate injection sites had a
mean depth of 0.82+0.17mm. To overcome the minor variability in injection depth, the

number of Fluoro-Jade-labelled cells (N per mm depth of injection tract was

calculated:

N; = Total number of labelled cells
depth of injection tract (mm)

For each injection site, the number of Fluoro-Jade-labelled cells on each serial section
was counted, and the section with the highest number of labelled cells was used in the
analysis. As described for ferritin-labelled cells in section 2.7.3, this method has a
greater accuracy than stereclogical counting methods because every Fluoro-Jade-

labelled cell is counted.

2.7.4.2, Chapters 5, 6 and 7.

The method of analysis of Fluoro-Jade-stained injection sites was refined for studies
described in the later chapters of this thesis. While the analysis was similar to that

described in section 2.7.4.1, some refinements were made to improve the protocol. A
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small and unavoidable amount of mechanical and thermal damage 1s often seen directly
below the pial surface due to drilling of the skull in preparation for the injection. To
exclude neuronal loss resulting from drill damage, the most superficial 400pm of tissue
at the injection site was excluded from analysis. Thus starting from 400pum below the
pial surface, every Fluoro-Jade-labelled neuron in the injection site was counted.
Despite the needle having been stereotaxically lowered to the same depth, histological
examination revealed variability in the final depth of the injection tract in some brains.
To limit excessive variability, injecticn depths that were outside of the range of
1.320.5mm were excluded from the analysis. To control for the variability of injection
tract depth, the number of degenerating neurons per mm injection tract was determined
(Ny).

N; = number of Flugro-Jade-labetled neurons
depth of injection tract (mm})

All sections passing through the injection site were assessed as above, and the section
with the greatest number of degenerating neurons per mm injection tract was chosen for
each injectiun site. If there was more than one analysable injection site for the
experimental or control substance in a particular animal, the number of degenerating
neurons was averaged over these sites. To control for inter-animal variability, the
average number of degenerating neurons at exps:imental injection sites were expressed
as a percentage of the average number of degenerating ncurons at the contralateral

saline injection sites in that animal,

% Saline = N, (experimental substance) x 100
N; {(saline)

The neuronal loss associated with saline injection sites is the combined result of
mechanical damage due to the injection procedure and osmotic or pressure effects
caused by the saline solution. Therefore, the saline values represent the baseline against
which the toxicity of experimental substances can be compared. Thus, substances that
have the same degree of toxicity as saline have a mean of 100%, whereas substances
which kill twice as many neurons have a mean of 200% and those that kill half as many

neurons have a mean of 50%.

2.7.5. Sections counterstained with H&E.

Dying neurons that were basophilic and shrunken in size in H&E-stained injection sites

were counted and the numbers obtained were corrected for depth in the same manner as

66~




for the Fluoro-Jade-stained sections. To ensure that glial cells or healthy neurons were
exciuded from the counts, control regions lateral to the injection site were also
examined for basophilic profiles. The number of profiles within a control region of
equivalent volume to the injection site was then subtracted from the total cell count that
was found within the injection site. The number of profiles seen at each injection site

was then expressed per mm depth of injection tract (as for Fluoro-Jade in section
2.74.1).

2.7.6. Quantitative analysis of the volume of A deposits.

Using a drawing tube, the area of the AR deposit on each 100um section passing
through the injection site was traced, and the areas on all of the sections through the

injection site were summed to calculate the total volume of the deposit.

2.7.7. Photomicrographs.

Digital micrographs were taken using an Olympus Provis AX-60 microscope that was
fitted for bright-field and epifluorescence microscopy, and had an Olympus DP-50
digital camera attached. The digital images were imported into Adobe Photoshop 5.5
where they were adjusted for colour balance and conirast. The pictures were then
typeset in Adobe Iflustrator 9.0 where they were prepared as complete figures, and were
printed on an Epson Stylus Photo 870 colour printer with a resolution of 1440dpi. In
Figure 3.4, Fiuoro-Jade images were taken on a confocal microscope, and then treated

as the other photomicrographs.

2.8. Statistical analysis.
2.8.1. Chapters 3 and 4.

Statistical analysis was performed on data pooled from five injection sites for each
substance, with these sites being obtained from at least three different animals. For
statistical purposes, the numbers of ceils at an injection site were assumed to be
independent of those at other injection sites. Independent samples t-tests were

performed, and statistical significance was determined at 0<0.05.




2.8.2. Chapters 5 and 6.

Eight animals that passed the exclusion criteria were obtained for each experimental
substance, with half of the animals receiving injections of saline vehicle in the left

hemisphere, and the other half in the right hemisphere. Box-plot analysis was used to

ensure that extreme outliers were not present in any of the groups. To determine if the

number of degenerating neurons at an experimental injection site differed from the
saline vehicle, a 2-tailed paired-samples t-test was performed, with the statistical
significance determined as 0=0.05. To coripare the neurotoxicity of different
experimental substances, 2-tailed independent-samples t-tests were performed, with the

statistical significance set at =0.03.
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CHAPTER 3:

Quantitative analysis of neuronal loss and ferritin

expression in response to intracortical injection of iron.
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3.1. introduction.

The reactivity of iron in most living tissues is harnessed for cellular energy production
and also contributes to the activity of many proteins and mitochondrial enzymes,
However, when iron is unbound in the presence of oxygen, it catalyscs the generation of
toxic hydroxyl radicals (Halliwell and Gutteridge, 1999), presenting a significant
problem for the brain, which has a higher iron content than most organs (Hallgren and
Sourander, 1958), and whose function depends on the integrity of neuronal membranes

that are rich in oxidisable lipids.

The neurotoxicity of unbound iron has been widely established. The addition of iron to
cultures of primary neurons causes peroxidative injury and neurodegeneration (Hutter-
Paier et al., 1998; Kim et al., 1999; Pike et al., 1997; White et al., 1999; Zhang et al.,
1993), but iron is less toxic to cultured glial cells (Swaiman and Machen, 1990). Indeed,
oligodendrocytes respond to iron by synthesizing ferritin, an intracellular iron storage
protein, and this presumably helps these cells to sequester iron and protects them from
- peroxidation (Qi et al., 1995). Similar findings have been made in vivo. Thus, injection
of ferrous iron into the cerebral cortices of rats causes lipid peroxidation within 15
minutes and neuronal death five days later (Willmore ana Rubin, 1982). Iron injections
into the substantia nigra cause neurodegeneration, disruption of dopamine metabolism
and lipid peroxidation (Ben-Shachar and Youdim, 1991; Rauhala et al., 1998;
Sengstock et al., 1992; Sengstock et al., 1993; Sziraki et al., 1998). The effects of iron

on glial cells in vive do not appear to have been described.

To limit its neurotoxicity, iron is normally bound and inactivated by transport proteins
(eg. transferrin) and intracellular storage proteins (eg. ferritin). However, certain
pathological conditions result in the presence of unbound iron in the brain. One such
condition is intracerebral hacmorrhage in which red blood cells, rich in haemoglobin,
are released into the neuropil. The heme from these cells is cleaved to biliverdin by
heme oxygenase in astrocytes and microglia, releasing iron (e.g. Turner et al., 1998).
The iron released from heme is highly toxic to neurons but not to glia (Regan and
Panter, 1993). An ir vitro study has demonstrated that hemin induces feiritin expression
in oligodendrocytes (Qi et al., 1995), while in vivo studies have shown that whole blood
and haemoglobin induce both ferritin expression and iron accumutation in microglia

(e.g. Koeppen et al., 1995).
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Most of the non-heme iron in the brain is bound (o ferritin as Fe™, and can only be
released after being reduced to Fe**. The reduction and release of iron from ferritin can
be accomplished by superoxide, acidic pH, ascorbate and catecholamines (Allen et al.,
1994; Biemond et al., 1988), all of which are abundant in the extracellular fluid of the
brain, particularly during hypoxia-ischacmia. The effects of hypoxia-ischaemia on
neurons and glia resemble those seen with iron. Thus, hypoxia induces the expression of
ferritin in cultured oligodendrocytes (Qi et al., 1995), while in vive models of hypoxic-
ischaemic injury in cerebral cortex and hippecampus have shown that neuronal death in
the affected area is accompanied by an increased expression of iron and ferritin in

microglial cells (Ishimaru et al., 1996; Kondo et al., 1995; Palmer et al., 1999).

The studies mentioned above indicate that iron released from ferritin, transferrin or
haemoglobin may contribute to the neurodegeneration that occurs in brain tissues after
reperfusion or return to normoxia (Oubidar et al., 1994; Qi et al., 1995), This notion
gains support from evidence that the administration of iron chelators, such as
desferrioxamine, can reduce hypoxic-ischaemic damage {Karwatowska-Prokopczuk et
al., 1992; Paller and Hedlund, 1994; Palmer et al., 1994).

Despite the relevance of unbound iron to brain injury, remarkably little quantitative data
is avaifable concerning the spatio-temporal patterns of neuronal death or of ferritin
expression that result from exposure of the cerebral cortex to pathologically relevant
concentrations of iron. Such data is needed, since it could provide a clearer delineation
of the therapeutic window that is available for the treatment of iron-induced brain
injury, and it would provide valuable benchmark data against which potential

neuroprotective agents could be compared.

The present study has obtained such data after injecting small quantities of ferric iron
into the parietal cortices of rats. The mean concentration of iron in serum is
approximately 9-30uM, and this is largely due to the iron that is bound to transferrin. In
whole human blood, however, the mean concentration of iron is approximately 8.5mM
(0.5mg/ml, Triggs and Willmore, 1984), due to the presence of iron cont.ined within
hemoglobin. The concentration of non-heme iron in the human parietal cortex is
approximately 0.65mM (3.81mg/100g fresh weight, Hallgren and Sourander, 1958), and
this is almost identical to that seen in rat parietal cortex (approximately 4mg/1C0g fresh
weight, Focht et al., 1997). Assuming that a significant proportion of the iron from these
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two sources will be unbound following hypoxia-ischaemia, a concentration within this
range was used (1mM iron). Neuronal loss at the site of injection was quantitatively
assessed using the marker Fluoro-Jade. To determine the extent to which exogenous
iron stimulates ferritin expression in vivo, immunocytochemistry was used to reveal

cells containing ferritin. The distribution of bound ferric iron was revealed by a

modified Perl's stain.

3.2. Materials and methods.

3.2.1. Animals,

Female Wistar rats aged 9-13 weeks, n=58, were obtained from The University of
Queensland Central Animal Breeding House, Perth Animal Resources Centre or

Monash University Animal Services.

3.2.2. Substances injected.

Ferric ammonium citrate (ICN) and ammonium citrate (Sigma) were prepared as

described in 2.2.1. Sterile saline was also injected as the vehicle control.

3.2.3. Intracortical injection of iron.

Rats were anaesthetised as described in section 2.3.1, and given intracortical injections
as described in section 2.3.2. Rats were euthanased after 1, 3, 5, or 7 days, and perfused
as described in section 2.3.3. Injection sites were labélled with a modified Perl’s stain
for the detection of ferric iron, were processed for free-floating immunocytochemistry
to reveal ferritin-labelled cells, or were stained with Fluoro-Jade (to detect degenerating

neurons) and then counterstained with hematoxylin and eosin (H&E).

3.2.4. Modified Perl’s stain for the detection of ferric iron.

Sections to be labelled for ferric iron were stained immediately after sectioning as

described in section 2.4.2.

3.2.5. Ferritin immunocytochemistry for the detection of activated microglia and

macrophages.

Sections to be labelled for ferritin were processed as described in section 2.5.3.
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3.2.6. Fluoro-Jade staining for the detection of neurodegeneration.

The detection of degenerating neurons was performed by staining sections with Fluoro-
Jade as described in section 2.6.2.

3.2.7. Hematoxylin and eosin counterstaining of Fluoro-Jade-stained tissue.

Sections were first stained with Fluoro-Jade and the labelled cells were counted and

imaged with confocal microscopy. Sections were then processed as described in section
2.6.3.

3.2.8. Microscopic analysis.

Ferritin-immunolabelled sections were examined as described in section 2.7.3.
Sections stained with Fluoro-Jade were analysed as described in section 2.7.2.1.

Injection sites that were stained with Fluoro-Jads were counterstained with H&E and
were then examined using light microscopy. The H&E-stained injection sites were
compared to confocal images of Fluoro-jade staining that had been prepared prior to
counterstaining. Landmarks such as blcod vessels were used to determine the precise
location of the labelled cells between the two images. Dying neurons that were
basophilic and shrunken in size in H&E-stained injection sites were counted as

described in section 2.7.5.

3.2.9. Statistical analysis.

Statistical analysis was performed as described in section 2.8.1. When comparing ferric
ammonium citrate injections to control injections, 1-tailed independent samples t-tests
were performed since it was predicted that ferric ammonium citrate would induce more
ferritin-labelled celis and more Fluoro-Jade-labelled cells than either ammonium citrate

or saline.
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3.3. Results.

The quantitative data and statistical analysis presented in this chapter are summarised in
Appendix 2.

3.3.1. Detection of intracellular ferric iron.

A modified Perl’s stain was used to detect ferric iron in tissue sections. In normal cortex
this technique lightly labels a subpopulation of neurons and provides intense labelling
of occasional ramified microglial cells. At | day post-injection, the only iron-rich cells
associated with saline and ammonium citrate injection tracts were a small number of red
blood cells (Figure 3.1A). In contrast, ferric ammonium citrate injection sites had
lightly-stained iron-containing cells along the injection tract and in the area surrounding
it (Figure 3.1B,C). By 3 days post-injection, ferric ammonium citrate injection sites had
many iron-rich cells near the injection tract and also in the pial surface directly above
the injection tract (Figure 3.1E). These cells had an amoeboid profile that is
characteristic of activated microglia or macrophages (Figure 3.1F). Diffuse extracellular
labelling was also seen at the site of injection, but was not visible elsewhere in the
section. Saline and ammonium citrate injection sites contained some iron-rich cells at 3
days after injection, but they were less numerous and were confined to the immediate
vicinity of the needle tract (Figure 3.1D). At both 5 and 7 days post-injection, iron-rich
ceils were present around injection sites in a similar manner to that seen after 3 days,
except that the extent of iron labelling was greater at the later survival times (Figure
3.1G,H). The morphology of the iron-rich cells was less reactive, with many cells
expressing processes (Figure 3.11). Small particulate deposits of extracellular iron were
frequent at these later survival times, and were dispersed through the neuropil (Figure
3.1L inset).

3.3.2. Detection of ferritin-labelled cells around injection sites.

In grey matter of normal cortex, ferritin immunocytochemistry labels occasional
ramified microglial cells, but other cell types are unlabelled. However, 1 day after
injection, small ferritin-labelled cells that may be neutrophils, were seen at the injection
sites for all substances. A diffuse extracellular labelling of ferritin at the injection sites
was also seen at 1 day. The morphology of the labelled cells changed after 3 days

survival, with many amoeboid cells being present (Figure 3.2F). The morphology of
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Figure 3.1. Detection of ferric iron at injection sites containing ferric ammonium
citrate.

Transverse sections through parietal cortices of rats showing injection sites that have
been stained with a modified Perl's technique to demonstrate bound ferric iron.
Ammonium citrate injection after 1 (A), 3 (D) or 7 days (G), and ferric ammonium
citrate injection sites 1 (B,C), 3 (E,F) or 7 days (H,I) after injection. After 1 day,
labelled cells are only present around ferric ammonium citrate injection sites (B), but
after 3 days there are labelled cells around injection sites of all substances (D,E). Iron-
containing cells are highly amoeboid around ferric ammonium citrate injections, after
both 1 (C, inset) and 3 days, but they are much larger 3 days after injection (¥, inset).
Afier 7 days, iron-containing cells are still present around the injection sites of all
substances (G,H), however some of the cells have a less reactive morphology and smail
particulate deposits are evident in the neuropil (1, inset). Scale bar = 200puM
(A,B,D,E,G,H); 50uM (C,E]); 25uM (inset C,El).




Figure 3.2, Ferritin immunolabelling of injection sites containing ferric ammonium
citrate.

Ammonium citrate injection sites 1 (A) or 3 days (D) afier injection, and ferric
ammonium citrate injection sites after 1 (B,C) or 3 days (E,F) survival. There is a
restricted labelling of ferritin-positive cells around ammonium citrate (A) injections |
day afier injection, yet ferric ammonium citrate injections induce greater numbers of
ferritin-labelled cells (B). Ferritin labelling increases around control injections (D) after
3 days, but not around ferric ammonium citrate injections (E). Most ferritin-labelled
cells have an amoeboid morphology characteristic of phagocytic microglia (C,F;
arrows). Scale bar = 200uM (A,B,D,E); 50uM (C,F).




these cells resembled activated microglia and macrophages (Grundke-Igbal et al., 1950).
Foamy macrophages and oligodendrocytes were sometimes seen at injection sites. Five
and seven days after injection, most labelled cells had branched dendritic processes
typical of ramified microglia. Counts of labelled cells at each time point revealed a

relatively small degree of variability for each substance injected, as indicated by the
error bars in Figure 3.3A,

One day after the injection of saline, an average of 79£9 (mean+SE) ferritin-rich cells
were associated with each injection site, with a similar number (71£24) being seen
around ammonium citrate injection sites (Figure 3.3A). By contrast, the number
produced by injection of ferric ammonium citrate (565+78) was 8-fold greater than
around ammonium citrate injection sites. By three days post-injection, the number of
ferritin-labelled cells had increased almost 4-fold around the saline injection sites to
give an average of 306x+36. Ammonium citrate injections showed a similar increase,
producing 36029 labelled cells. The number of ferritin-labelled cells at ferric
ammonium citrate injection sites did not increase greatly between one and three days, so
that by three days post-injection they had a mean of 638+104 labelled cells, twice as
many as at ammonium citrate or saline injection sites. For the three substances
examined, the mean number of ferritin-positive cells remained stable between three and
seven days post-injection {Figure 3.3A). The number of ferritin-labelled cells around
saline and ammonium citrate injections did not differ at 7 days after injection, however
there were significantly more labelled cells around ferric ammonium citrate injection
sites than around saline injection sites (1(8)=2.148, p=0.032, 1-tailed t-test). Only the 7
days survival time was examined statistically, since the other time points exhibited an
even greater difference between ferric ammonium citrate injection sites and saline or

ammonium citrate injection sites (see Figure 3.3A).

3.3.3. Fluo.o-Jade labelling as a marker of neurodegeneration.

When se :tions were viewed at low magnification (Figure 3.4A), Fluoro-Jade labelling
was vie ble as small white dots in and around the injection tracts. When examined at
high mignification (Figure 3.4B) each of these “dots" corresponded to a neuronal soma,
usually i1 conjunction with its apical dendrite. Background labelling of tissue was low,
and the neurodegeneration associated with the injection tract was visually distinct from

the surrounding neuropil. The injection sites normally spanned most of the cortical
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Figure 3.3. Quantitative analysis of ferric ammonium citrate injection sites.

The mean number of ferritin-immunolabelled cells for each injected substance (A);
and the mean number of degenerating neurons as detected by Fluoro-Jade labelling
(B). Comparison between Fluoro-Jade labelling and H&E counterstaining for the
detection of neurodegeneration around injection sites 1 day after injection (C). Error
bars represent the standard error of the mean. FAC=ferric ammonium citrate;
AC=ammonium citrate.




