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Abstract
Alzheimer’s disease is a neurodegenerative disease that has many pathological features
including; plaques and tangle formation and neuronal and synaptic loss. Deposits of gamyloid protein are found in the center of plaques. Its precursor is known as amyloid
precursor protein (APP) and is believed to play a role in such diverse activities as cell
adhesion and memory formation.

This thesis has investigated the effect of both the deletion and overexpression of APP on
the morphology of the hippocampus, in particular the dentate gyrus, in transgenic mice
using unbiased stereological methods, at both the light and electron microscope level ( 1)
Increases in synapse density and contrastingly decreases in apposition mean area were seen
in APP knockout mice at 10/12 months when compared with age matched wild-type (wt)
mice controls. A longitudinal study was carried out in APP overexpressing mice (Tas 10
mice) at ages 6 , 12 , 18 and 24 months. (2) Features of degeneration could be seen in the
Tas 10 mice as young as six months but deposits of Ag and plaques were not seen by
electron microscopy until the 18 and 24 month time points. (3) Decreased numbers of
neurons were seen in Tas 10 in all age groups when compared with wt mice. (4) An
increase in the number of synapses per neuron and a decrease in apposition zone mean size
was seen in the middle molecular layer at 12 months (compared with wt mice) which then
fell at 18 months and was then seen to decrease further by 24 months.

Results from experiments on knockout mice endorse roles for APP in development and
synaptogenesis although they support the idea that an overlap of function between APP
and its family of proteins occurs. The results from the series of experiments on the Tas 10
mice strongly suggest the importance of APP in the development of certain features of AD
and highlight this as a good model to study diseases associated with amyloidosis.

Chapter 1

Introduction

1

1.1 The Amyloid precursor protein (APP)

1.1.1 APP the molecule and isoforms

APP is the parent molecule of beta-amyloid (Ap) which is deposited within the cores of
neuritic senile plaques in Alzheimer’s disease (AD) (see figure 1.1). The APP gene is located
on chromosome 21. Trisomy of chromosome 21 leads to Downs Syndrome and is responsible
for the over-expression of several genes including that for APP (Octave, 1995). APP contains
a single trans-membrane domain, a small cytoplasmic carboxy-terminal domain and a
relatively large amino acid terminal extracellular domain. It appears to be a classic type-1
integral membrane glycoprotein (Dawbam and Allen, 1995). The APP gene can generate at
least 10 different APP isoforms, by alternative splicing of a single primary transcript. These
proteins (see figure 1.2) containing from 365 to 770 amino acids, are designated by their total
number of residues. After the signal peptide, a cysteine rich domain is found, as well as an
anionic domain containing a lot of aspartic and glutamic acids. APP is glycosylated and some
of the APP isoforms contain a sequence with homology to the Kunitz family of serine protease
inhibitors. APP 751 is the most abundant APP isoform in non-neuronal tissues, while APP 695
is the most abundant in the brain (Octave, 1995). It can also be detected at lower levels in
astrocytes and microglia (Dawbam and Allen, 1995).

1.1.2 APP trafficking

APP is synthesised in neurons and is then transported axonally to nerve endings where
alterations of local processing of APP can lead to deposits of brain A|3 (Koo et al., 1990) (see
figure 1.3). The full story of the trafficking pathway of APP within which secretases cleave
the molecule is still not fully understood although recent studies are establishing the
mechanisms and locations involved. An immunoflourescent study by Alliquant et al., 1994,
2

showed that APP is present in two compartments, one axonal/somatic and the other dendritic.
They have also illustrated that the axonal/somatic pool is highly augmented after calcium
exposure and therefore calcium entry increases the amount of axonal APP close to the cell
surface (Allinquant et al., 1994). Another similar study by Caporaso et al., 1994, was able to
expose APP concentrated immunoreactivity in the Golgi complex and in proximal axon
segments. A lower level of punctate immunofluorescence was also visible throughout the
neuropil. APP is concentrated in the Golgi complex and travels through the central vacuolar
system en route to the plasma membrane for secretion of its amino-terminal domain and/or to
lysosomes for degeneration (Caporaso et al., 1994) (see figure 1.3).

Anterograde translocation of sAPP occurs via a kinesin-based motor. Following cytosolic
acidification, APP co-localises with late endosomes that are redistributed from the neuronal
cell body to the processes (Ferreira et al., 1993). In hippocampal neurons, APP is initially
targeted to the axon and is only later found in dendrites (Teinari et al., 1996).

Both full length and processed APP accumulate at pre-synaptic terminals of entorhinal
neurons (Buxbaum et al., 1998) and APP has been seen to co-localise in cultured hippocampal
neurons to clathrin-immunoreactive clusters of vesicular-like structures (Ferreira et al., 1993).
At synaptic sites C ’terminal fragments of APP containing the entire AP domain accumulate,
suggesting these species may represent the penultimate precursors of synaptic AP (Buxbaum
et al., 1998).
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Figure 1.1: Schematic representation o f the amyloid peptide precursor. The A ft peptide
(black box) starts at position 597 o f a transmembrane APP containing 695 amino acids.
(Adaptedfrom Octave 1995).

1-AFP7S2

ME1I U M

Figure 1.2: The Alternative splicing o f the APP gene. The APP gene contains at least 18
different exons and the primar)> transcript is spliced into 10 different mRNA encoding APP
isoforms containing from 365 to 770 amino acids. The single peptide (SP) is cleaved
during secretion The extra-cellular N-terminal region is characterised by a cysteine rich
domain (cys), an anionic domain rich in aspartic and glutamic acids (E/D), and
glycosylation sites (CHO). Some APP isoforms contain a Kunitz proteose inhibitor domain
(KPI), or show homology with the MRC-OX2 antigen (0X2). The transmembrane proteins
containing a cytoplasmic domain (CT) produce the A(3 peptide. (Adapted from Octave
1995).
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1.1.3 Processing and cleavage of APP

There are two pathways by which APP is cleaved, only one pathway however, leads to the
production of amyloidogenic products (see figure 1.4). Processing via a protease called otsecretase results in the secretion of the lOOkDa soluble N-terminal APP fragment and a 9kDa
membrane-bound C-terminal APP fragment, known as P10. The a-secretase cleaves APP
within the amyloid peptide sequence, thereby precluding AP formation and deposition
(Octave, 1995) (see figure 1.1). Further cleavage of the P10 fragment with y-secretase leads to
the production of further APP fragments known as P3 and P7 (Checler, 1995).

AP is derived from APP via an alternative route. An acidic compartment is required for AP
production, i.e. an endosome. Thus the endosome transports the APP to either a lysosome for
degradation or the cell surface (Seloke et al., 1996). This amyloidogenic cleavage of the APP
molecule requires cleavage with a protease known as P-secretase. Recent studies have
produced a candidate for this protease known as BACE (P-site APP cleavage enzyme) (Vassar
et al., 1999). Beta secretase activity cleaves APP resulting in a C-terminally truncated form of
sAPP and a 12-kDa product bearing the AP sequence at it’s N ’terminus (Checler, 1995).
Proper P-secretase cleavage requires the precursor to be membrane anchored and is highly
sequence specific (Seloke et al., 1996). The sequence containing Ap is then able to go on to be
cleaved by y-secretase leading to the release of the AP fragment (Checler, 1995) (see figure
1.4). Vesicle budding and trafficking may not be required for proteolytic metabolism of APP
to AP as generation of AP in the trans-golgi network has been seen to occur in the absence of
vesicle formation (Xu et al., 1997a).
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APPs

APP
membrane bound

5 It can then be
reintemalised.
(then cleaved cc(3y)

4 Or traffics to the cell
surface where it is expressed
(it may then be cleaved a)
or secreated (whole/cleaved)

3 It then traffics to
endosome/lysosome
compartments where it can
be cleaved (aPy)

2 APP is concentrated
in Trans Golgi

°oV® V
° A c
1 APP synthesis in ER

Figure 1.3: The cellular trafficking o f APP. APP is synthesised in the endoplasmic
reticulum (1) where it is transported to the trans-golgi network system (2). It then is
trafficked to an endosome or lysosome compartment where it may be cleaved by various
secretases (3). The protein can then travel to the cell surface where it is expressed, or it
may undergo further cleavage and may remain within the cell or be excreted (4). APP may
then be reinternalised and undergo further cleavage or degradation.
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Figure 1,4: The two catabolic pathways o f APP. The non-amyloidogenic pathway:
cleavage by a-secretase. The amyloidogenic pathway: cleavage by both
and ysecretase. (Adaptedfrom Octave 1995).
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It appears probable that in normal healthy cells both secretary and amyloidogenic APP
processing pathways operate and that a precise balance between these pathways is maintained.
However in Alzheimer’s disease (AD) it appears that this balance is disturbed and the
equilibrium is pushed toward the production of Ap. This may happen at the level of cellular
trafficking or proteolytic processing (Dawbam and Allen., 1995). Energy related metabolic
stress may lead to altered metabolism of APP-like proteins favouring a potentially
amyloidogenic pathway and it has been shown that PKC is able to overcome this potentially
pathogenic process (Webster et al., 1998). Esch et al., 1990, have suggested that it is the
absence of sufficient cleavage of APP that leads to the accumulation of membrane bound APP
that can not effectively be cleared and is therefore the source of amyloid for plaque formation.