Figure 3.4. Comparison of Fluoro-Jade labelling and H&E counterstaining,
Neurodegeneration around an injection site | day after injection of saline as detected by
Fluoro-Jade labelling (A,B) or H&E counterstaining (C,D). Panels B and D are
enlargements of the boxed regions in panels A and C. Degenerating neurons stained by
Fluoro-Jade (B; arrows) correspond to the dying and injured neurons that stain intensely
with H&E (13; arrows). Scale bar = 150uM (A.(C); 25uM (B,D).




layers of the gray matter, and both large and small neurons were seen around each
injection tract, their size depending mostly on their location within a cortical layer.
Fluoro-Jade-labelled neurons at some injection sites were repeatedly counte. by the
same investigator and they were also counted ‘blind' by two other investigator,. e

resulting estimates were compared and found to be within +/-5% of the mean.

To assess whether Fluoro-Jade reliably labels degenerating neurons, injection sites were
photographed on a confocal microscope then counterstained with H&E. This
counterstaining revealed dying neurons near the injection tracts, but it also showed
healthy neurons in and around the injection tracts. When photomicrographs of the H&E
stained injection sites were compared with the corresponding confocal images, it was
evident that the Fluoro-Jade had labelled neurons which are either degenerating or
_injured (Figure 3.4). Healthy neurons that stained lightly with H&E were not labelied

with Fluoro-Jade, confirming the selectivity of this marker,

3.3.4. Quantification of Fluoro-Jade-labelled neurons around injection sites,

Fluoro-Jade-labelled neurons were observed in the vicinity of saline and ammonium
citrate injecticn tracts (Figure 3.5A,B,D,E), but they were more restricted in distribution
and less numerous than those associated with injections of ferric ammonium citrate
(Figure 3.5C,F). Counts of labelled cells at each time point revealed a relatively small
degree of variability for each substance injected, a3 indicated by the error bars in Figure
3.3B.

After 1 day survival, 27129 Fluoro-Jade-labelled neurons were observed around saline
injection sites, while ammonium citrate injection sites had around half this number
(148+26; 1(8)=3.217, p=0.012, 2-tailed t-test). Ferric ammonium citrate injections
produced 664164 degenerating neurons, which is 2.5-fold more than at saline injection
sites and 4.5-fold more than at ammonium citrate injection sites (Figure 3.3B). By 3
days survival, the number of Fluoro-Jade-labelled neurons had declined by 50% around
all injection sites, and their numbers continued to decline between 3 and 7 days. At 3
days post-injection, ammenium citrate injection sites had 10-fold fewer degenerating
neurons than saline injection sites (t(8)=3.367, p=0.010, 2-tailed t-test), and by 5 days
the number of degenerating neurons had declined to almost zero around both

ammonium citrate and saline injection sites. Ferric ammonium citrate injections
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Figure 3.5. Fluore-Jade staining showing degencrating neurons around ferric
ammonium citrate injection sites,

1 day after injection of saline (A,D), ammonium citrate (B,E) or ferric ammonium
citrate (C,F). The extent of labelling around the injection sites is indicated by a dashed
line. Ammonium citrate injections (B) produce fewer degenerating neurons than saline
injections (A). Ferric ammonium citrate injections {C) produce many labelled cells that
extend a considerable distance from the needle tract. The labelled neurons are present at
a lower density around control injections (D,E) than around ferric ammonium citrate
injections (F). Scale bar = 200uM (A-C); 50uM (D-F).




produced more degenerating ncurons than satine or ammonium citrate, and the tace of
decline with ferric amnonium citrate was much more gradual, with approximately 177

Fluoro-Jade-labelled cells remaining at 7 days, which represents 27% of the number
present opn day 1,

3.3.5. Quantification of degenerating neurons around injeciion sites in H&E-
stained sections.

To assess whether Fluoro-Jade is an accurate marker of degenerating neurons, the
numbers of basophilic and shrunken neurons around injection sites with a 1 day survival
were determined (Figure 3.3C). An average of 175+29 dying neurons were observed
around saline injection sites, with fewer being present around ammonium citrate

injection sites (135+15). Ferric ammoniuvm citrate injections produced 3-fold more
| dying cells than saline injections, and 3.9-fold more than ammonium citrate injections.
There were no significant differences between the number of Fluoro-Jade-labelied cells
and the number of H&E-stained profiles for each injection site (t(14)=2.060, p=0.059,
paired-samples t-test). At later survival times, basophilic profiles were present in
diminished numbers around injection sites, and their number and distribution appeared

to correlate well with that of Fluoro-Jade jabelled cells.

It was noted that ammonium citrate injections produced a large amount of mitotic cell
division near the injection tract and at the pial surface. This response differed from
saline injection sites, where few mitotic figures were seen and these vere restricted to
the pial surface. Ferric ammonium citrate injection sites produced more mitotic figures
than saline injection sites, but fewer than seen around ammonium citrate injections (data

not shown).

3.4. Discussion.

Hypoxia-ischaemia and intracerzbral hacmorrhage are complex events involving a
myriad of factors that have the potential to cause neuronal loss, including acidic pH,
glutamate excitotoxicity, edema, potassium efflux and inflammat..n. In the absence of
quantitative data concerning the neurotoxicity of iron ir vivo, it has been difficult to
assess whether iron-mediated peroxidation is likely to be a major contributor to the
brain injury that results from hypoxia-ischaemia or intracerebral haemorrhage. The

present study is the first to obtain quantitative data concerning the spatio-temporal
-82-




patterns of neuronal death and ferritin expression that result from exposure of the
cerebral coriex to pathologically relevant concentrations of iron, in the absence of olhei'
confounding variables. By injecting only 1l of ferric ammonium citrate over a §
minute period, negligible compression damage to tissue was produced, and by inclusion
of saline and ammonium citrate injection sites non-specific toxicity associated with the
injection technique was controlled for. Furthermore, by cotrecting the data for
differences in the depths of individual injection sites, a scurce of experimental error was

reduced that is often overlooked in studies of this type.

3.4.1. Neuroprotection by ammonium citrate.

The fact that ammonium citrate injections produced significantly fewer dying neurons
than saline injections suggests that ammonium citrate is neuroprotective. This
neuroprotection may be due to the increased availability of citrate to fuel the
tricarboxylic acid cycle of injured neurons or their supporting astrocytes. In addition, it
may reduce the excitotoxicity of glutamate released from injured neurons by providing
ammonia for the amidation of glutamate to glutamine in astrocytes (Hertz et al., 1999).
While these possibilities deserve further investigation, this finding also suggests that
ferric ammonium citrate may be less toxic than iron that has been directly dissolved in
the extracellular fluid of the brain. It is possible therefore that the estimate of neuronal
loss caused by ferric ammonium citrate may underestimate the loss caused by an
equivalent amount of iron released under pathological conditions. Another finding that
deserves comment is the observation that ammonium citrate stimulates cell division. It
has been shown that ammonia can induce proliferation of colonic epithelial cells
(Ichikawa and Sakata, 1998) and gastric mucosal cells (Tsujii et al., 1995), but the
present study appears to be the first to report the stimulation of mitotic division in the
central nervous system after directly adding ammonium compounds. Nonetheless it has
been suggested that indirectly elevating brain ammonia levels, via methionine
sulfoximine inhibition of glutamine synthetase, may result in mitotic division of
astrocytes (Brumback and Lapham, 1989). Investigations are underway to identify the

progeny of these cells.

3.4.2. Neurotoxicity of ferric ammonium citrate.

This study found that unbound iron causes an extensive amount of cell loss within 24

hours, and that this loss continues at a reduced rate for at least seven days. Ferritin
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expression in microglia was also elevated by iron, but unlike cel! death, the number of
ferritin-rich cells remained constant over the 7 day period of the study. It was surprising
to find that ferritin expression was only modestly elevated in the iron-injected group,
and furthermore, that the numbers of ferritin-rich cells in the three experimental groups
were not proportional to the extent of neuronal death, The sequestration of iron by
macrophages and microglia did not reach appreciable levels until three days after the
injection of ferric ammonium citrate. Taken together, these observations suggest that
once released into the extracellular fluid, iron may remain there for several days before
it can be bound to intracellular ferritin and inactivated. These findings have a number of

important implications, which are discussed below.

These results clearly demonstrate that a pathologically relevant concentration of
unbound iron can cause a substantial amount of neuronal loss. On average, the number
of Fluoro-Jade-labelled neurons that are present in a 100pm thick section through an
injection site 1-day after injection was 664 cells. Since the average depth of the
injection tract was 0.97mm, and the region containing dying neurons approximates a
sphere (see Figure 3.5C), the total number of Fluoro-Jade-labelied neurons that are
present 1 day after iron injection will be approximately 4284. This represents a very
substantial amount of cell death when viewed in a clinical context. The amount of iron
in a 1yl injection of 1mM ferric ammonium citrate is equivalent to that present in just
0.15p] of human blood; by extrapolation, an intracerebral hemorrhage involving only
10m] of biood will contain sufficient iron to kill 2.9x10® cortical neurons. This estimate
may be conservative because the ferric form of iron is a 5-fold weaker pro-oxidant than
the ferrous form (Rauhala and Chiueh, 2000), but as most of the iron in brain is stored
as the ferric form {in ferritin), injection of ferric iron is likely to be more physiologically

relevant,

Even if the concentration of iron released from intracellular stores following hypoxia-
ischaemia is lower than that injected in this study, the resultant neuronal loss may still
be extensive, since ischacmic episodes often have a widespread distribution, Areas of
the brain with a high iron content (e.g. basal ganglia, hippocampus, Benkovic and
Connor, 1993; Connor et al., 1992b; Hallgren and Sourander, 1958) are likely to be
more prone to iron-induced peroxidation following ischaemia. It should also be noted
that several neurological disorders, including Parkinson's disease and AD, are

associated with high levels of redox-active iron (Jenner and Olanow, 1998; Sayre et al.,
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2600; Smith et al., 1997). Indeed, the concentrations of iron in neuritic plaques in AD
has been estimated to be 1.0mM (Lovell et al., 1998), which is identical to that injected
in the present study. The extensive neuronal loss caused by this concentration of

injected iron adds weight to the notion that iron-med:ated peroxidation contributes

significantly to the pathogenesis of such disorders.

3.4.3. Time course of iron toxicity.

The present data does not allow determination with certainty of whether cells that were
labelled with Fluoro-Jade at 7 days post-injection were injured on day 1 and took 7 days
to die, or were injured at a later time by the continued presence of iron. The latter
interpretation seems more likely in view of the relatively slow accumulation of iron in
cells near the injection sites. Furthermore, even at three days post-injection, some iron-
labelling near the injection tracts was associated with the membranes of neurons, rather
than being sequestered within microglia and macrophages (Figure 3.1). These
observations indicate that the glial response to iron in vive is much slower than that
reported in in vitro models. For example, Swaimen and Machen (Swaiman and Machen,
1985) demonstrated that iron added to mixed cultures is rapidly taken up into glial cells
and incorporated into ferritin within 4 hours. Qi and colleagues (Qi et al., 1995)
demonstrated a similar rapid response in cultured oligodendrocytes, where ferritin
synthesis occurred within 6 hours after addition of ferric ammonium citrate or hemin to
either rat or human oligodendrocyte cultures. In contrast, a slower response was found
by other in vivo studies. For example, Koeppen and coworkers {Koeppen et al., 1995)
showed that injection of whole blood into the thalamus initiates ferritin expression in
microglia after 1-2 days, and that iron sequestration began at 2 days post-injection and
did not peak until five days. The reason for the slower response in vive is not clear, but
it may be associated with a difference in the initial activation state, with cultured glial
cells already being in a higher state of activation prior to the addition of iron.
Regardless of the reasons, the delayed sequestration of iron in vivo is very significant,
because it indicates that when released extracellularly, unbound iron may continue to

damage neural tissue for several days.

The usefulness of iron chelators in the treatment of reperfusion injury that follows
ischaemia is well established (Halliwell, 1989). For example, administration of

deferoxamine 5 minutes after hypoxia-ischaemia in neonatal rats reduces brain injury
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(Palmer et al., 1994), while bipyridyl, which chelates ferrous iron, given 15 minutes
prior and 60 minutes after thrombotic infarction attenuates brain edema (Oubidar et al.,
1994). This study found that a single injection of iron resulted in a protracted period of
cell death, with substantial numbers of dying cells and basophilic profiles being present
at 7 days post-injection, and with some cell death continuing until at least 14 days
(unpublished observations). The long duration of cell death has important implications
for the treatment of brain injury resulting from cerebral hemorrhage and hypoxia-
ischemia, for it suggests that therapeutic intervention with iron chelators and anti-
oxidants may be beneficial for several weeks after an incident. This situation contrasts
favorably with the narrow window of therapeutic efficacy for NMDA antagonists in the
treatment of excitotoxic injury after ischaemic damage (Margaill et al., 1996; Rod and
Aver, 1989; Steinberg et al., 1995).

3.4.4. Conclusions.

In conclusion, this datu shows that pathologically relevant concentrations of iron, even
in the absence of other confounding variables, can cause substantial neurotoxicity over a
protracted period. The long duration of this period suggests that benefit may be gained
from targeting iron-induced peroxidation in the weeks following a cerebral
haemorrhage or an hypoxic-ischaemic episode. Furthermore, the relatively small degree
of individual variability obtained in this study with regard to ferritin expression and
Fluoro-Jade labelling suggests that this animal model may prove useful in the
evaluation of new therapeutic regimes for treatment of haemorrhage or hypoxia-

ischaemia.
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CHAPTER 4:

Quantitative analysis of neuronal loss after intracortical

injection of Ap peptide.
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4.1. Introduction.

As mentioned in Chapter 1, AP is generally believed to cause the neurodegeneration
seen in AD brains since many in vitro studies have demonstrated that the peptide is
toxic to cortical or hippocampal neurons cultured from neonatal rats (e.g. Pike et al.,
1992; Roher et al., 1991). In vitro studies have shown that AP kills cultured neurons
within 24hr (Harsis et al., 1995; Pike et al., 1993; Yankner et al., 1990a), so in in vivo

studies it is important to be able to examine the toxicity of AB shortly after it has been

e arr L F

deposited. Transgenic mice that overexpress amyloid precursor protein have an elevated
level of soluble Af in their brains, leading to a continuous deposition of the peptide into _.
plaques (Games et al., 1995; Hsiao et al., 1996; Sturchler-Pierrat et al., 1997). These
mice have provided valuable in vive models of AP deposition, showing that AB plaques
gradually increase in size as the mice age (Johnson-Wood et al., 1997). A limitation of _

transgenic mice is that A can be deposited months prior to histological examination of

the tissue. Since it is not known precisely when the peptide was deposited within
individual plaques, it is not possibie in these mice to determine with any certainty the

acute toxicity of deposited Ap.

One approach that allows better spatiotemporal definition of AP toxicity is the

continuous infusion of AB via an intracerebrally implanted catheter. Using this method,

4-week infusion of Af into the cerebral ventricles has been shown to resuit in neuronal

death (Frautschy et al., 1998). Infusion of AP can allow a shorter interval between A}
exposure and histological examination of the tissue, but since the peplide is continually

deposited during the infusion period, it is difficult to accurately determine short-term

toxicity. In another experimental approach, AP peptide can be directly injected into the
cerebral cortices of rodents and primates. This has allowed insights into the
neurotoxicity of AP after precisely defined exposure times. Several groups have shown
that an area of neurodegeneration and gliosis, as detecied by Nissl staining, is evident at
the site of AP injection (Geula et al., 1998; Podlisny et al., 1992), within 2 days of
injection (Games et al., 1992). These studies did not count the number of dying cells

around the AP deposits, so the degree of toxicity exhibited by A is not known with

certainty. As cultured neurons die within 24hr of AB exposure, there is a need to
examine whether neurons die after an equivalent time in vivo. In this study therefore,

AP was injected into rat cerebral cortex dying neurons were counted at 1, 3, 5, and 7
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days post-injection. This procedure has allowed examination of the extent to which the
acute neurotoxicity of AP leads to neuronal death in vivo.

AP plaques in AD and transgenic mice are also associated with an inflammatory
response. In vitro studies have shown that Ap can promote an inflammatory response
(Bradt et al., 1998; Paris et al., 1999}, particularly in microglial cells (Combs et al.,
2000; Meda et al,, 1995). One feature of the inflammatory response seen in AD is the
expression of ferritin in activated microglia. Ferritin-rich microglia are closely
associated with plaques in AD (Batton et al., 1997; Grundke-Igbal et al., 1990; Kaneko
et al., 1989; Robinson et al., 1995), and it has been shown that ferritin-rich cells are
concentrated in the centre of plaques (Batton et al., 1997). 1t is not known why ferritin-
rich microglia are so closely associated with plagues in AD. They may have a role in the
phagocytosis of AP and its removal from the plaque (Grundke-Igbal et al., 1990);
alternatively, they may be involved in the deposition of AP into plaques (Batton et al.,
1997; Fukumoto et al., 1996; Robinson et al., 1995; Wisniewski et al., 1989b). Ir vive
models of AP injection provide an opportunity to gain insights into the relationship
between ferritin-rich cells and AB, and to determine the spatiotemporal induction of
ferritin-rich cells by A deposits. If these cells are present in AD primarily because they
phagocytose AP, their numbers should be substantially increased after injection of AP
into the rat cortex. Alternatively, if ferritin-rich cells are mainly involved in the
deposition of AB in AD, they might be expected to show little or no response to injected
deposits of AB. The nature of the relationship between ferritin expression and AP

deposition has not been examined before in in vivo models.

Another advantage provided by intracortical injection models is the opportunity to
determine the rate of clearance of AP deposits from the brain. In the human brain, the
aggregation and subsequent deposition of AP is presumably counterbalanced by the
clearance of the peptide from the brain (Hyman et al., 1993; Saido, 1998). This dynamic
relationship may be disrupted in AD, resulting in a decreased rate of clearance of the
peptide, and an accretion of AB into plaques. This relationship makes it impossible
determine the rate of clearance of AP from the AD brain. Similarly in transgenic mice
that overexpress mutated human APP, there is a continual overproduction of AP which
prevents determination of the rate of clearance of AP deposits. In this study, aged AB

peptide was injected into the parietal costices of rats and immunocytochemical labelling
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for AP peptide has been used 1o assess the volume of the deposit after various survival

times. From this data, it is possible to estimate the rate of clearance of a known auantity
of AP from the cortex. To ensure examination of the effects of AB in its aggregated
form, which is the conformation that is most toxic to cultured neurons (Pike et al.,
1991), the fibrillar composition of the deposits was determined with
electronmicroscopy. Since injected AP is rapidly removed from the rat brain, some
researchers have attempted to decrease the rate of degradation and removal of AP by
co-infusing the peptide with protease inhibitors (Frautschy et al., 1998). This allows the
peptide to be present for longer periods, and may increase its toxicity. Here the effects
of pure AP peptide were examined, since protease inhibitors are not present in AD
plaques, nor have they been used in cell culture where AB exerts toxic effects within
24hr (Harris et al., 1995; Pike et al., 1993; Yankner et al., 1990a).

4.2. Materials and Methods.
4.2.1. Animals,

Female Wistar (n=70) rats aged 9-13 weeks were obtained from The University of
Queensland Central Animal Breeding House, Perth Animal Resources Cenire or

Monash University Animal Services.

4.2.2. Substances injected.

Three AR variants were used in this study: human AB{-40 (U.S. Peptide, CA, Lot #10),
human AB1-42 (U.S. Peptide, CA, Lot #12), and rat AB1-40 (Californian Peptide
Research, CA, Lot #BB0395). They were prepared as described in section 2.2.2. Sterile

saline was used as the vehicle control.

4.2.3. Intracortical injection of AB peptide.

Rats were anaesthetised as described in section 2.3.1.1 and received 1.0ftl injections as
described in section 2.3.2. Rats were euthanased after 1, 3, 5, or 7 days, and perfused as
described in section 2.3.3. Inmjection sites were processed for free-floating
immunocytochemistry to reveal AP peptide or ferritin-labelled cells, or were stained

with Fluoro-Jade to detect degenerating neurons.
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4.24. A immunocytochemistry for the detection of AP peptide deposits.

Injection sites containing A} were processed to visualise deposits of the AB peptide as

described in section 2.5.4. Electronmicroscopic analysis was performed te detect fibrils
within the AP deposits as described in section 2.5.4.1.

4.2.5. Fluoro-Jade staining for the detection of degenerating neurons.

The detection of degenerating neurons with Fluoro-Jade was performed as described in
section 2,6.2.

4.2.6. Ferritin immunocytochemistry for the detection of activated microglia and

macrophages.

Ferritin immunocytochemical labelling was performed as described in section 2.5.3.

4.2.7. Double-label immunocytochemistry for AP peptide and ferritin.

Section. “rough injection sites of human AB1-40 or human AB1-42 were processed to
visualise both AP peptide and ferritin-rich reactive microglia at the injection site.

Sections were processed as described in section 2.5.5.

Brain tissue was obtained from six patients with advanced AD (aged 62-85 years; mean
post-mortem intervat=17.6hr) as described in a previous study from this laboratory
(Robinson, 2000). Two of the patients had been studied by the Department of Geriairic
Medicine at Concord Hospital (Sydney) and had fulfilled the ‘Consortinm to Establish a
Registry of Alzheimer’s Disease’ (CERAD) criteria for probable AD (Morris et al.,
1989), and tissue from the other four brains were obtained from the Brisbane Brain
Bank. Blocks of entorhinal cortex were sectioned at 50um and double-immunolabelled
for AB and ferritin as described in section 2.5.5, except they were pretreated with formic
acid for 10min. In addition, primary antisera concentrations differed such that rabbit
anti-human L-chain ferritin was diluted at 1:25000, and mouse anti-human A{8-17

primary antisera was diluted at 1:50.

91-




4.2.8. Microscopic analysis.

AP deposits were detected by light microscopy, and the v lume of the deposit was
determined as described in section 2.7.6.

Fluoro-Jade-labelled cells were detected using an FITC filter on a fluorescence

micrescope and were counted as described in section 2.7.4.1.

Sections immunolabelled for ferritin were analysed as described in section 2.7.3.

4.2.9. Statistical analysis.

Statistical analysis was performed as described in section 2.8.1. Independent samples t-

tests (2-tailed) were performed, and statistical significance was determined at 0t=0.05.

4.3. Results.

The quantitative data and statistical analysis presented in this chapter are summarised in

Appendix 3.

4.3.1. Detection of A peptide deposits.

A immunolabelling was used to deiect deposits of A at the site of injection. At { day
after injection, human AB1-40 and human Af1-42 were deposited in large, dense
extraceliular clumps toward the middle of the injection tract (Figure 4.1A,B), but by 3
days these clumps were smaller and more granular (Figure 4.1D,E), with some of these
granules appearing to be located within cells (Figure 4.2A,B). Directly above the
injection tract, small, lightly labelled cells were visible on the pial surface (Figure
4.2D,E). These cells were evident a small distance away from the centre of the injection
tract. After 5 days, a difference was evident between the human variants. Human AB1-
42 peptide was present in a very small extracellular deposit toward the upper part of the
injection tract, while human AB1-40 was no longer visible at any point along the
injection tract. Above the injection »it2s oi both peptides small, labelled cells were
evident on the pial surface. By 7 days post-injection, neither of the human Af} variants
were deposited along the injection tract (Figure 4.1G,H), although labelled cells were
still visible on the pia above the injection tract, similar to that seen after 5 days. At no

time was labelled peptide visible in regions adjacent to the injection site in either the
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Figure 4.1. Immunolabelling of injection sites for AB.

After 1 (A-C), 3 (D-F), or 7 (G-I) days. Injection sites of human APB1-40 (A,D,G),
human AB1-42 (B,E,H) or rat AB1-40 (C,EI). AP is present in very large extracellular
deposits at | day post-injection for all of the AP variants (A-C). At 3 days, human Af} is
still present in clumps that are mostly extracellular (D,E), although they are
considerably smaller than deposits after 1 dsy. Rat AB deposits are more particulate in
nature (F). After 7 days, human peptides are no longer visible along the injection tract
(G,H; arrows point to injection tract), however rat AB1-40 still has a small amount of
peptide visible along the length of the injection tract {I).




Figure 4.2. Deposits of A} 3 days post-injection.

AP immunolabelling of injcction sites containing human AB1-40 (A,D,G), human Ap1-
42 (B,E,H) or rat ABI-40 (C,F,I). High magnification micrographs of peptide deposits
along the injection tract show that the human A variants are mostly present
extracellularly in large clumps, with some diffuse staining around the deposits {A,B),
while rat AB1-40 appears to mostly be v.ithin cells (C). Cellular labelling in the pia
above the injection tracts shows that the two human Af variants are present
intraceliularly {(D,E), which is quite different to that seen along the injection tract. In
contrast, rat AB1-40 is mostly present intracellularly (F) as it was along the injection
tract {C). Electronmicroscopic ¢xamination of deposits of human AB1-40 (G), human
AB1-42 (M), and rat AB1-40 (I). Fibrils are present for all of the injected variants,
however they are present at greater density around injections of rat AP peptide (I). Scale
bar = 25um (A-F), ! Snm (G-I).




grey or the white matter, nor was it seen within blood vessels or in the perivascular

space.

Deposits of rat AR1-40 had a markedly different appearance from deposits of human
AB. At 1 day post-injection, the deposits along the injectibn tract were mostly
extracellular, with only a few labelied cells present (Figure 4.1C). After 3 days, rat
AP1-40 had a particulate appearance (Figure 4.1F), with most of these tiny deposits
appearing to be within cells (Figure 4.2C). There was extensive cellular labelling in the
pia above the injection site that resembled the particulate deposition seen along the
injection tract (Figure 4.2F). In contrast to the human AP variants, cells containing rat
APB1-40 on the pial surface were evident a greater distance away from the centre of the
injection tract. At both 5 and 7 days the peptide seemed to be entirely contained within
cells, and the density of the deposits had decreased (Figure 4.11). The labelled cells in
the pia were still evident, but were displaced further from the injection tract than they

were after 3 days survival.

4.3.2. Quantification of the volume of A[} deposits.

The volume of the AP deposit at each injection site was determined and is graphed in
Figure 4.3A. The largest deposits were present at 1 day after injection, and the volume
steadily decreased over time. Deposits of rat AB1-40 occupied 23+3 x10%m”* after 1
day. By 3 days, only half of the deposit remained (123 x10°%um®). Human AB1-40
deposits occupied 1425 x10°%um’ at 1 day post-injection, and similarly decreased by haif
at 3 days post-injection (821 x10%um®). Deposits of human AB1-42 were of a similar
volume to human AB1-40 at 1 and 3 days survival, however at 5 days post-injection
human AB1-42 deposits had a mean volume of 3+1 x10%um®, while human AB1-40 was
no longer present. In contrast, rat A 1-40 was still present along the injection traca t 5

and 7 days, but the volume of the deposit had decreased.

4.3.3. Electronmicroscopic detection of fibrils in A deposits,

Injection sites containing AR peptides were examined electronmicroscopically at 3 days
post-injection. All three of the injected AP peptide variants contained large numbers of
fibrils within the immunolabelled deposits. Fibrils in deposits of hurean AB1-40 and

human AB1-42 appeared to be very similar (Figure 4.2G,H), both in appearance and in
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_ fibril density. In contrast, rat AB1-40 had a much denser arrangement of fibrils than

human variants, and the fibrils were more strongly aligned with each other (Figure
4.21). |

4.3.4. Detection of degenerating neurons around injection sites.

Fluoro-Jade stained injection sites 1 day after injection are shown in Figure 4.4(A,B).
Fluoro-Jade-labelied cells were located near the injection tracts, and the labelled cells
around the AP injection sites were more closely confined to the vicinity of the needle

tract than the labelled cells associated with saline injections.

After 1 day survival, 271:.29 (meanxSE) Fluoro-Jade-labelled neurons were observed
around saline injection sites, and there were only slightly less (193+27) around human
AP1-40 injection sites (Figure 4.3B). Compared with saline, rat AB1-40 injection sites |
day post-injection contained significantly fewer Fluoro-Jade-labelled degenerating
neurons (9718, (8)=5.172, p=0.001), and had only half the number that were present
around human AP1-40 injection sites (1(8)=2.947, p=0.019) (Figure 4.3B). Human ApB!-
42 injection sites were also associated with significantly fewer dying neurons than
saline injection sites (104228; t(8)=4.151, p=0.003; Figure 4.4A,B), but they were not
significantly different from human AB1-40 (t(8)=2.261, p=0.054) (Figure 4.3B). By 3
days post-injection, the numbers of Fluoro-Jade-labelled cells had significently
decreased for all substances injected. Despite this decrease, human AB1-42 injection
sites still contained significantly fewer degenerating neurons than saline injection sites
after 3 days (1(4.82)=2.984, p=0.032). At both 5 and 7 days there were few, or no,

Fluoro-Jade-labelled cells at any injection site.

4.3.5. Detection of ferritin-labelled cells around injection sites.

Ferritin-immunolabelling detects phagocytiz cells, particularly activated microglia and
macrophages, as well as a few oligorondrocytes (Connor et al., 1992a; Grundke-Igbal et
al., 1990; Kaneko et al., 1989). The present study found that in grey matter of normal
cortex, ferritin immunocytochemistry labels occasional ramified microglial cells, but
other cell types are unlabelled. However, | day after injection, saline injection sites
contained small, labelied cells that may be neutrophils, as well as some larger,
amoeboid cells (Figure 4.5A). Ferritin labelling around AP injections were similar,

however large cells with an amoeboid morphology appeared to be more frequent
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Figure 4.4, Injection sites coataining A that have been stained with Fluoro-Jade
or double-immunclabelled for ferritin and Af3.

Injection sites stained by Fluoro-Jade 1 day after injection (A,B). Fluoro-Jade stains
degenerating neuronal cell bodies and their primary dendrites (inset A); synaptic
labelling is also evident. Saline injection sites {A) have greater numbers of Fluoro-Jade-
labeiled degenerating neurons than human Af1-42 injection sites (B). Dashed lines
show the extent of the injection site. Double-immunolabelling for Af and ferritin (C,D).
Entorhinal cortex from a patient with AD (C) has numerous A} plaques (red) that have
been surrounded and infiltrated by ferritin-rich cells (brown). An injection site
containing human AB1-40 3 days post-injection (D} has a large deposit of AR (red) that
has been surrounded and infiltrated by ferritin-rich cells (brown). Scale bar = 100um
(A,B); 50pum (C,D); 45um (inset A).




Figure 4.5. Ferritin immunolabelling of injection sites containing A3 peptide.

After 1 day, saline injection sites contain small ferritin-rich cells and a few larger
amoeboid cells (A), while human AB1-40 injection sites contain a greater number of the
large amoeboid cells (B). At 7 days post-injection, both saline (C) and human AB1-40
(D) injection sites contain ferritin-labelled cells that have a more ramified morphology.




(Figure 4.5B). After 3 days, at the injection sites of all substances, most of the cells

were highly reactive with an amoeboid morphology, although occasionally cells with a
more ramified morphology were present. Ferritin-rich foamy cells, presumably
macrophages with many filled vacuoles, were quite numerous. At later survival times, a
greater proportion of ferritin-labelled cells around all injection sites had a ramified
morphology, suggesting decreased activation (Figure 4.5C,D). Ferritin-labelled cells
were not present in areas adjacent to the injection tract. Ferritin-labelled cells were also

present in the pia above the injection tract of all substances at all survival times.

There were on average 79+9 (mean+SE) ferritin-labelled cells around saline injection
. sites after 1-day survival (Figure 4.3C). Human AB1-40 injection sites had 144x41
labeiled cells, and human A 1-42 and rat AB1-40 had similar numbers, although due to
variability between injection sites, the numbers were not statistically different from
saline injection sites (t(4.38)=1.565, p=0.186; t(4.55)=1.987, p=0.109; t(8)=2.274,
p=0.053; respectively) (Figure 4.3C). At 3 days post-injection, the number of ferritin-
{abelled cells around injection sites was greater than after 1 day for all of the substances
injected. There were 306+36 ferritin-labelled cells around saline injection sites,
however human AP 1-40 injection sites had 1.5-fold more cells (455+41) than saline
injection sites ((8)=2.726, p=0.026). Both rat AB1-40 and human AB1-42 had a similar
number of labelled cells as saline injection sites. Human AB1-42 injection sites had
30% fewer ferritin-labelled cells than human AB1-40 injection sites (t(8)=2.378,
p=0.045). The number of ferritin-labelled cells remained relatively stable between 3 and
7 days for all of the substances injected (Figure 4.3C). Moreover, there was little
variance between the numbers of ferritin-rich cells around saline and Af} injection sites

at the later survival times.

4.3.6. Double-immunolabelling for A} and ferritin.

Double-immunolabelling of entothinal cortex from patients with AD for Af peptide and
ferritin showed numerous Af plaques in most of the cortical layers. Plaques were of
different sizes, but were mostly circular in profile. Ferritin-rich cells were seen
clustering in and around the AP plaques (Figure 4.4C). Double-immunolabelling of
sections from rat cortex revealed a similar picture. Thus at injection sites of human A,

ferritin-rich cells were present both within and around the AB deposit (Figure 4.4D},

and mimicked features of the AD brain. However an important difference was seen with
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respect to the morphology of ferritin-rich cells. In rat cortex the cells had a
predominantly circular profile and an amoeboid morphology, and were generally larger
in diameter, suggesting the j.resence of a greater number of macrophages. In human
cortex the ferritin-rich cells tended to be more ramified and smaller in diameter,

suggesting the presence of microglial cells that are in a less activaied state.

4.4, Discussion.

In AD, A plaques are associated with neurodegeneration and they contain ferritin-rich
cells, such as activated microglia and macrophages. In vitro studies have reported that
AP is neurotoxic and promotes an inflammatory response in microglia.‘ A is generally
regarded as the cause of the neurodegeneration in AD, so here the toxicity of Af in vivo
- has been investigated. By injecting deposits of fibrillar AP into rat cerebral cortex, it is
possible quantify the neuronal loss caused by A deposits at precise survival times, and

also to count the numbers of ferritin-rich cells associated with these deposits.

4.4.1. Deposition of injected AP deposits.

In this study, 1pl of a ImM solution of A peptide was injected. It has been calculated

that g of peptide is equivalent to 10,000 plague cores (Selkoe et al., 1986), yet here
dng of peptide was injected, and thus approximately 40,000 plaque cores. While this
amount is huge, it is comparable to the amount injected in many other in vivo studies,
and is less than that used by some others (e.g. Games et al., 1992; Kowall et al., 1992).
Using antiscra directed against A peptide it was confirmed that the AB is always
deposited in, or close to, the injection tract. One day after injection, the peptide was

present in large clumps that bear a striking resemblance to plaques in the AD brain.

One day after injection, the deposits were considerably smaller than the 1pl volume that
was injected. It is likely that some of the AP diffused out of the injection site along the
needle tract during the injection procedure, and this is indicated by the presence of
deposits of AP in the pial surface on the first day. Another factor is the clearance by

phagocytes that probably occurred during the first 24hr. The most significant factor in

reducing the volume of the deposit was probably the tendency of A to aggregate and
precipitate from solution (Barrow and Zagorski, 1991; Fraser et al, 1991). This

property probably concentrated the peptide along the injection tract.
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Another difference between the AB variants is related to the presence of fibrils.
Electronmicroscopic examination revealed that fibrils were present in deposits of all
three variants, and the fibrillar organization of the two human variants were very similar
to each other. However, rat AB appeared to have a much denser and more organised
arrangement of fibrils. Although such differences have not been noted before in an in
vivo model, in vitro evidence suggests that rat AR is more amyloidogenic than human
A peptides (Fraser et al., 1992). However, it should be noted that due to the different
. requirements of the primary antisera used for immunocytochemistry, injection sites
containing the human A variants were treated with formic acid prior to A staining,
whereas rat Af was not. Thes difference in sample preparation may have altered the

fibrillar organization of the deposits by dissociating the fibrils.

4.4.2. Clearance of A deposits.

Human AP was cleared more quickly than rat AB. The reason for this difference is
unclear. Perhaps human AR is cleared at a faster rate because it is recognised as foreign,
whereas rat A may appear to be ‘endogenous’ to phagocytes, and is removed at a
slower rate. Alternatively, if rodent AR deposits are more fibrillar than human AB
deposits, they may be more difficult for phagocytes to degrade, and so the peptide may
be present within cells for longer. Regardless of this small difference, it should be noted
that all of the AP peptides were removed from the cortex very rapidly, initially at a rate
equivalent to 5000-10000 plaque cores per day. This indicates that A} peptide is rapidly
removed from the extracellular space, and suggests that Af} deposits in the human brain
wouid normally be cleared very soon after formation. Thus in order for extensive plaque
formation to occur in AD, there would need to be a massive rate of deposition of AP or

a reduction in the rate of clearance of AP by phagocytic cells.

Cells containing AP were present in the pia above the injection tract within 1 day. These
cells ray have been transporting AP to the subarachnoid space, so that it could be
removed from the brain via the cerebrospinal fluid. Indeed, A injected into the
ventricles of rats is rapidly cleared from the cerebrospinal fluid into the blood (Ghersi-
Egea et al., 1996). This mode of clearance of A into the pia may help to explain the
high concentration of AP in the leptomeninges of AD brain tissue (Shinkai et al., 1997).

AR is also reported to be removed from the brain via periarterial interstitial fluid
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drainage pathways (Weller et al., 1998). In this study however, AP did not accumulate
around the walls of any blood vessels.

4.4.3. Activation of ferritin-rich cells.

The rapid clearance of AB from the site of injection indicates that large numbers of
phagocytic cells respond to the presence of the peptide. However, with the exception of
human AP1-40 after 3 days, it was found that injected deposits of AP were not
- associated with significantly greater numbers of ferritin-rich cells than sites injected
with the saline vehicle. This was the case irrespective of the species of the variant, the
length of the peptide, or the survival time, The unexpected similarity between injection
sites containing AP and saline indicates that AB does not induce the expression of
ferritin. This situation is in contrast to that seen after injection of 1.0mM iron, which
induces 8-fold more ferritin-rich cells than vehicle control injection sites after 1 day,

and 2-fold more at 3 to 7 days post-injection (see Chapter 3).

The presence of similar numbers of ferritin-rich cells at saline and AP injection sites
suggests that these cells are responding mainly to the small amount of mechanical
damage induced by the injection technique. The failure of AB to induce a significant
increase in ferritin expression implies that the ferritin-rich microglial cells that are
usually present in and around A plag aes in AD (Baiton et al., 1997; Grundke-Igbal et
al., 1990; Kaneko et al., 1989; Robinson et al., 1995), may not be responding directly {0
the AP within the plaques in order to phagocytose it. Instead they may have a role in
depositing the A, as has been suggested previously (Batton et ai., 1997; Robinson et
al., 1995; Wisniewski et al., 1989b), or they may be responding to another factor that is
bound to the plaques.

The deposits of AB were rapidly cleared from the cortex, even in the absence of
increased nuinbers of ferritin-rich cells. AB-containing cells were detected in the pia
above the injection sites, and some of the AP along the injection tract also appeared to
be in cells, so it is clear that some type of phagocytic cells remove the AB. The identity
of these phagocytes is unknown, but they may be neutrophiis, which are not normally
resident in the brain. The penetration of the needle into the cortex will breach the blood-

brain barrier, and so neutrophils will be able to infiltratz the injection site. This

possibility is supported by the fact that the cells in the pia that contained AP were much
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smaller than most of the ferritin-rich cells; nettrophils are considerably smaller than

microglia and macrophages (Cheepsunthorn et al., 2001; Gong et al., 2000).

4.4.4. Lack of neuronal loss by AP in vivo.

The amount of neuronal loss caused by AP injections was al no time greater than the
neuronal loss i)roduced by injection of the saline vehicie solution, even thougl the
injected A equated to tens of thousands of plaque cores. Thus, the quanlitative counts
of dying neurons support previous in vivo studies that have used Semi-quantitative
methods to analyse neurodegeneration and aave reported that AB injection into rat
cortex does not cause neurotoxicity (Games et al., 1992; Geula et al., 1998). It was clear
in this study that Af did not kill more neurons than saline. Indeed, A appeared to
decrease the neuronal loss caused by the saline vehicle. Of the variants examined, both
rat AB1-40 and human AP1-42 injection sites on days 1 and 3 were associated with
significantly fewer degenerating neurons than saline injection sites. This unanticipated
finding indicates that pure AB peptide attenuates the neuronal loss induced by
mechanical damage resulting from the injection technique. To the best of my
knowledge, this is the first demonstration of a neuroprotective effect of AB in vivo, The
greater sensitivity afforded by the quantitation ~f degenerating neurons labelled by

Fluoro-Jade allowed us to detect this protective effect.

The deposition of AP into plaques has been widely considered to be the cause of
neurodegeneration in AD (e.g. Selkoe, 2001. vut these results suggest that factors other
than AP may be responsible for the neurodegeneration associated with plagues. One
possible factor may be iron, which is present in plaques at a high concentration of
1.0mM (Lovell et al., 1998). In Chapter 3, it was shows: tha¢ 1.0ul injections of 1.0mM
iron (as ferric ammonium citrate) into rat cortex induce a 4.5-fold more neuronal loss
than control injections of ammonium citrate at 1-day survival. This is significant
secause recent studies have shown that the in vitro toxicity that is normally associated
with AP is probably due to low-level contamination with metals such as iron (Rottkamp
et al., 2001; Turnbull et al., 2301). Thus if 1.0mM iron were co-injected with AR, a
greater amount of neuronal loss might be expected to occur corapared with that
produced by injections of saline. Such a combination may hive been inadvertently
produced by Geula and colleagues, who reported that A injections caused
neurodegeneration only in aged monkey cortex (Geula et al., 1998). The levels of
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endogenous iron are massively increased in the coriices of aged monkeys (Fox et al.,
1999), and from this it can be speculated that this iron may have interacted with the
injected A to make it neurotoxic.

4.4.5, Conclusion.

This study has quantitatively assessed the in vivo neurotoxicity of injected AP peptide,
and has found that pure AP does not kill rat cortical neurons, but instead attenuates
neuronal death, It was also found that AP deposits do not induce ferritin expression in
cells. Both of these findings ware not expected, given that AP} plaques in AD are
associated with neurodegeneration and ferritin-rich cells. These findings suggest that
neurodegeneration and induction of ferritin expression in AD may occur prior to, or
independently of, plaque deposition, Alternatively, other agents in plaques, such as high
concentrations of metal jons, may be the ultimate causes of neurodegencration and

ferritin expression. This idea has been examined in the study reported in Chapter 5.
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CHAPTER 5:

Quantitative analysis of neuronal loss after intracortical

injection of Af-iron complexes.




5.1. Introduction.

While many in vitro studies have shown that AP kills cortical or hippocampal neurons
cultured from neonatal rat brains (e.g. Harris et al., 1995; Pike et al., 1993; Yankner et
al., 1990a), several in vivo studies have shown that injection of AP into the cerebral
cortex or hippocampus does not appear to produce neuronal loss (Games et al., 1992
Holcomb et al., 2000; Podlisny et al., 1992). Moreover, in Chapter 4 it was shown that
intracortical injections of AB cause less neuronal loss than control injections of saline
vehicle, and it was suggested that other substances within A$ plaques may be
responsible for the toxicity associated with the plaques in AD. For instance, plaques
contain high concentrations of iron, copper and zinc (Lovell et al., 1998), all of which
are potentially neurotoxic (Armstrong et al.,, 2001; Hutter-Paier et al., 1998), and

therefore could contribute to the neurodegeneration associated with plaques.

It has been established that iron metabolism is distupted in AD. Iron is present within
plaques (Lovell et al., 1998; Smith ct al., 1997), and there are alterations in the
distribution of proteins involved in the storage and transport of iron (Batton et al., 1997,
Connor et al., 1992b; Pinero et al., 2000; Smith et al., 1998). Lovell and coworkers
(Lovell et al., 1998) have reported that there is twice as much iron in the AD neuropil
than is present in non-demented brains, and that iron is concentrated }.3-fold further in
plaques. While copper is also elevated in AD, the concentration of iron in plaques
(52.51g/g; 1mM) is 2.5-fold higher than that of copper (25.0ug/g; 0.4mM) (Lovell et
al., 1998). Pure iron has a similar redox potential to copper (Cotton et al., 1995}, so the
higher concentration of iron in plaques makes iron a key suspect in the search for

contributors to AP neurotoxicity in AD (c.f. Huang et al., 1999a; Huang et al., 1999b).

As mentioned in section 1.3.1.2, there is an abundance of evidence implicating iron in
the neurotoxicity of AB. F.r example, the presence of iron in culture media is required
for AP to be neurotoxic in vitro (Schubert and Chevion, 1995), and pre-treatment of AP
with iron chelators decreases its toxicity (Rottkamp et al., 2001). The production of
radical adducts by A is thought to be be related to low-level contamination with iron
(Turnbull et al., 2001), which is significant because in post-mortem tissue from AD
patients, the iron within plaques is redox-active (Sayre et al,, 2000). Iron accelerates the
formation of AGEs on AP (Loske et al.,, 2000), and AGEs are cytotoxic via the

production of free radicals (Loske et al., 1998). Finally, it has been reported that when
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iron is mixed with AP and added to rat brain homogenates, reactive oxygen species are

produced (Bondy et al., 1998). The mechanism by which AP exerts its toxicity is likely
mediated through histidine residues implicated in the binding of transition metals fo AB
(Atwood et al., 1998; Balakrishnan et al., 1998: Liu et al., 1999). Taken together, these
data indicate that combining AP with iron increases the toxicity of the peptide in virro.
In Chapter 3 it was shown that injections of 1.0mM ferric iron into rat cerebral cortex
kill 2.5-fold more neurons than control injections of the saline vehicle. Since there is

approximately ImM iron in plaques (Lovell et al., 1998) and this concentration of iron

is neurotoxic, an Af-iron complex may be toxic in vivo.

Rat AP 1-42 differs from human AB1-42 by three amino acids, one of which is the
substitution of histidine for arginine at residue 13 (Shivers et al., 1988). This sequence
difference may alter the ability of rat AP to bind and interact with iron. If rat AP does in
fact have a different binding affinity for iron, co-injection of iron with rat AP may result

in a different level of neurotoxicity than co-injection with human Ap.

In this study rat cerebral cortex was injected with human or rat AB1-42, with an AB-iron
complex or with iron alone. Tissue was examined 24hr after injection, since the
maximal amount of neuronal death produced by AP or iron cccurs after the first day
(see Chapters 3 and 4). In Chapter 4 it was shown that this methodology produces
fibrillar deposits of AB. The number of Fluoro-Jade-labelled dying neurons associated
with each experimental injection site were counted and compared to the number at
saline injection sites within the same animal. Ap immunocytochemistry was used to
visualise injected AP deposits, and a modified Perl’s stain detected ferric iron at the site
of injection. In addition, the protocol of intracortical injection used in Chapters 3 and 4
has been refined to increase the statistical power of the comparisons made between the

experimental substances injected.

5.2. Materials and Methods.

5§.2.1. Animals,

Female Wistar rats aged 12-13 weeks (n=45) were obtained from Monash University

Animals Services.




5.2.2. Substances injected.

All substances injected were dissolved in sterile satine (pH 4.5), and are outlined in
Table 5.1. Human AB1-42 (U.S. Peptide, CA, Lot #12) and rat AB1-42 (California
Peptide Research, CA, Lot #MF0218) were prepared as described in section 2.2.2. Iron
(ferric ammonium citrate; ICN) was prepared as described in section 2.2.1. Mixtures of
human AP and iron, or rat Af} and iron, were prepared as described in section 2.2.4.

Sterile saline was used as a vehicle control.

5.2.3. Intracortical injection of iron and Af.

Rats were anaesthetised as described in section 2.3.1.2 and received 1.0pl injections as
described in section 2.3.2. Each rat received three injections of sterile saline in one
hemisphere and three injections of the experimental substance in the contralateral
hemisphere. After 24 hours, rats were euthanased and perfused as described in section
2.3.3. Injection sites were alternately processed for free-floating immunocytochemistry
to reveal AP peptide or were labelled with a modified Perl’s stain for the detection of

ferric iron. To detect dying neurons, injection sites were stained with Fluoro-Jade.

5.2.4. AP immunocytochemistry for the detection of AP deposits.

Injection sites were processed to visualise deposits of the AR peptide as described in

section 2.5.4.

5.2.5. Modified Per)’s stain for the detection of ferric iron.

Injection sites to be labelled for ferric iron were stained immediately after sectioning as

described in section 2.4.2.

5.2.6. Fluoro-Jade staining for the detection of neurodegeneration.

The detection of dying neurons with Fluoro-Jade was performed as described in section

2.6.2.

5.2.7. Microscopic analysis.

Fluoro-Jade-labelied neurons were counted as described in section 2.7.4.2.
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Table 5.1. Concentration of A or iron injected for each experimental group.

Experimental Group Human AB1-42 Rat AB1-42 Ferric ammonium citrate
Human AB 1.0mM - -
d Human AP + iron 1.0mM - 1.0mM
' Rat AP - 1.0mM -
Rat AP + iron - 1.0mM 1.0mM
Iron - - 1.0mM




5.2.8. Statistical analysis.

Eight animals that passed the exclusion criteria were obtained for each experimental
substance, with half of the animals receiving injections of saline vehicle in the left
hemisphere, and the other half in the right hemisphere. Box-plot analysis was used to
ensure that extreme outliers were not present in any of the groups. Statistical analysis

was performed as described in section 2.8.2.

5.3. Results.

The quantitative data and statistical analysis presented in this chapter are summarised in

Appendix 4.

5.3.1. Depeosition of Af3 at the site of injection.

Alternate sections passing through injection sites were immunolabelied for AR peptide
to visualise injected AP deposits. Large extracellular deposits of AP were present along
the injection tracts containing human AP or rat AR (Figure 5.1A,D). Co-injection of
human AP or rat AP with iron also resulted in extracellular deposits of AP along the
injection tracts (Figure 5.1B,E); these deposits were smaller, and appeared to be more
dense than injections of pure AP peptide. Very little AB labelling was present at
injection sites containing sterile saline (Figure 5.1G). Iron injections produced more AB
labelling than saline injections, however the immunolabelling was very diffuse, and was
only present in the surrounding neuropil and neurons (Figure 5.1H). No extracellular

deposits of AP are evident at iron injection sites (Figure 5.1H).

5.3.2. Deposition of iron at the site of injection.

Alte: nate sections through injection sites that were adjacent to those immunolabelled for
AP peptide were processed with a modified Perl’s stain for the detection of ferric iron.
Co-injection of human AP or rat AP produced large deposits of iron along the injection
tract (Figure 5.1C,F) that were almost identical in appearance to the AP deposits
detected by immunocytochemistry (Figure 5.1B,E). Iron injection sites had small,
round, iron-containing cells along the injection tracts and in the adjacent regions (Figure

5.11). Injections of saline, human AP and rat AP contained very little iron along the




Figure 5.1. Detection of AP peptide or ferric iron 2t the site of injection.
AB-immunolabelled injection sites containing human A (A), human AB + iron (B), rat
AB (D), rat AB + iron (E), saline (G) or iron (H). Modified Perl's staining to detect
ferric iron at injection sites containing human A + iron (C), rat AB + iron (F), or iron
(I). Injection sites containing human AJ (A) or rat AP (D) have large extracellular Af
deposits, with some of the peptide appearing in cells. When Af is mixed with iron, the
A[f deposits are smaller and appear more dense (B,E). Staining of adjacent sections for
ferric iron shows that ifon is present within the deposit (C.F). Saline injection sites do
not contain AB deposits, but do have a small amount of Af$ immunolabelling in the
neuropil (G). A similar picture is seen at iron injection sites, although AB
immunolabelling is also present within some neurons (H). Ferric iron is present at iron
injection sites, mostly within small round cells (I). Some injection sites in this figure
appear to have cavitations (E,F,G,]), that may appear to be caused by the substance that
was injected. However, the ‘hole’ in the tissue is due to processing techniques that use
harsh acid treatments, and are not due to the substance that was injected.




injection tract, and most of that present was associated with red blood cells (data not
shown).

5.3.3. Quantitative analysis of Fluore-Jade-labelled cells.

The number of Fluorc-Jade-labelled degenerating neurons at each experimental
injection site was expressed as a percentage of the number of Fiuoro-Jade-labelled
neurons around control saline injection sites. More than 80,000 neurons were counted
from a total of 40 rats. The value reported for each experimental substance is the mean
number of dying neurons expressed as a percentage of the mean number of dying

neurons associated with contralateral saline injection sites (see Figure 5.2).

Human A injection sites had only 79£17% (mean+SE) of the number of dying neurons
that were present at saline injection sites, although these values were not significantly
different from each other by 2-tailed paired t-test (t(7)=1.922, p=0.096). In contrast, rat
AR injection sites (63+6%) had significantly fewer dying neurons than saline injection
sites (t(7)=4.975, p=0.002).

Co-injection of human A with iron killed 1.5-fold more neurons than saline injections,
although this difference was not significant by 2-tailed paired t-test (1(7)=1.851,
p=0.107). Nonetheless, this was twice the percentage of neurons that were killed by
pure human AP (t(14)=2.653, p=0.019). Co-injection of rat A} with iron killed
203+39% more cells than saline injections ((7)=2.599, p=0.035), which was three times
that killed by pure rat A (1(7.3)=3.533, p=0.009).

The number of dying neurons at iron injection sites was 262x45% of the number at
saline control injections (t(7)=4.090, p=0.005). Co-injection of iron with human Af
killed significantly fewer neurons than iron injections (t(14)=2.160, p=0.049). However,
co-injection of iron with rat Af killed 2 similar proportion of neurons as iron alone

(t(14)=0.989, p=0.339),

5.4. Discussion.

In the AD brain, AP plaques contain an elevated concentration of iron. When bound to

AP in vitro, iron increases the toxicity of the peptide. In Chapter 4 it was shown that
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Figure 5.2. Relative toxicity of A, iron or AB-iron complexes.

The neuronal loss for each experimental substance is expressed as a percentage of the
neuronal loss caused by the saline vehicle (100%). Experimental substances that were
significantly different from saline, *p<0.05, **p<0.005. 1 denotes a statistical
difference from iron p<0.05. Human AP + iron produced significantly more neuronal
loss than human A, p<0.05. Similarly rat AP + iron killed significantly more neurons
than rat AP, p<0.005.




intracortical injection of pure AP produces less neuronal death than conirol injections of
saline, while Chapter 3 showed that injection of iron produces significantly more
neuronal Joss. To determine whether AB-iron complexes are toxic in vivo, human or rat
AP peptide have been co-injected with iron into rat cerebral cortex. The number of
dying neurons associated with the AB-iron deposits have been compared to the number

of dying neurons associated with deposits of pure Ap.

5.4.1. Human Ap is not neurotoxic, but AB-iron complexes are.

Human Af1-42 was not toxic when compared to the saline vehicle. This lack of toxicity
of human A to rat neurons is consistent with findings from several other in vivo studies
(Games et al., 1992; Geula et al., 1998; Holcomb et al., 2000). In Chapter 4 it was
reported that human AB1-42 injection sites were associated with significantly fewer
dying neurons than saline injection sites, in this study however, the difference did not
reach statistical significance. This discrepancy may be due to the utilization of a more

rigorous pair-matched design in this study.

Co-injection of human AR with iron produced 1.5-fold more neuronal death than saline
injections. Although this increase was not significantly different from saline injections,
it was significantly greater than the percentage of neuronal death caused by injections of
pure AP peptide. These data show that human AB-iron complexes are neurotoxic
compared to pure AB. This result supports in vitro findings that the presence of iron

enhances the neurotoxicity of AP (see introduction).

5.4.2. Human A reduces some of the neurotoxicity of iron.

Intracortical injection of iron produced 2.6-fold more neuronal death than the saline
vehicle, which is consistent with the findings reported in Chapter 3. However this study
has shown that when iron is co-injected with human A, the percentage of neuronal loss
is significantly reduced. Although this ability of AP to reduce iron-mediated
neurotoxicity has not been previously reported, it has been reported that A} decreases
copper-induced oxidation of low-density lipoprotein (LDL) (Kontush et al., 2001). This
is consistent with the finding that the numbers of Af plaques in AD are inversely
correlated with markers of neuronal oxidation, indicating that oxidative stress is reduced

after AP has deposited in the brain (Nunomura et al., 2001). These observations suggest
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that one of the physiological roles of Ap may be to bind and remove iron from the
extracellular space.

In AD brains, the amounts of iron, copper and zine in plaques are reported to be 1.3-fold
higher than in the surrounding neuropil (Lovell et al., 1998). AP has a high binding
affinity for metal ions (Atwood et al., 1998; Atwood et al., 2000), and binding of metals
appears to promote peptide aggregation (Atwood et al., 1998; Atwood et al., 2000;
Mantyh et al,, 1993). This suggests that AP may bind the metals in plaques in order to
reduce their neurotoxicity, and thus limit the oxidative stress that occurs in AD. While it
has only been shown here that human AJ can decrease the toxicity of ferric iron, the
same experimental paradigm can be used in tuture to determine whether AB also
decreases the toxicity of copper or zinc ions. This has been examined in the siudy

reported in Chapter 6.

5.4.3. Rat AP interacts with iron differently to human Af.

Injections of rat AB1-42 killed 37% fewer neurous than s~iine injections. Although the
number of dying neurons produced by rat AR was similar to the number produced by
human AP, only rat AP produced significantly less neuronal death than saline. Previous
qualitative investigations have reported that rat Af1-42 is not neurotoxic in vive (Waite
et al.,, 1992; Winkler et al., 1994), however this study is the first quantitative
investigation. In Chapter 4, it was shown that injections of rat Af1-40 kill significantly
fewer neurons than injections of saline, which supports the current findings with rat
AP1-42.

Co-injection of rat AP with iron was significantly more toxic than saline and was as
toxic as injections of iron. This result suggests that iron interacts differently with rat Ap
than it does with human Af. The reason for this difference may be related to the three
amino acid substitutions within the rat peptide (Shivers et al,, 1988). Histidine-
modification of human AP abolishes iron-induced aggregation, indicating that the
binding of iron to AP requires Fe*-histidine coordination (Atwood et al., 1998). Thus,
the substitution of histidine at residue 13 in rat Af (Shivers et al., 1988) may reduce or
abolish the binding of iron to the peptide. If iron is not strongly bound to rat AR when
the mixture is injected, ferric ions are likely to dissociate and cause neuronal loss.

Nonetheless, the fact that the concentration of iron in the neuropil doubles in AD
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(Lovell et al., 1998), while the concentration of iron in rodent brain increases by only
25% with aging (Focht et al., 1997), indicates that rodents may have a reduced need for
protection against iron-mediated neurotoxicity. Indeed, a histochemical study of iron in
brain has shown that the level of iron in old rats is comparable to those in young

primates, and substantially less than in old primates (Fox et al., 1999),

5.4.4. Conclusions.

This study has shown that pure AR is not toxic to rat cortical neurors in vive. However
when the peptide is combined with the concentration of iron found in piagues, AB-iron
complexes are neurotoxic. This finding indicates that iron bound to. A may be in part

responsible for the neurodegeneration that is associated with AB plaques.

The unexpected finding that human A decreases the toxicity of ferric iron supports a
new physiological role for the AP peptide. AP may bind iron to limit its neurotoxicity:
at the same time promoting the aggregation of the peptide and the formation of Af
plaques. Further studies are needed to determine whether AB also protects neurons

against other metal ions. This has been examined in the study that is reported in Chapter
6.
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CHAPTER 6:

The amyloid paradox: Af-metal complexes are hoth | |

' neurotoxic and neuroprotective.




6.1. Introduction.

It has been believed for some time that the AP in senile plaques is the main pathogenic
factor in AD, however this has recently been questioned by a number of studies that
have reported a lack of AP neurotoxicity. Nonetheless, it is clear that AP can be
neurotoxic under some circumstances. Chapter 5 examined the interaction of AP with
iron in an in vivo mode! and found that when AB is complexed with iron it is
neurotoxic. This finding was supportive of previous in vitro studies that demonstrated
that the toxicity of AP is increased when iron is present (Rottkamp et al., 2001;
Schubert and Chevion, 1995). There are, however other metal ions present in plaques

that may also contribute to the toxicity normally attributed to AB.

In AD, the concentration of iron, zinc and copper in senile plaques is 1.3-fold greater
than in the surrounding neuropil (Lovell et al., 1998). This increase may be due to the
high binding affinity of AB for metal ions (Atwood et al., 1998; Balakrishnan et al.,
1998; Garzon-Rodriguez et al., 1999); indeed AB has an cxceptionaily high binding
affinity for copper (Atwood et al., 2000). Similar to the interaction of AP with iron, the
in vitro toxicity of A has been reported to increase in the presence of copper (Huang et
al., 1999a; Huang et al., 1999b; White et al,, 2001). In fact, the interaction between
copper and Af is remarkably similar to that with iron, since either metal enables AR to
generate hydrogen peroxide (Huang et al., 1999a). High concentrations of zinc¢ have
also been reported to increase the in vitro toxicity of AP, although the mechanism
behind this interaction is not clear (Lovell et al., 1999; Moreira et al., 2000). Thus it is
pertinent to examine the interaction of A} with copper or zinc in an in vivo model, as
was done with iron in Chapter 5, to ascertain whether AB-copper or AP-zinc complexes
are neurotoxic in vivo. Furthermore, the simultaneous presence of iron, copper and zinc
in AP plaques in AD makes it necessary to examine the cc.nbined interaction of all

three metal ion species with AP.

Another consideration arises from the finding in Chapter 5 that AP significantly reduces
the neurotoxicity of iron. While it was not demonstrated in a cellular model, AP has
been reported to protect against copper-induced LDL oxidation (Kontush et al., 2001).
Since it has been shown that copper is neurotoxic both in vitre (Horning et al., 2000;
White et al., 1999; White et al., 2001) and in vivo (Armstrong et al,, 2001), the

possibility arises that AP may be able to protect against copper-mediated neurotoxicity.
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This can be teste” using the in vive mode! of intracortical injection by comparing the
neuronal loss caused by copper to that produced when copper is bound Lo Ap. To date,
no studies have reported that AR can protect against zinc-mediated toxicity. However,
given that zinc is elevated in plaques and is neurotoxic both in vitro (Choi et al., 1988;
Kim et al., 1999) and in vivo (Armstrong et al., 2001; Cuajungco and Lees, 1998; Lees

et al., 1990), there is a need to investigate whether AP can reduce the neurotoxicity of
zine.

Current knowledge of the interactions between AP and the metal jons found in plaques
has been derived from diverse research paradigms that are not directly comparadle.
Thus, there is a need to examine the interactions between AJ and iren, copper and zine
under equivalent conditions in vivo so that the relative toxicity of each combination can
be determined. These results will assist in the clarification of the paradox that has
appeared in recent literature, suggesting that AB-metal complexes can be both

neurotoxic and neuroprotective.

In this study, human AB1-42 was co-injected into rat cerebral cortex with iron, copper,
~inc, or a mixture of iron+copper+zinc, and the tissue was examined 24hr after
injection, similar to the protocol used in Chapter 5. The numbers of Fluoro-Jade-
labelled dying neurons associated with each experimental injection site were counted
and compared to those at saline injection sites within the same animal. The neuronal
loss caused by co-injections was compared to that produced by injections of pure human
AB1-42 to determine whether A-metal complexes are toxic compared to deposits of
pure AP. In addition, the neuronal loss caused by co-injections of AP and metal ions
was compared to that produced by injections of pure metal ions to ascertain whether AB

reduces the neurotoxicity of any of the metal ion species found within Af plaques.

6.2. Materials and methods.
6.2.1. Animals.

Female Wistar (n=72) rats aged 12-13 weeks were obtained from Monash University

Animal Services.




¢.2.2. Substances injected.

All substances were dissolved in sterile saline (0.9% NaCl, pH 4.5), and are outlined in
Table 6.1. Human AB1-42 was prepared as described in section 2.2.2. Iron, copper,
zinc, and iron+copper+zinc were prepared as described in section 2.2.3. Mixtures of

iron, copper and zinc with AB1-42 were prepared as described in section 2.2.4.

6.2.3. Intracortical injection.

Rats were anaesthetised as described in section 2.3.1 and received intracortical
injections as described in section 2.3.2, Each rat received three injections of sterile
saline in one hemisphere and three injections of the experimental substance in the
contralateral hemisphere. After 24 hours, rats were euthanased and perfused as

described in section 2.3.3. Injection sites were stained with Fluoro-Jade to detect dying

neurons.

6.2.4. Detection of dying neurons.

Injection sites were labelled with Fluoro-Jade as described in section 2.6.2.

6.2.5. Microscopic analysis.

Fluoro-Jade-labelled neurons were counted as described in section 2.7.4.2.

6.2.6. Statistical analysis.

Eight animals were obtained for each experimental substance. Box-plot analysis was
used to find extreme outliers, which were excluded from further statistical analysis. This
resulted in the copper and iron+copper+zinc experimental groups having n=7; all other

groups had n=8. Statistical analysis was performed as described in section 2.8.2.

6.2.7. Reuse of data.

The study in this chapter was begun in Chapter 5. Rather than repeat some of the
experiments and unnecessarily kill additional animals, this chapter includes data from
rats that were injected with human A(1-42, iron, or human AB1-42 + iron. Thus, the
values reported in the results section below for these experimental groups are the same

values that were reported in section 5.3.3. These results were restated in this chapter and
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Table 6.1. Concentration of A or metal ions injected for each experimental group.

Experimental Group I;E'l]fg; aml:;z:icum g:g;:g aczeitl::;:e
citrate :
Human AR 1.0mM - - -
AP +iron 1.0mM 1.0mM - -
AB + copper 1.OmM - 0.4mM -
AB +zinc 1.0mM - - 1.0mM
AP + iron+copper+zinc 1.0mM 1.0mM 0.4mM 1.0mM
Iron - 1.0mM - -
Copper - - 0.4mM -
Zinc - - - 1.0mM
Iron+copper+zinc - 1.0mM 0.4mM 1.0mM




graphed with the new results to allow direct comparison with the other experimental

groups, and to highlight differences in (he interactions between AP and the three metal
ion species found in plaques.

6.3. Results,

The quantitative data and statistical analysis presented in this chapter are summarised in
Appendix 5.

6.3.1. Neuronal loss at AP injection sites.

The number of Fluoro-Jade-labelled dying neurons associated with each experimental
injection site was expressed as a percentage of the number of Fluoro-Jade-labelled
neurons associated with control saline injection sites. More than 141,000 neurons were
c;Junted from a total of 72 brains. The value reported for each experimental substance is
the mean number of dying neurons expressed as a percentage of the mean number of

dying neurons associated with coniralateral saline injection sites (see Figure 6.1).

Injection sites containing pure AR were associated with only 79+17% (meanSE) of the
number of dying neurons present at saline injection sites, but this was not significantly

different from saline by 2-tailed paired-samples t-test (t(7)=1.922, p=0.096).

6.3.2. Comparative toxicity of pure A} and AB-metal complexes.

Co-injection of iron with AP killed 154+22% more neurons than injections of saline,
but while this was not significantly different from saline by 2-tailed paired t-test
(t(7)=1.851, p=0.107), it was significantly higher than the number killed by injections of
pure AP (t(14)=2.653, p=0.019). In contrast, co-injection of copper with A killed a
similar number of neurons to injections of pure AR (77£13%). Co-injection of zinc with
AP killed 159£22% more neurons than saline injections. The neuronal loss produced by
co-injection of zinc plus AP was not significantly different from saline by 2-tailed
paired t-test (t(7)=3.012, p=0.169), nor did it reach significance when compared to the
neuronal loss produced by injections of pure AP (t(14)=1.998, p=0.066). Co-injection of
iron+copper+zinc with AP killed 242+30% more neurons than saline injections
(t(7)=4.114, p=0.004), which was significantly higher than injections of pure AB

(t(14)=4.683, p=0.001).
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Figure 6.1. Relative toxicity of A, iron, copper and zinc.
The value for each experimental substance is the mean number of dying neurons
expressed as a percentage of the mean number of dying neurons associated with
contralateral saline injection sites. Significant neuronal loss compared to saline
*n<0.05 (paired-samples t-test), or compared to AP ¥p<0.05 (independent-samples
t-test), Co-injection of AP+iron produced significantly less neuronal loss than
injections of iron, and co-injection of AP+copper produced significantly less neuronal
loss than injections of copper, p<0.03 (independent-samples t-test).




6.3.3. Comparative toxicity of metal ions and AB-metal complexes.

Injections of iron killed 262+45% more ncurons than saline injections (1(7)=4.090,
p=0.005}, however co-injection with AB significantly reduced this percentage by two-
thirds (t(14)=2.160, p=0.049). Copper injections killed 130+16% more neurons than
saline injections, but this was not significantly greater than the number killed by saline
by 2-tailed paired t-test (t(6)=1.830, p=0.117). Nonetheless, co-injection of AP with
copper completely eliminated neuronal loss due to copper (t(13)=2.576, p=0.023).
I_njections of zinc killed 126x12% more neurons than saline injections (1(7)=3.012,
p=0.020), and the percentage tended to increase when mixed withlAB (4(8.4)=0.864,
p=0.412). Similarly, co-injection of AR with iron+copper+zinc tended to increase
(t(9.6)=0.937, p=0.366) the neuronal loss produced by injections of iron+copper+zinc,
which killed 209+13% more neurons than saline injections (t(6)=7.005, p=0.001).

6.4. Discussion.

Senile plaques in the AD brain are primarily composed of the AB peptide and contain
substantially elevated levels of iron, copper and zinc. These metais bind to A, and
increase the toxicity of AP to cultured neurons. Conversely, several reports indicate that
AP can reduce the toxicity of metal ions, suggesting that the interaction can be
protective. In order to investigate this seemingly paradoxical situation, human AB1-42
was co-injected with iron, copper and/or zinc, and the numbers of dying neurons
associated with the injection siies were counted. The resulting neuronal death caused by
each AP-metal complex was compared to that produced by human AB1-42 alone, or to

injections of each of the metal ions alone.

6.4.1. AB-metal complexes containing iron or zinc, but not copper, are neurotoxic.

Injections of pure AB did not kill more neurons than injections of saline, which is
consistent with the findings of several other in vivo studies (e.g. Geula et al., 1998;
Holcomb et al., 2000) (discussed in sections 4.4.4 and 5.4.1). While pure AB was not
neurotoxic, AP-iron, AB-zinc or AB-iron+copper+zinc complexes were found to be
neurotoxic. These findings support in vitro reports that the presence of iron is required
for AP-induced neurodegeneration (Schubert and Chevion, 1995), and that

contamination of AB with iron may be the cause of its toxicity (Monji et al., 2001;

-125-




Rottkamp et al., 2001). They also confirm that high concentrations of zine enhance Ap-
induced neuronal death (Lovell et al., 1999; Moreira et al., 2000).

The finding that AB-copper complexes produce no more neuronal loss than pure ABis
in contrast to ir vitro studies that have reported that when copper is present in culture
media, the neurotoxicity of A is increased (Huang et al., 1999b; White et al., 2001). It
has been demonstrated in a cell-free system that copper facilitates the production of
hydrogen peroxide by AP (Huang et al., 1999a). This finding is particularly relevant
considering that the in vitro models that have examined the neurotoxicity of AP
normally use primary neuronal cultures, which contain relatively few astrocytes. In
these models, there is little defence against hydrogen peroxide toxicity, sinck neurons
have a less efficient glutathione system for the detoxification of peroxides than
astrocytes (Dringen et al., 1999). Furthermore, astrocytes strongly protect cultured
neurons from hydrogen peroxide toxicity (Desagher et al., 1996; Langeveld et al.,
1995), presumably via the presence of both catalase and glutathione peroxidase in
astrocytes (Dringen and Hamprecht, 1997). Thus, the endogenous protection afforded
by astrocytes in the present /n vive model may ameliorate the toxicity of hydrogen

peroxide gencrated by AB-copper complexes.

6.4.2. AP reduces the neurotoxicity of iron and copper.

Injections of iron or copper killed more neurons than saline injections. The
neurotoxicity of iron has been discussed in Chapter 3, and it appears that copper
produces neurodegeneration in a similar manner to iron. Copper is a redox-active
transition metal, and unbound copper can produce ROS (Halliwell and Gutteridge,
1990) and lipid peroxidation (Zago and Oteiza, 2001). In fact, copper catalyses the
Fenton reaction at an order of magnitude faster than iron (Halliwell and Gutteridge,
1990), suggesting that free copper could generate more hydroxyl radicals and cause

more neuronal damage than an equivalent amount of free iron.

When AP was present, the neuronal loss produced by copper was completely
ameliorated, and the neurotoxicity of iron was reduced by two-thirds. The ability of AB
to decrease the neurotoxicity of iron and copper may be due to antioxidant actions of

AP. This idea is supported by a recent study demonstrating inhivition of copper-induced
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LDL oxidation by AB (Kontush et al., 2001), and a report that markers of oxidation in

AD brains decrease after AB has deposited into plaques (Nunomura et al., 2001).

6.4.3. AP cannot protect against zinc toxicity.

In contrast to when mixed with iron or copper, AP did not reduce the neurotoxicity of
zinc. This result suggests that zinc neurotoxicity may operate via a different mechanism
to that of iron and copper. Zinc is a redox-inactive metal ion and is not able to directly
promote redox reactions, and may even inhibit some redox reactions (Berg and Shi,
1996). While zinc toxicity has been linked to the production of ROS (Kim et al., 1999),
it may do so indirectly by inhibiting glutathione peroxidase activity (Splittgerber and
Tappel, 1979). High concentrations of zinc can also decrease Na*/K*-ATPase activity
(Lovell et al., 1999), enhance kainate toxicity (Shiraishi et al., 1993), and enter cells via
voltage-gated calcium channels (Snider et al., 2000). While it is not clear how the
interaction between AP and zinc increases the toxicity of zinc, it is clear that AB cannot

protect against zinc toxicity.

The proportion of neuronal loss caused by zinc was increased by 33% compared to
saline when zinc was co-injected with AB. It is noteworthy that the proportion of
neuronal loss caused by injections of iron+copper+zinc was also increased by 33%
when combined with AP. The consistency between the two treatments suggests that the
interaction between zinc and AP may be primarily responsible for the increase in

neuronal loss seen after co-injecting AR with iron+copper+zinc.

6.4.4. The AB-metal paradox: implications for the pathogenesis in AD.

The findings of this chapter show that while ceilain AB-metal complexcs produce more
neuronal loss than pure AP, this peptide reduces the neuronal loss produced by redox-
active metal ions. This result does, to some degree, resolve the AP-metal paradox of
neurotoxicity and neuroprotection that has appeared in recent literature. These results
reconcile the apparently contradictory findings of studies that were performed on cell

cultures and in cell-free systems. However, it raises the question of how the AR-metal

paradox applies to AD.
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Inn the human brain, A is normally present in a soluble form within the interstitial fluid.
Since AP is always present, it suggests that the peptide may have important
physiological functions. Assuming that the results in this chapter are relevant to the
human brain, AP may have a function in removing unbound iron, copper and zinc from
the extracellular space. Since AP has a high binding affinity for metal ions, unbound
iron and copper would readily bind to soluble AP, and the AB-metal complex would
aggregate. Aggregated AP stimulates an inflammatory response in microglia,
presumably by binding to C1q (Daly and Kotwal, 1998; Jiang et al., 1994; Rogers et al.,
1992}, which would promote rapid phagocytosis of the peptide. Thus, the binding of
metals to Ap may be a mechanism to remove metal ions from the extraccllular space

and to facilitate their clearance from the brain.

If an AP-metal complex is not cleared, it couid form the nidus of a plaque, and over
time, A} will continue to accrete, thereby seeding a plaque. The presence of the metal
will cause the normally harmless AP to become neurotoxic, and in the region
surrounding the plaque, there will be a disruption of neuronal function. While this
situation may be detrimental to the immediate environment, the overall toxicity of the
plague will still be less than that caused if the highly redox-active metal ions, iron or

copper, remained present in an unbound state.

It is not clear whether A plaques always contain iron, copper, zinc or other metal ions.
While it has been shown that high concentrations of these metal ions can be present
simultaneously within plaques (Lovell et al., 1998), there may be plaques that contain
only one or two of these metal ions. The present study suggests that plaques containing
zinc would be a little more toxic than the metal ion alone, while plaques containing only
iron and/or copper would be less toxic than if the metal ions remained unbound. Thus,
depending on the proportions and concentrations of metals bound to AP, some plaques

may be neurotoxic, while others may be neuroprotective.

Recent advances have produced a number of ways to remove Af from the brain. These
anti-amyloidogenic therapies include immunisation against AP (Schenk et al., 1999), or
inhibition of the enzymes B-secretase (Luo et al., 2001) or y-secretase (Petit et al., 200}
to prevent the generation of AP from its precursor. If A is neurotoxic, albeit only when

combined with metal ions, then removal of AP by these methods will be beneficial.
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However, if AP also has neuroprotective actions in the human brain, then removal of
AP will reduce the protection that is normally afforded by AP. This will lead to an
increase in the neurotoxicily of unbound metal ionz. To this end, the application of anti-
amyloidogenic therapies may benefit from combination with chelation therapies so that

the unbound metal ions can be simultaneously removed from the brain,

6.4.5, Conclusions,

This chapter has shown that the interaction between AP and metal ions has both
neurotoxic and neuroprotective outcomes. These findings suggest that a physiological
role of AP may be to bind metal ions in order to reduce their neurotoxicity and facilitate
their clearance from the neuropil. Thus, while the metal ions bound to plaques may
cause localised neuronal injury, this may limit the damage caused by these redox-active
metals elsewhere in the neuropil. When considered from this perspective, anti-
amyloidogenic agents may reduce the protection of the AD brain from metal-induced
peroxidation. In order to be effective, such treatments may need to be combined with

chelation therapy.
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CHAPTER 7:

Effect of the oestrous cycle on the neurotoxicity of Ap-

metal complexes.
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7.1. Introduction.

In women the risk of developing AD after menopause is decreased with the use of
oestrogen replacereri therapy (Baldereschi et al., 1998; Manly et al., 2000; Paganini-
Hill and Henderson, 1996; Waring et al., 1999), Moreover, AD patieﬁts who recetve
oestrogen replacement therapy exhibit better cognitive function than those who do not
(Asthana et al., 2001; Henderson et al., 1994). The mechanism by which oestrogen is
neuroprotective in AD is not clear. It may enhance cholinergic function or it may act on
serotonin receptors to decrease the incidence of depression (for review see Garcia-
Segura et al., 2001). Another potential mechanism of neuroprotection relates to the
antioxidant properties of oestrogen (e.g. Behl et al., 1997; Behl et al., 1995; Sawada et
al., 1998). |

It is particularly relevant to AD pathology that oestrogen has been demonstrated to
_decrease AP-induced apoptosis of cultured neurons (Hosoda et al., 2001). This
protection may be due to an enhanced expression of the anti-apoptotic protein Bel-xL
(Pike, 1999). Oestrogen has also been found to decrease Af-induced disruption of the
peripheral vasculature and the associated inflammatory reaction (Thomas et al., 1999).
It has been reported that oestrogen decreases the production of Aff (Chang et al., 1997;
Xu et al., 1998), possibly by promoting o-secretase cleavage of APP (Jaffe et al., 1994).
The deposition of AP may also be decreased due to oestrogen’s ability to decrease the
expression of ApoE, a chaperone protein implicated in plaque formation (see Garcia-
Segura et al., 2001). Thus, the protectiveness of oestrogen in AD appears to be mediated

by a variety of mechanisms.

One of the most important mechanisms involved in reducing the in vitro toxicity of AB
may be the antioxidant properties of oestrogen, since the toxicity of A} in vitro is
enhanced by trace amounts of metal ions. In this context it is noteworthy that oestrogen
has been reported to decrease iron-induced lipid peroxidation in rat and human brain
homogenates (Vedder et al., 1999), and it decreases the rate of copper-induced
oxidation of LDL isolated from human blood (Maziere et al., 1991; Schroder et al.,
1996; Seeger et al., 1998). Oestrogen can also reduce the extent of iron-induced
degeneration in neuronal cultures (Bae et al., 2000; Culmsee et al., 1999). Thus, by
reducing the oxidative potential of metal ions bound to the peptide, oestrogen may

reduce the in vitro toxicity of A.

-131-




In female rats the level of plasma oestrogen is highest during proestrus, after which the
levels decline, reaching their lowest point during the stages of metoestrus and early
dioestrus (Everett, 1989; Jorgensen, 1972). The animals that were used in this project
were female rats that had a normal oestrous cycle, and thus had cyclic changes in their
plasma oestrogen levels. In Chapters 3 and 4 it was shown that even intracortical
injections of saline produce some mechanical and pressure damage to the cortical tissue.
Such neuronal disruption will inevitably cause some oxidative stress at the injection
site. Since oestrogen can decrease oxidative stress, it is possible that when plasma
oestrogen is high, the amount of neuronal loss produced by saline injections may be
decreased compared to injections performed when plasma oestrogen levels are at their
lowest. Similarly, the ability of ocstrogen to decrease the toxicity of AB and metal ions
in vitro suggests that high levels of plasma oestrogen may reduce the toxicity associated
with injections of metal ions or AB-metal complexes. Thus, the toxicity of injected
metal ions or AB-nietal complexes may fluctuate during the oestrous cycle, as a

function of oestrogen level.

An additional consideration is that the oestrous cycle has been demonstrated to produce
fluctuations in the amount of iron in the serum, liver and substantia nigra (Hill, 1982). It
is not known whether these fluctuations are due to cyclic changes in the level of
“oestrogen or to another gonadotropin such as follicle-stimulating hormone. Nonetheless,
a fluctuation in endogenous brain irnn could be of relevance when injecting AP
complexes into the brain, since AP has a high binding affinity for iron. Thus if an AB-
metal complex is not saturated at its metal-binding sites, there is potential for the
endogenous iron to bind to the injected AP. If the level of endogenous cortical iron
fluctuates with the oestrous cycle, then it is possible that during stages of the oestrous
cycle when the fevel of iron is highest, the injected AB-metal complex could bind more
iron and become more toxic. In view of these considerations, it was considered
necessary to ascertain whether there are fluctuations in endogenous iron at different
stages of the oestrous cycle in the regions of the cortex that receive intracortical

injections in the current protocol.

In this study, the neuronal loss produced by saline injections was determined by
counting the number of Fluoro-Jade-labelled dying neurons associated with intracortical

injection sites. These numbers were correlated with the stage of the oestrous cycle by
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performing a cervical smear at the time of injection. The neurotoxicily of metal ions and
AB-metal complexes was correlated with the stage of the oestrous cycle to determine
whether endogenous oestrogen levels affect the neurotoxicity of these substances.
Furthermore, in the region of the cortex that received intracortical injections, the level
of iron was determined histochemically with a modified Perl’s technique and the

intensity of the stain was correlated with the stage of the oestrous cycle,

7.2. Methods.

7.2.1. Animals.

Female Wistar rats (n=60) aged 10-14 weeks were obtained from Monash University

Animal Services,

7.2.2, Staging of the oestrous cycle.

Staging of the oestrous cycle was determined by examining cervical smears obtained
. from a cervical lavage as described in section 2.3.4. Smears were viewed with bright-
field microscopy and the relative proportion of each cell type was used to determine the
stage of the oestrous cycle (see Fox and Laird, 1970; Waynforth and Flecknell, 1992).
Three cell types can be found throughout the oestrous cycle (see Figure 7.1): nucleated
epithelial cells, cornified epithelial cells and leukocytes. Oestrus smears primarily
~ contain cornified epithelial cells (Figure 7.1A). Metoestrus smears contain numerous
large nucleated epithelial cells and excessive numbers of smaller leukocytes (Figure
7.1B). Dioestrus smears contain very few cells of any type, but have occasional
nucleated epithelial cells, cornified epithelial cells and leukocytes (Figure 7.1C).
Proestrus smears primarily contain nucleated epithelial cells, and have very few

cornified epithelial cells or leukocytes (Figure 7.1D).

7.2.3. Injections of saline, metal ions and Af-metal cemplexes.

Forty animals that contributed to data in Chapter 6 were also used to assess the neuronal
{oss associated with injections of saline, or the neurotoxicity of metal ions and Ap-metal
complexes at different stages of the oestrous cycle. These rats were anaesthetised and
received intracortical injections of saline, metal ions or Af-metal complexes as

described in section 6.2.3. At the end of the surgical procedure while the rats were still
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Figure 7.1. Staging of the oestrous cycle.

Three types of cells are present: nucleated epithelial cells (D), cornified epithelial cells
(A) and polymorphonuciear leukocytes (arrows; B,C). Oestrus (A) is characterised by
dense aggregates of cornified epithelial cells. Metoestrus (B) is characterised by large,
nucleated epithelial cells and an abundance of leukocytes (arrows). Dioestrus (C) is
characterised by the presence of few cells of all three types. Proestrus (D) is
characterised by very large numbers of small, nucleated epithelial cells, which are often

present in Jarge sheets.




anaesthetised, a cervical lavage was performed. The rats were perfused the following
day as described in section 6.2.3.

Injection sites were processed for Fluoro-Jade as described in section 2.6.2, and Fluoro-
Jade-labelled neurons were counted as described in section 2.7.4.2. Every animal
received injections of sterile saline in one hemisphere, and the mear number of Fluoro-
Jade-labelled cells associated with saline injection sites in each animal was correlated

with the stage of the oestrous cycle at the time of injection.

In Chapter 6, eight animals were injected with each experimental substance (e.g.
A-+iron, AB-+copper, etc; see Table 6.1), and the percentage of neuronal loss was
compatred to saline (% saline, see section 2.7.4.2), However, not all of these animals had

received a cervical smear to determine their stage of oestrous. To overcome this

limitation, the counts from the eight animals in each group were ranked on the basis of

neurotoxicity (1 = lowest number of dying neurons expressed as a % saline; 8 =
highest). For those animals in which the stage of the oestrous cycle was known, the rank
assigned to them was recorded under the respective stage of oestrous. Subsequently all
rank values were combined for each stage of oestrous, and the means and standard

errors were calculated.

- 7.2.4, Detection of ferric iron.

To compare the amount of endogenous iron present in the cortex during different stages
of the oestrous cycle, five rats were obtained for each of the four stages of the oestrous
cycle. The entire oestrous cycle has a duration of 4-5 days and the duration of each
stage varies considerably (Fox and Laird, 1970). To ensure that equal numbers of
animals were obtained for each stage, cervical lavage (as described in section 2.3.4) was
performed at approximately 9:00 am and 5:00 pm on each day until the desired stage
was obtained. The rat was then euthanased and prepared for perfusion as described in
section 2.3.3. When the rat was fully anaesthetised, another cervical lavage was
performed, and this final smear was used for determination of the oestrous cycle stage
of the animal. Immediately after cervical lavage, the rat was transcardially perfused and
its brain was collected. The next day, the brain was sectioned and immediately

processed with a modified Perl’s stain to detect ferric iron, as described in section 2.4.2.
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The intensity of iron label was determined as described in section 2.4.3. Six cortical
sections from each animal were analysed, with half obtained from either hemisphere,
For each animal, the mean luminosity of the six sections was determined. The cortices

of five animals at each stage of the oestrous cycle were analysed, and the mean value
for each stage obtained.

7.2.5. Statistical analysis.

To determine if there were differences between the four stages of the oestrons cycle
with respect to the neuronal loss produced by saline injections, the toxicity ranking of
metal ions and Af-metal complexes, or the average luminosity of iren staining, 2-tailed

independent samples t-tests were performed with the level of significarce set at c=0.05.

7.3. Resuits,

The quantitative data and statistical analysis presented in this chapter are summarised in

Appendix 6.

7.3.1. Qestrus staging.

The numbers of rats obtained for each stage of the oestrous cycle were not equal. Data
concerning the neuronal loss produced by injections of saline are based on 5 rats in
proestrus, 14 in oestrus, 8 in metoestrus and 13 in dioestrus. The toxicity data for
injections of metal ions and Af-metal complexes are based on 4 rats in proestrus, 14 in
oestrus, 7 in metoestrus and 13 in dioestrus. This variability reflects the short duration

of proestrus and metoestrus, which together occupy only 1 day of the 4-5 day cycle.

For the determination of the intensity of iron staining at different stages of the cestrous
cycle, five rats were obtained for each stage. Since rats were given a cervical lavage
twice a day, it was possible fo ensure that equal numbers of animals were obtained for

each stage of the oestrous cycle.

7.3.2. Neuronal loss produced by injection of saline.

The average number of Fluoro-Jade-labelled neurons associated with saline injection

sites was: oestrus = 479243 (meanxSE), metoestrus = 457469, dioestrus = 436436 and
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proestrus = 386458 (Figure 7.2A). When the different stages were compared with
independent samples t-tests, no significant differences were found between the mean

numbers of dying neurons produced by injection of saline at any stage of the oestrous
cycle.

7.3.3. Neurotoxicity of metal ions and AB-metal complexes.

Injection sites of metal ions and AP-metal complexes were rar’ed from 1-8 for each
experimental group in Chapter 6, where 1 is the least toxic, & is the most toxic, and the
median is 4.5. The toxicity ranking varied greatly, and ail stages of the cycle contained
animals that were ranked at 2 or below as well as 7 or above. The average toxicity
ranking for each stage of the oestrous cycle was (Figure 7.2B): oestrus = 3.57+0.67
(mean+SE), metoestrus = 4.86:+0.74, dicestrus = 4.69+0.56 and proestrus = 4.25£1.60.
Thus, all stages were close to the median toxicity ranking of 4.5, and no significant

- differences were found between any of the stages.

7.3.4. Iron staining of cortex.

Rat cerebral cortex contains low levels of histochemically detectable iron. Ducing
dioestrus, most of the label for iron is located in neurons within cortical layers 2-3 and 3
(Figure 7.3A). The distribution of iron label within neurons is not homogenous, but is
granular and appears to be contained within small intracellular compartments. The iron
label during proestrus was mostly present within blood vessels, and the label in neurons
was very light (Figure 7.3B). During oestrus and metoestrus, the iron label in the cortex
was present to some degree in both neurons and blood vessels, with the distribution
appearing to be intermediate between dioestrus and proestrus. Occasionally, intense iron
labelling was seen in microglial celis. Overall, the intensity of iron label was similar in

each stage of the cycle, but with a subtle increase during proestrus.

The mean luminosity values for each stage have been graphed in Figure 7.2C: oestrus =
179+3.5 (meanzSE), metoestrus = 177+3.9, dioestrus = 181+2.0 and proestrus =
172+0.4. The iron label was significantly darker during proestrus than during dioestrus

(t(4.3)=4.668, p=0.008), however there were no differences between other stages of the

oestrous cycle.
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Figure 7.2. Quantitative analysis of neurcnal loss and iron labelling during the
oestrous cycle.

Mean neuronal loss produced by injection of saline at different stages of the oestrous
cycle (A). Mean toxicity ranking of injections of metal ions or A B-metal complexes
at different stages of the oestrous cycle (B). Mean intensity (luminosity) of iron
staining in the rat cortex at different stages of the oestrous cycle (C). There is a
significant difference in the intensity of iron staining between dioestrus and
proestrus, * p<0.03.
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Figure 7.3. Detection of ferric iron in rat cortex.

Modified Perl's stain of rat cortex shows that during dioestrus the iron label is
predominantly located in the neuronal somata in cortical layers 2-3 and 5 (A). In
contrast, in the cortex from a rat in proestrus, iron label is predominantly located in
blood vessels (B). Scale bar = 100pm; inset = 20um.
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7.4. Discussion.

Oestrogen has antioxidant actions in vitro. It was speculated therefore that in the <tages
of the oestrous cycle when plasma oestrogen levels are at their highest, neuronal 1. s
resulting from oxidative damage may be decreased. To determine whether this happens,
the numbers of Fluoro-Jade-labelled dying neurons associated with injection sites of
saline, metal ions and AP-metal complexes were correlated with the stage of the
oestrous cycle at the time of injection. It had previously been reported that endogenous
iron levels fluctuate during the oestrous cycle. Given that AP has a high binding affinity
for iron, it was considered possible that elevations of endogenous iron may enable Ap-

metal complexes to bind extra iron, increasing their toxicity. To examine this

- possibility, the relative level of cortical iron was compared at each stage of the oestrous

cycle in the region of the cortex where injections are performed.

. 7.4.1. High endogenous oestrogen levels do not decrease neuronal loss.

Contrary to expectations, the mean number of Fluoro-Jade-labelled neurons associated
with saline injection sites did not vary significantly across the stages of the oestrous
cycle. Similarly, in each of the four stages of the oestrous cycle, the mean toxicity
ranking of injection sites containing metal ions and Af-metal compiexes was close to
the median toxicity ranking of 4.5. In addition, each stage of the oestrous cycle
contained injection sites at the upper and lower limits of the toxicity rankings. Together
these data indicate that hormonal changes during the cestrous cycle of the rat do not
increase or decrease the susceptibility of neurons to the oxidative damage produced by

intracortical injections of saline, metal ions and AB-metal complexes.

Endogenous levels of oestrogen are highest during proestrus (Everett, 1989; Jorgensen,
1972). Numerous studies have reported that oestrogen can protect against neurotoxicity
(e.g. Callier et al., 2001; Chen et al., 2001), and more specifically that oestrogen can
protect against the neurotoxicity of AP or metal ions (Bac et al, 2000; Culmsee et al.,
1999; Hosoda et al., 2001; Pike, 1999). However, since the amount of neuronal loss
produced by intracortical injections was consistent throughout the oestrous cycle, it
appears that endogenous levels of oestrogen are not sufficient to protect neurons from

oxidative stress in vivo.
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Endogenous plasma oestradiol ievels in the cycling female rat range from 30-140pg/ml
(Liao et al., 2001; Nequin et al., 1979) while in pre-menopausal women, the levels
range from 50-180pg/ml (Santanam et al., 1998; Wuttke, 1989). In post-menopaunsal
women, the level of plasma oestradiol is around 50pg/ml and oestrogen replacement
therapy is used to increase plasma oestradiol to the middie of the pre-menopausal range
(Buckler et al., 1995; Jarvinen et al., 2000). Thus, the levels in female rats are closely
comparable to humans. It has been reported that physiological concentrations of
oestrogen are not sufficiently high to provide antioxidant protection (Santanam et al.,
1998}, and the results of the present study are in agreement with this; report, The present
results make it unlikely that the cognitive improvement provided by oestrogen
replacement therapy in AD is related to the antioxidant properties of oestrogen. It seems
more likely that beneficial effects of oestrogen therapy are due to other effects of the
hormone, such as its influence on the cholinergic and serotonergic systems (see Garcia-
Segura et al., 2001).

7.4.2. Changes in endogeneous cortical iron.

The intensity of iron label in the cortex was significantly higher during proestrus than
during dioestrus. It should be noted however that the measurements acquired in the
present study are relative measures, and the exact coicentration of iron cannot be
determined from the technique that was used here. Nonetheless, this finding of
increased cortical iron content during proestrus in female rats is consistent with that
reported for the substantia nigra (Hill, 1982). However, in that study, no difference was
observed in the level of cortical iron at different stages of the oestrous cycle. This
discrepancy may be due to regional differences in iron levels in the neocortex since Hill
(1982) examined the rat cortex as a whole, but here only a restricted region of the cortex
was examined. The difference that was detected in the intensity of the Perl’s reaction
between the stages of dioestrus and proestrus was subtle, suggesting that the overall

amount of iron changed very little.

There was however, a dramatic shift in the distribution of iron label. Iron was
predominanily located within neurons during dioestrus, whereas it was concentrated in
vascular endothelial cells during proestrus. Such a shift in the cellular localisation of
iron has not been reported before. This shift indicates that iron is transported out of

neurons during proestrus and then back into neurons from blood vessels by dioestrus.

-141-




Such a dynamic process would require fluctuations in the expression of iron transport

proteins in the brain during the oestrous cycle. Indeed there is evidence of such
fluctuations in both iron-binding proteins and their receptors. For instance, endothelial
cells in chick brain express hen oviduct transferrin receptor, which can bind transferrin,
ferritin and lactoferrin (Fuernkranz et al., 1991; Poola, 1997; Pool: and Kiang, 1994). It
is noteworthy that expression of this receptor is induced by oestrogen (Fuernkranz et ai.,
1991}, so its expression should be maximal during proestrus. Another iron transport
protein that may be significant is lactoferrin. Both lactoferrin protein and mRNA
expression in mouse genital tract are positively correlated witﬁ oestradiol levels
(Walmer et al., 1992). It is conceivable that this protein may also be upregulated in the
brain. Further research needs io be undertaken to elucidate the physiological
significance and basis of the fluctuations in cellular iron localisaticn revealed by the
present study. It should be noted however, that the present results establish that these
cyclic changes in iron localisation do not potentiate the neurotoxicity of A, or other
injected agents. Therefore, the presence or absence of such changes are unlikely to
contribute to the toxicity of AP in AD.

7.4.3. Conclusions.

This study demonstrates that the amount of neurcnal loss produced by injections of
saline, metal ions and AB-metal complexes is not affected by plasma oestrogen levels.
This result suggests that the beneficial effects of cestrogen replacement therapy in AD

are not related to its antioxidative properties.
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CHAPTER 8:

General discussion.
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8.1. Summary of the major findings.

The purpose of this thesis was to obtain data that would further our understanding of the
relative contributions of AP peptide and metal ions to the pathogenesis of AD. Data
were obtained from a series of studies that utilised an in vivo model involving the
injection of AP into the cerebral cortices of adult rats. This model allowed the
neurotoxicity of human AP variants to be determined, and an examination of whether
the in vivo toxicity of AB is influenced by the presence of iron, copper or zinc. Human
AP variants were compared to rat AP variants to determine whether their different
amino acid sequences results in a different degree of toxicity, or whether it affects their
interaction with iron. The influence of fluctuations in plasma oestrogen levels during the

cestrous cycle on the neurotoxicity of AB-metal complexes was also determined.

The in vivo model used in this thesis to examine neurotoxicity was developed in the
study reported in Chapter 3, where the neurotoxicity of iron was examined at time
points varying from 1 to 7 days after injection. In this model, neuronal loss was
examined with Fluoro-Jade, a marker that specifically labels dying neurons. With this
model, AP peptide was injected into rat cerebral cortex, allowing examination of the
neurotoxicity of the naturally occurring human A variants, AB1-40 and Ap1-42, and
comparison to the ‘endogenous’ rat AP1-40. This study was reported in Chapter 4, and
it was found that large depnsits of AR peptide were present at the site of injection, and
they were rapidly cleared from the extracellular space so that they were no longer
present after 7 days. Examination of neurotoxicity demonstrated that injections of AB1-
40 and AP1-42 produce less neuronal loss than injections of the saline vehicle,
indicating that the peptides are not toxic to rat cortical neurons in vivo but instead tend
to attenuate neuronal death. Similarly, injections of rat Ap1-40 killed fewer neurons
than saline injections. Together these findings suggest that A is not solely responsible
for the toxicity of plaques in AD, but that other factors present within plaques, such as

metal jons, may be responsible for the associated neurodegeneration.

To determine whether iron, copper or zinc could mediate the neurotoxicity of A in this
in vivo model, each of the metal ions were mixed with AP «nd co-injected into rat
cortex. Since it was found in Chapters 3 and 4 that the greatest amount of neuronal loss
occurred 24hr after injection of A or iron into rat cerebral cortex, further studies were

limited to an investigation of neurotoxicity after this 24hr period. In Chapters 5 and 6 it
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was reported that when iron or zinc were mixed with AP, a greater number of dying

neurons were associated with the AP-metal complexes than were associated with
deposits of pure AP. In contrast, the presence of copper in A deposits did not increase
the amount of neuronal loss. The combination of iron, copper and zinc in AP deposits
also produced more neuronal loss than deposits of pure Af. An unexpected finding was
that A decreased the overall neurotoxicity of iron and completely eliminated copper
neurotoxicity. By contrast, A increased the neuronal loss caused by zinc. Moreover, it
appeared that the presence of zinc prevented Af from protecting against the toxicity of
iron and copper combined. These findings indicate that complex interactions occur

between AP and metal jons, and these interactions can be both neurotoxic and

neuroprotective.

The human and rat AB variants were compared in Chapter S to determine whether the
amino acid differences between the peptides altered their interaction with iron. It was
found that pure deposits of human or rar AR were associated with fewer dying neurons
than injections of saline, and the amount of neuronal loss was similar for each of the
variants. Moreover, the presence of iron increascd the neuronal loss for both peptide
variants. A difference was observed between the varian‘s where the presence of iron
increased the neuronal loss produced by rat Af to a greater extent than it did to human
APB. Unlike human AP, the rat AB variant was unable to decrease the neurotoxicity of
iron. Some of the amino acids within the AP peptide that are required for the binding of
iron are substituted in the rat variant, suggesting that AP may need to bind iron in order

to decrea.e its neurotoxicity.

Lastly, the study reported in Chapter 7 showed that fluctuations in endogenous
oestradiol levels during the oestrous cycle do not influence the neurotoxicity of metal
ions or AB-metal complexes. This finding demonstrates that even though oestrogen has
been reported to protect against the neurotoxicity of AP and metal ions, the highest
physiological levels of oestradiol in female rats cannot decrease the toxicity of AB-
metal complexes. It had been suggested that the neuroprotection provided by oestrogen
replacement therapy in AD is related to the antioxidant properties of the hormone,
however the findings reported in Chapter 7 suggest that physiological levels of

oestrogen will not provide this effect. Thus, other actions of oestrogen must be




resporsible for the reduced risk of developing AD that is seen in patients receiving
oestrogen replacement therapy.

8.2. A better model for studying AB neurotoxicity in vivo.

The model of intracortical injection employed in this thesis has a number of advantages
over previous studies that have examined the in vivo newrotoxicity of AP. While the
basic protocol used here is similar to that used in other studies that have injected AB
into the cerebral cortices of rats, a number of additional factors were controlled for in

order to reduce the experimental error and variability. These factors are detailed below.

1) Reduction of external damage produced by the injection procedure.

The animal was placed in a stereotaxic apparatus so that its head was firmly held in
place, the burr holes were kept as small as possible, and intracortical injections were
performed slowly to minimise pressure damage to the cerebral cortex. The damage
caused in the present study was considerably smaller than that reported in other studies
where the lesion produced by injections of vehicle solution had a diameter of up to
1.5mm (Games et al., 1992; Podlisny et al., 1992). Nonetheless, a small, wnavoidable
amournt of mechanical and thermal damage did occur. Strict exclusion criteria (section
2.7.1} were used to ensure that this damage did not interfere with an accurate

determination of the neurotoxicity of the injected substance.

2) Use of a physiological solvent to dissolve the experimental substances.
In this study, sterile saline was used to dissolve all of the substances that were injected.
This ensured that the neurotoxicity was due to the substance that was being examined,

rather than to potentiation by a nonphysiological solvent (refer to section 1.3.2.1).

3) Use of appropriate controls.

To ensure that the neurodegeneration associated with each injection site was due to the
experimental substance, the extent of neuronal loss produced by each substance was
compared to that produced by saline (the vehicle control). This ensured that the
calculated toxicity of each experimental substance was not confounded by the injection
procedure itself. This may seem an obvious precaution, however many studies have
compared the toxicity of Af} injections to healthy untreated tissue (Giordano et al.,

1994; Giovannelli et al., 1998; Kowall et al., 1991; Kowall et al., 1992), or they have
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made a comparison to saline injection sites rather than to the nonphysiological solvent

that they used to dissolve the AB (Giovannell; et al., 1995; Giovannelli et al., 1998). In
this study, the neurotoxicity of ‘endogenous’ rat AP variants were examined to ensure
that the neuronal loss produced by deposits of human AP peptides was not solely due to
the presence of an extracellular peptide deposit. This also provided an cxamination of
the ‘natural’ situation within the rat brain, since sequence differences between human
and rat variants may alter the actions of the peptides. To the best of my knowledge, only
one other study has compared the toxicity of rat AB to human AB (Waite et al., 1992).
Most studies prefer to examine peptide effects by injecting reverse or scrambled human
AP variants (e.g. Games et al., 1992; Giovannelli et al., 1995; Kowall et al., 1992;

Podlisny et al., 1992), and do not consider potential species differences in their model.

4) Direct assessment of neuronal death.

In this study, neurotoxicity was calculated on the basis of the number of dying neurons
that were associated with the injection sites. Many previous studies have examined
aspects of neurotoxicity but have not directly measored neuronal loss. For instance,
counting the number of healthy neurons around an injection site is a common method of
analysis (Giordano et al., 1994; Kowall et al., 1991; Kowall et al., 1992; Maurice et al.,
1996). However, this is difficult to perform accurately (refer to section 1.3.2.1). Another
commonly used method of analysis is to determine the size of the lesion caused by the
injection (Emre et al.,, 1992; Rush et al., 1992; Sigurdsson et al., 1995; Smyth et al.,
1994). In this case, researchers use a Nissl stain to view the injection site and find the
‘area of neurodegeneration and gliosis’ that was caused by the injection and determine
the area of this lesion (e.g. Geula et al., 1998). However, measuring the area of the
lesion does not take into account the number of dying cells within the lesion, since the
density of dying neurons could differ according to the diffusion of the substance that
was injected. With a Niss stain, it is also difficult to determine whether a shrunken
dying neuron is a glial cell, and thus some inaccuracy wiil result. Fluoro-Jade staining
overcomes these problems because it is a selective marker for dying neurons and does
not produce background labelling. Thus, counts of each Fluoro-Jade-labelled dying
neuron associated with injection sites provide a precise determination of neurotoxicity.
A few studies have determined the number of TUNEL-labelled profiles after Af
deposition (Frautschy et al., 1998; Jen et al., 1998). While this is a valid measure of cell
death by apoptosis, it may not detect cells dying through necrosis, and in any case is a

more time consuming and costly methodology.
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5) Appropriate statistical design.

The statistical analysis used in Chapters 3 and 4 differed from that used in Chapters 5
and 6. Initially, for each experimental substance, it was required that five injection sites
were obtained from at least 3 different animals (see section 2.8.1). This meant that a
single animal could have up to 3 different substances injected into its cortex, and that
control injections were not necessarily performed in the same animal as the
experimental injections. This minimised the number of animals that were required to
obtain resulis. While similar experimental designs have been employed in other
published studies (e.g. Frautschy et al., 1998; Geula et al., 1998; Weldon et al., 1998), a
refinement of the present model was introduced so that the neuronal loss caused by an
experimental substance could be directly compared to the neuronal loss caused by saline
injections in the same animal. This new experimental design was used in Chapters 5 and
6 (see sections 2.7.4.2 and 2.8.2), where each animal received injections of saline in one
hemisphere and injections of the experimental substance in the contralateral
hemisphere. This innovation provided an internal control for each animal, so that the
toxicity of the experimental substance could be expressed relative to the neuronal loss
produced by injections of saline. This made the comparisons more conservative and

increased the statistical power of the analysis.

8.3. Directions for future investigation.
8.3.1. Age and species differences.

Since age is the greatest risk factor for AD, it would be pertinent to examine the
neurotoxicity of AP in old rats. The rats used in the present study were approximately 3
months old and had attained full reproductive maturity, yet it a rat can live for up to 3
years. This age difference does not appear to affect the toxicity of AP, since it has been
reported that A is not neurotoxic to either young or aged rats (Geula et al., 1998). That
study however, used a semi-quantitative method to analyse neuronal death, and so may
not have detected a difference that a quantitative method may observe. Using the model
presented in this thesis, a preliminary study has been performed on a small number of
aged rats (27-30 months) and these results were compared to those obtained in young
rats (see Chapter 4). It was found that the neuroprotectiveness of human Af1-42 (as
reported in Chapter 4) was decreased in the aged rats although it was still not toxic
(Bishop and Robinson, 1999). However, this study had a small sample size and would
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require a larger sample before firm conclusions could be drawn. The toxicity of APB-

metal complexes have not been investigated in aged rat cortex, and this may well be a
fruitful subject of investigation.

Another consideration arises due to the fact that rats do not spontancously develop
senile plaques in their brains, even when they are of considerable age. There are a
number of reasons why this may be the case. Firstly, rats have a much shorter lifespan
than humans do, and so they may not ‘age’ as much during this limited period.
Secondly, there may be a decreased opportunity for AP deposits to form since rat Ap
differs from human AB by three amino acid substitutions (Shivers et al., 1988). This
may confer physiological properties that are different to equivalent length human
varianis, however rat AP can still form amyloid fibrils similar to that of human AP
(Fraser et al., 1992). Lastly, there is the possibility that senile plaques may not be
present in rat brains if their phagocytic cells are more efficient at clearing Af as soon as
it deposits in the neuropil. However, it appears that cultured rat microglial cells respond
to AP in the same way as human microglial cells (Giulian et al., 1996), so this
possibility is unlikely. Since the A sequence of non-human primates is identical to that
of humans (Podlisny et al., 1991), and as some of these animals spontaneously develop
plaques (Selkoe et al,, 1987), non-human primaies may provide a better modei for
stedying AP toxicity. Indeed, it has been reported that while AP is not toxic to young or
old rats, or to young monkeys, it is toxic to aged monkey cortex (Geula et al., 1998).
Thus, examination of the toxicity of AB-metal complexes in aged monkey brain may

provide a model! that more accurately reflects the neuronal loss that is seen in AD.

8.3.2. The absence of endogenous antioxidants in neuronal cultures.

It has been shown in a cell-free system that the interaction between AP and iron or
copper generates hydrogen peroxide (Huang ct al., 1999a). As discussed in section
6.4.1, astrocytes can protect neurons by detoxifying hydrogen peroxide with the
endogenous enzyme glutathione peroxidase (Desagher et al., 1996; Langeveld et al.,
1995). However, if AP toxicity is studied using an in vitro model of cultured neurons,
the astrocyte-neuron ratio within the culture is far lower than that seen in the living
brain, so the protection that would normally be provided by astrocytes in the brain will
be greatly decreased. Indeed the lack of astrocytes may be the reason why AP

neurotoxicity in cultures of clonal celi lines is observed at concentrations that are 3-4
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orders of magnilude lower than that required to produce toxicity in primary neuronal
| cultures which do contain some astrocytes (see Iversen et al., 1995). Thus, it would be
more accurate to use mixed cultures of neurons and astrocytes, where the ratio of cells
is in proportion to that seen in the brain. Alternatively, addition of antioxidants to
i ncuronal cultures would help to mimic the protection that would normally be provided
: if astrocytes were present. Critical consideration aiso needs to be given to the cell-free
models that examine Af toxicity in test tubes. These “in tbo” models have often been
used to shown that AP generates free radicals (e.g. Hensley et al., 1994; Huang et al.,
1999a; Turnbull et al., 2001). However, the absence of cells and the use of a medium
that lacks the physiological complement of antioxidants makes the interpretation of
these findings very difficult. Results that have been generated using in tubo models
represent an extremely simplistic situation, and before these findings can be applied to
AD, they should be validated in more complex cellular systems where all types of brain

cells are present.

8.3.3. Examination of AGE production by Aff-metal complexes.

As noted in Chapter 1, AGEs are post-translational modifications to proteins, involving
oxidation of sugar residues. AGEs are present in Af plaques (Sasaki et al., 1998; Smith
et al., 1994; Takedo et al., 1996), and the presence of AGE-modified AP may increase
the deposition of AP into plagues (Vitek et al., 1994). Iron and copper have been
reported to accelerate the formation of AGEs on AP (Loske et al., 2000). This factor is
relevant to the studies reported in Chapters 5 and 6, since the meihod used to prepare
the AP-metal complexes for injection may have inadvertently created AGEs. Since
AGEs are cytotoxic (Loske et al.,, 1998), the formation of AGEs by AB-metal
complexes may be the ultimate cause of the neurotoxicity that was associated with the
injected AB-metal deposits. This possibility could be examined in future by using
antibodies raised against AGEs to determine whether these species are present in the
injected AB-metal deposits. It would be expected that the AB-metal complexes that were

associated with significant neuronal 1oss would contain AGEs, while those that were not

neurotoxic would not be associated with significant amounts of AGE formation.

Another consideration arises from the ability of AGEs to activate phagocytic cells such _'
as microglia and macrophages (Miyata et al,, 1996; Neumann et al., 1999; Sugimoto et '

al., 1999). When microglia and macrophages are activated and primed for phagocytosis,
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ferritin expression is induced within the celis (Grundke-Igbal et al., 1990; Kaneko et ai.,

1989). In Chapter 4 it was reported that pure AD deposits did not induce the expression

of ferritin in cells to a greater extent than saline injections, indicating that deposits of
pure AP do not activate microglia and macrophages. The lack of phagocyte activation
by pure A deposits may indicate that AGEs are not present within these deposits. This
suggestion is consistent with the additional finding in Chapter 4 that showed that these
deposits were not neurotoxic compared to the saline vehicle, which aiso supports a lack
of AGEs. If AB-metal complexes contain AGEs, then these deposits may be associated
with activated phagocytes. Using the method reported in Chapter 4, AP-metal
complexes could be injected into rat cerebral cortex and fhe injection sites
immunolabelled with ferritin to determine whether these AB-metal deposits are
associated with an induction of ferritin expression in activated phagocytic cells, If these
deposits do contain AGEs, then it would be expected that ferritin-positive cells would
be present in greater numbers around AB-metal deposits than around control injections

of saline.

8.3.4. Investigation of the phagocytes that remove A from the brain,

In Chapter 4 it was found that injected deposits of AP were rapidly removed from the
brain, however the numbers of ferritin-rich cells associated with the deposits were not
significantly different from the numbers associated with saline injections. Since A} was
observed within small cells at the pial surface, it was suggested in section 4.4.3 that
neutrophils may the phagocytic cells that are responsible for removing Af from the
brain. To determine whether neutrophils infiltrate the injected AP deposits, injection
sites could be immunolabelled for myeloperoxidase, which is the gold standard for
detecting neutrophils (Barone et al., 1991; Schultz and Kaminker, 1962). Furthermore,
double-immunolabelling of injection sites for AB and myeloperoxidase would

determine whether AP is present swithin the neutrophils that are associated with the AP

deposits.

8.3.5. Is zinc the real pathogenic agent in AD?

In recent years, the demonstration of an imbalance of iron metabolism in AD (Batton et
al., 1997; Connor et al., 1992b; Pinero et al., 2000; Smith et al., 1998), along with the

presence of oxidative stress (see Markesbery, 1997; Munch et al., 1998), has implicated

~151-




iron in the pathogenesis of AD. Alterations in copper metabolism have also become

apparent (Lovell et al., 1998), and in vitro studies have supported the involvement of
copper in AD pathogenesis (Atwood et al., 2000 Huang et al., 1999b). Indeed,
considering that copper catalyses the Fenton reaction at an order of magnitude faster
than iron (Halliwell and Gutteridge, 1990), it would be expecied that copper would
increase the toxicity of AP to a greater extent than iron. However, the findings in

Chapter 6 cast doubt on the importance of copper as a contributor to neurodegeneration
in AD.

The findings that AP cannot protect against zinc toxicity, and that AP tends to increase
the toxicity of zinc (see Chapter 6), suggests that zinc may have a greater role in the
pathogenesis of AD than was previously suspected. It was originally reported by Bush
and colleagues that zinc binds to AR and promotes fibril formation (Bush et al., 1994b),
and that zinc decreases the tryptic cleavage of AP at the secretase site (Bush et al.,
1994a), These findings led to their suggestion that zinc may contribute to AP
amyloidosis and thus have a role in the neuropathogenesis of AD, However this
research group has recently reported that zinc “entombs” A and prevents it from
causing oxidative damage (Cuajungco et al., 2000), leading to their new suggestion that
zinc has a protective role in AD. The results presented in Chapter 6 of this thesis
suggest that Bush’s original hypothesis has more relevance for in vivo systems.
Nonetheless, further study is required before we can be sure that an interaction between
A8 and zinc promotes neurodegeneration, in addition to the aggregation of the peptide.

Such studies will help to elucidate the involvement of zinc in the pathogenesis of AD.

8.3.6. The formation of plaques and the physiological role of A.

The amyloid hypothesis of AD proposes that an aberrant production of AP leads to the
deposition of the peptide into plaques, and that AB is responsible for the
neurodegeneration that is associated with senile plaques (see section 1.2.5). The results
presented in this thesis are inconsistent with the view that AP is the primary cause of
neurotoxicity in AD. Indeed, the results show that AP itself is not neurotoxic, which is
consistent with the view that AB may serve a physiological role. The resuits described
in Chapters 5 and 6 suggest that a potential physiological role of A may be to chelaic

excess redox-active metal ions in order to reduce oxidative stress.
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Pathological stimuli such as inflammation or oxidative stress stimulate the production of
KPI-APP (Abe et al., 1991; Banati et al., 1995; Brugg et al., 1995; Gray and Patel,
1993; Kim et al., 1998), which can be cleaved to produce the AP peptide. Both
inflammation and oxidative stress are associated with an elevation of metal ions, and
AR will bind these metal ions, promoting the aggregation of the peptide. The aggregated
AB-metal complex will precipitate and promote an inflammatory reaction so that
phagocyt.s are stimulated to remove the deposit from the brain. The ability of AP to
decrease the toxicity of redox-active metal ions suggests that the formation of AP

plaques may be a neuroprotective mechanism that is designed to remove toxic metals

~ from the extraceilular fluid of the brain. It is important to note however, that AB-metal

complexes will cause some neurotoxicity, although this toxicity will be less than what
would occur if the metals were not removed from the extrace!lular fiuid. If the amount
of metals present is excessive, then AB may not be sufficient to neutralise the toxic
stimulus, and as a result, neuronal death will occur. Alternatively, if the A-metal
plagues are not removed from the brain, neurodegeneration will occur. The brain can
tolerate some neurodegeneration without having a significant Joss of function, however
when the amount of neurodegeneration exceeds this level of tolerance, the loss of

functions associated with AD will result,

Even very small occurrences of oxidative stress or inflammation may be enough to
release small amounts of metals that can stimulate A to bind and neutralise the metals,
and form a senile plaque in the process. The presence of numerous senile plaques in the
brains of non-demented aged humans may indicate that these people have undergone
many episodes of such stimuli, and given enough time they may have developed a
clinical presentation of AD. A more specific example of such pathological stimuli is
seen in cases of traumatic brain injury, where there can be numerous plaques within the
brain (e.g. Roberts et al., 1994). These patients also have an increase in the level of
cortical iron (Bouras et al., 1997), thus in these people, AP plaques may have formed in

an attempt to neutralise the excess iron present within their brains.

The possibility that AP may function as a chelator of excess metal jons within the brain
is widely accepted. It may be possible that AP serves not only as a metal chelator, but as
a general chelator and bioflocculant of toxic substances that are present within the brain,
as we have hypothesised elsewhere (Robinson and Bishop, in press). If AP does in fact

have such a beneficial role, then removal of the peptide from the brain by anti-
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amyloidogenic agents will remove the protection that is normally afforded by AB. If
these agents are administered to animals, and the animal uudergoes episodes of
oxidative stress of inflammation, then it would be predicted that the removal of AP will
result in more rapid neurodegeneration. Similarly in humans, the removal of AB from

the brain may decrease the number of AR deposits, but would hasten the rate of

neurodegenerative decline in AD.

8.4. Conclusion.

The results presented in this thesis have provided valuable information regarding the in
vivo neurotoxicity of AP and the potentiation of this ncurotoxicit; by the metal ions that
are normally present in plaques in AD. The increased neurotoxicit, of some AP-metal
complexes indicates that the presence of meial tons within plaques may contribute to the
neurodegeneration seen in AD brains. These findings have implications for the
treatment of AD, since they indicate that for anti-amyloidogenic agents to be successful,

they must be combined with chelation therapy.

This thesis has also reported an unexpected finding that AR can protect against the
neurotoxicity of redox-active metal ions, which suggests a physiological role of A may
be to neutralise toxic metals. This novel finding suggests that plaques may form in order
to reduce the neurctoxicity of elevated metal ions in the brain, and it provides an

alternative explanation for the involvement of AP in the pathogenesis of AD.
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APPENDIX 1:

Reagents used in the study and their suppliers.
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A1.1. Substances injected.

Product Product Lot No. | MW Source Conc.
No. prepared

Sterile physiological | AHB1324 Baxter Healthcare | 0.9%

saline NaCl

Ammonijum citrate | A-8170 226.2 | Sigma 1.0mM

Ferric ammonium 158040 488.0 ICN 1.0mM

citrate

Human AB1-40 20-06-06 |10 4328 U.S. Peptide, Inc. | 1.0mM

Human AB1-42 20-06-08 | 12 4515 U.S. Peptide, Inc. | 1.0mM

Rat AB1-40 642-102 | BB0395 | 4233 California Peptide | 1.0mM
Researw.,, Inc.

Rat AB1-42 642-15 MF0218 { 4418 California Peptide | 1.0mM
Research, Inc.

Cupric acetate C-5409 1997 | Sigma 0.4mM

Zinc acetate Z-4540 219.5 Sigma 1.0mM

A1.2. Reagents for modified Perl’s staining.

Product Product No. | Source

Paraformaldehyde 44,124-4 Aldrich

Potassium ferrocyanide 152560 ICN

Hydrochloric acid (37%) 101256] BDH

3’,3’-diaminobenzidine D-5637 Sigma

(tetrahydrochloride) _

Nickel sulfate 831 Ajax

H,0, (30% wiv) 260 Ajax




A1.3. General reagents for immunocytochemistry.

Product Product No. | Source
Paraformaldehyde coo7 ProSciTech
Heparin H-9359 Sigma
Bovine serum albumin (BSA) A-3425 Sigma Chemical Co.
98-100% Formic acid 101154E BDH
Triton-X 100 1552 Ajax
Ethanolamine 26 Ajax
Sodium azide S-2002 Sigma
3’,3’-diaminobenzidine D-5637 Sigma
(tetrahydrochioride)

Nickel suifate 831 Ajax

H,0, (30% wiv) 260 Ajax
Streptavidin-biotinylated horseradish | RPN1051 Amersham
peroxidase complex

A1.4. Specific antibodies used for immunocytochemistry,

Al.4.1. Antibody combinations.

R . . Antigen
Primary antibody | Secondary antibody recognised Used to detect
Rabbit anti-human | Anti-rabbit Ig, L-chain ferritin Activated microglia

L-chain ferritin

biotinylated antibody

and macrophages

Mouse anti-human
AP (Clone 6F/3D)

Anti-mouse Ig,
biotinylated antibody

Human AB8-17 | Human AB1-40,

human AB1-42

Rabbit anti-human | Anti-rabbit Ig, Human AB1-40 | Rat AB1-40

AB biotinylated antibody

Al.4.2. Source of antibodies.

Product Product No. | Source

Rabbit anti-human L-chain ferritin 65-077 ICN Biomedicals

Mouse anti-human Af (Clone 6F/3D) MO0872 DAKO Corporation
Rabbit anti-human AB A-8326 Sigma Immunochemicals
Anti-rabbit Ig, biotinylated antibody RPN1004 Amersham

Anti-mouse Ig, biotinylated antibody RPN1001 Amersham




A1.5. Reagents for Fluoro-Jade staining.

Product Product No. | Source
Paraformaldehyde 44,124-4 Aldrich
Fluoro-Jade 1 FI Histo-Chem Inc.
Acetic acid 100015N BDH
859004 FSE
Potassium permanganate 414 Ajax
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APPENDIX 2:

Summary of the quantitative data and statistical

analysis presented in Chapter 3.




A2.1. Ferritin-positive cells at ferric ammonium citrate injection sites.

Values expressed as the mean number of ferritin-positive cellsxSE (n=5).

Substance injected

1 day 3 days 5 days 7 days
Saline 7949 306+36 317+21 384443
Ammonium citrate 71424 360+29 345+26 314x21
FAC 565x78 638+104 658+95 617100

A2.1.1. Statistical analysis of ferritin-positive cells at ferric ammonium citrate

injection sites,

Independent samples t-tests, 1-tailed.

Substance 1

Substance 2

Survival

t-value

d.f. | p-value

Significant

Satine

FAC

7 days

-2.148

8 0.032

Yes

A2.2. Fluoro-Jade-labelled cells at ferric ammonium citrate injection sites.

Values expressed as the mean number of Fluoro-Jade-labelled cells+SE (n=5).

Substance injected 1 day 3 days 5 days 7 days
Saline 271£29 62417 443 0+0
Ammonium citrate 147536 | 622 553 552
FAC 66464 34077 207+42 177448

" A2.2.1. Statistical analysis of Fluoro-Jade-labelled cells at ferric ammoniurm citrate

injection sites,

Independent samples t-tests, 2-tailed.

Substance 1 Substance 2 Survival | t-value | df. | p-value | Significant
Saline Ammonium | day 3217 |8 0.012 Yes
citrate
Saline Ammonium 3 days 3.367 0.010 Yes
citrate
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A23, Fluoro-Jade staining and H&E staining after 1 day survival.

Values expressed as the mean number of Fluoro-Jade-labelled cells%SE (n=5), or the

mean number of H&E stained basophilic profilesxSE (n=5).

Substance injected Fluoro-Jade staining H&E staining
Saline 27129 17529
Ammonivum citrate 147426 135£15

FAC 66464 534x110

A2.3.1, Statistical analysis of Flioro-Jade and H&E staining after 1 day survival.

Paired samples t-tests, 2-tailed. Values for all substances are compared simultaneously.

Stain 1 Stain 2

Survival | t-value

d.f. | p-value | Significant

Fluoro-Jade H&E

1 day 2.060

14 0.059 No
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APPENDIX 3:

Summary of the quantitative data and statistical

analysis presented in Chapter 4.




A.3.1. Total volume of injected A deposits.

Values are expressed as the mean total volume of the AP deposit (um*) £SE (n).

Substance injected 1 day 3 days 5 days 7 days

Rat AB1-40 2642 x10° (7) | 12£3 x10° (5) | 5¢1 x10°(6) | 2%1 x10° (6)
Human AB1-40 19+5 x10° (4) | 921 x10°(3) | 00 (5) 222 x10° (5)
Human AP1-42 185 x10° (3) | 521 %10°(5) | 3£l x10°(5) | I+1 X10°(6)

A3.2. Fluoro-Jade-labelled cells at Af injection sites.

Values expressed as the mean number of Fluoro-Jade-labelied cellstSE (n=5). 7 _-
Substance injected 1 day 3 days S days 7 days .
Saline 271429 58x14 4+3 00

Rat AB1-40 97+18 18+14 2% 00

Human Ap1-40 19327 42+19 5£2 (£

Human A{31-42 10428 14+4 00 66

A3.2.1. Statistical analysis of Fluoro-Jade-labelled cells at AP injection sites:

Comparison between AP variants.

Independent samples t-tests, 2-tailed.

Substance 1 Substance 2 Survival | t-value | d.f. | p-value | Significant
Saline Rat Ap1-40 I day 5172 [8 0.001 Yes

Saline Human AP1-40 | | day 1985 |8 0.082 | No

Saline Human AB1-42 } | day 4,151 |8 0.003 | Yes

Rat AB1-40 Human AB1-40 | 1 day <2947 18 0019 | Yes
Human AB1-40 | Human AB1-42 | 1 day 2261 |8 0.054 |No

Saline Rat AB1-40 3 days 2038 18 0076 | No

Saline Human AB1-42 | 3 days 2984 |4819(0.032 | Yes*

* Levene' s test for equelity of differences was significant.
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A3.2.2. Statistical analysis of Fluoro-Jade-labeled cells at AP injection sites:

Comparison between survival times.

Independent samples t-tests, 2-tailed.

tSilr]r:.:ilval | ﬁ'g:‘z" al Substance t-value | d.f. p-value | Significant
1 day 3 days Saline 6.661 |8 <0.001 { Yes

1 day 3 days Rat Af31-40 3.509 |8 0.008 | Yes

1 day 3 days Human AB1-40 {4559 |8 0.002 Yes

t day 3 days Human AB1-42 | 3.132 |4.208 | 0,033 | Yes*

3 days 5 days Saline 3.791 |4.25510.017 Yes*

3 days 5 days Rat AB1-40 1113 18 0.298 | No

3 days 5 days Human AB1-40 | 1935 |8 0.089 |No

3 days 5 days Huroan ABi-42 | 3.016 |4 0.039 | Yes*

* Levene’s test for equality of differences was significant.

A3.3. Ferritin-positive cells at Af} injection sites.

Values expressed as the mean number of ferritin-positive cells£SE (n=5).

Substance injected | 1day 3 days 5 days 7 days

Saline 79+9 306+36 31721 384243
Rat AR1-40 135423 40129 31526 420423
Human AB1-40 144+41 455+41 40648 39732
Human AB1-42 148434 320£39 349+31 | 392434
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A3.3.1. Statistical analysis of ferritin-positive cells at AP injection sites:
Comparison between Af variants.

Independent samples t-tests, 2-tailed.

Substance 1

Substance 2

Survival

twvalue | d.f. | p-value | Significant |
Saline Rat Ap1-40 1 day <2274 |8 0.053 No
Saline Human AB1-40 | 1 day -1.565 |4.384 10,186 | No*
Saline Human A31-42 | 1 day -1.987 14.553({0.109 | No*
Saline Rat AB1-40 3 days 2057 |8 0074 |No
Saline Human AB1-40 | 3 days -2726 |8 0026 | Yes
Human AB1-40 | Human Af1-42 | 3 days 2378 |8 0.045 | Yes
Saline Human AB1-40 | 5 days -1.726 |8 0.123 No
Human A 1-40 | Human AP1-42 | 5 days 1013 (8 0.341 No

* Levene's test for equality of differences was significant.

A3.3.2. Statistical analysis of ferritin positive cells at AP injection sites:

Comparison between survival times,

Independent samples t-tests, 2-tailed.

Survival Survival Substance t-value | df. | p-value | Significant
time 1 time 2

3 days 5 days Rat AB1-40 |[2.218 |8 0.057 | No

5 days 7 days Rat ABl-40 |[-3.044 |8 0016 | Yes




APPENDIX 4:

Summary of the quantitative data and statistical

analysis presented in Chapter 5.




A4.1. Fluoro-Jade-labelled cells at the injection site after 1 day.

Values expressed as a percentage of saline; mean+SE (n=8),

Substance injected % Saline
Human A 19+17%
Human A + iron 154222%
Rat AB 63+6%
Rat A + iron 203+39%
Iron 262x45%

Ad4.1.1, Statistical analysis of Fluoro-Jade-labelled cells at the site of injection;

Comparison to saline vehicle.

Paired-samples t-test, 2-tailed.

Substance t-value d.f. p-value Significant
Human AP 1.922 7 0.096 No

Human AP + iron -1.851 7 0.107 No

Rat Af 4.975 7 0.002 Yes

Rat AP +iron -2.599 7 0.035 Yes

Iron -4.090 7 0.005 Yes

Ad.1.2. Statistical analysis of Fluoro-Jade-labelled cells at the site of injection;

Comparison between experimental substances.

Independent-samples t-tests, 2-tailed.

Substance 1 Substance 2 t-value | d.f. p-value | Significant
Human AP Human AP + iron -2.653 | 14 0.019 | Yes

Rat AB Rat AB + iron 23,533 [7.334 | 0.009 | Yes*

Iron Human AP + iron 2.160 {14 0.049 | Yes

Iron Rat AP + iron 0989 |14 0.339 No

* Levene's test for equality of differences was significant.




APPENDIX 5:

Summary of the quantitative data and statistical

analysis presented in Chapter 6.




-

AS.1. Fluoro-Jade-labelled celis at the injection site after 1 day.

Values expressed as a percentage of saline; mean+SE (n).

Substance injected % Saline
Ap 79+17% (8)
AB +iron 154222% (8)
AB + copper 77£13% (8}
AR+ zinc 159+36% (8)
AB + iron+copper+zinc 242+30% (8)
Iron 262+45% (8)
Copper 130=16% (7)
Zinc 126+12% (8)
Iron+copper+zinc 209£13% (1)

AS.1.1. Statistical analysis of Fluoro-Jade-labelled cells at the site of injection;

Comparisen to saline vehicle.

Paired-samples t-test, 2-tailed.

Substance t-value d.f. p-value Significant
AP 1.922 7 0.096 No
AB +iron -1.851 7 0.107 No
AP + copper 2.251 7 0.059 No
AP + zinc -1.534 7 0.169 No
Af + iron+copper+zinc -4.114 7 0.004 Yes
Iron -4.090 7 0.005 Yes
Copper -1.830 6 0.117 No
Zinc -3.012 7 0.020 Yes
Iron+copper+zing | -7.005 6 0.001 Yes




AS5.1.2. Statistical analysis of Fluoro-Jade-labelled cells at the site of injection;

Comparison between experimental substances.

Independent-samples t-tests, 2-tailed.

Substance 1

Substance 2 t-value | d.f. | p-value | Significant

AB AP +iron -2.653 |14 10019 | Yes
AB AP + copper 0.063 |14 0950 |No

AB AP + zinc -1.998 | 14 | 0.066 |[No

AP Af + iron+copper+zinc | -4.683 | 14 0.001 |} Yes
Iron AP +iron 2.160 | 14 0.049 | Yes
Copper AP + copper 2576 |13 0.023 | Yes
Zinc AB + zinc -0.864 | 8.426|0412 | No*
Tron+copper+zine | AP + iron+coppertzine | -0.937 |9.623 | 0.366 | No*

* Levene’s test for equality of differences was significant.
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APPENDIX 6:

Summary of the quantitative data and statistical

analysis presented in Chapter 7.




A8.1. Neuronal loss produced by injection of saline.

Values expressed as the mean number of Fluoro-Jade-labelled cells +SE (n).

Qestrus cycle Number of dying neurons
Oestrus 479443 (14}
1 Metoestrus 457+69 (8)
Dioestrus 436+36 (13)
Proestrus 38658 (5)

A6.2. Neurotoxicity of metal ions or Af-metal complexes.

Values expressed as the mean toxicity ranking SE (n).

Oestrus cycle

Toxicity ranking

Oestrus 3.57+0.67 (14)
Metoestrus 4.86+0.74 (7)
Dioestrus 4.69+0.56 (13)
Proestrus 4.251.60 (4)

A6.3. intensity of cortical iron staining.

Values expressed as mean luminosity £SE (n=3)

QOestrus cycle Mean luminosity
Oestrus 179.02+3.50
Metoestrus 177.02+3.86
Dioestrus 181.29+1.96
Proestrus 171.95+0.37

A6.3.1. Statistical analysis of the luminosity of iron staining: Comparison between

stage of the oestrous cycle.

Stage 1 Stage 2

t-value | d.f, p-value

Significant

Dioestrus Proestrus

4,668 |4.290 | 0.008

Yes*

* Levene’s test for equality of differences was significant.
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