1.1.4 The functions of APP
Many functions of APP have been outlined, a few of which are discussed below. (Also see
table 1.1 for a summary of APP function). The activity and function of APP has been reviewed
fully by Storey and Cappi, 1999.

1.1.4.1 Cell surface receptor
APP has many of the features characteristic of glycosylated cell-surface receptors (Kang et al.,
1987) and thus much work has been carried out to ascertain if this assumption is correct. A
study by Nishimoto et al., 1993, established that cell surface APP serves as a receptor coupled
to the Go protein, which after stimulation, may activate the mitogen-activated protein kinase
signalling pathway (Nishimoto et al., 1993; Storey and Cappai., 1999).
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Table 1.1: The activity andfunction o f APP (adaptedfrom Storey and Cappi 1999).
Activity

Proposed function

Binds and reduces copper
Binds zinc
Stimulates
neurite
synaptogenesis

Metal ion homeostasis

outgrowth

and

Regulation of neurite outgrowth and/or
synaptic plasticity

Binds HSPG, glypican, collagen and laminin
Stimulates cell-extracellular matrix adhesion

Regulation of neurtie outgrowth
Mediator of cell-matrix and cell-cell
interactions

Stimulates mitogenesis, MAP kinases and Go
proteins

Regulation
of
cell
proliferation,
differentiation and survival

Alters cGMP levels, calcium homeostasis and
K+ channel activation
Protects against excitotoxicity, hypoglycemia
and brain ischemia

Neuroprotection

Serine protease inhibition

Regulation of blood coagulation

1.1.4.2 Cell adhesion
It has been suggested that APP which is expressed primarily on differentiated neuronal cells,
may play a role in the mediation of some of both cell-cell and cell-substrate adhesion (Breen et
al., 1991). APP antibodies have been seen to inhibit neuron to neuron and glial to neuron
binding but not glial to glial cell adhesion. They also inhibit binding to a collagen substrate.
Another study investigating the function of APP was able to characterise a reduction in cell
proliferation, cell adhesion and an increase in neurite-bearing cells when APP antisense
techniques were utilised. Thus they were able to confirm APP functions as a cell adhesion and
cell proliferation molecule but also to disclose a role for cellular APP in neurite extension (Le
Blanc et al., 1992). APP binds to extracellular matrix molecules and has been shown to have
binding sites for collagen, laminin and glycosaminoglycan. This is a well-characterised feature
of cell adhesion molecules (Behr et al., 1996). The last piece of evidence supporting the role
9

of APP in cell adhesion is that neuronal growth factor (NGF) increases the release of a form of
APP without the protease-inhibitor domain and increases the overall rate of APP secretion by
2-fold. Fibroblast growth factor increases the rate of APP secretion approximately 7-fold. Both
forms of the secreted APP molecule are in turn able to stimulate adhesion of PC 12 cells to
substrata to which they are absorbed by about 10-fold more efficiently on a molar basis than
laminin (Schubert et al., 1989).

1.1.4.3 Synaptic modulation
Morphological evidence is compatible with the hypothesis that one role of APP may be in the
function of selective post-synaptic membranes. For example, in Drosophila APP is transported
to motor axons and its overexpression causes a dramatic increase in synaptic bouton number
and changes in synapse structure (Torroja et al., 1999). This implies an association with
particular receptor subtypes, probably in association with pyramidal neurons (Shingematsu et
al., 1992). Using immunofluorescence, localisation of APP was achieved at central and
peripheral synaptic sites (Schubert et al., 1991a) and immunolocalisation of APP as a reactive
synaptogenesis marker, is thought to possibly be in response to neuritic damage cause by
plaque formation (Saunders et al., 1998).

1.1.4.4 Memory
A role for APP in memory was formulated in 1990 when a study by Doyle et al was able to
demonstrate that a decrease in step-down latency following an electro-shock paradigm was
seen after intra-ventricular infusion of APP antiserum. Evidence to support this came from
further

studies

in

which

the

blockade

of

APP

by

an

antibody-injected

intracerebroventricularly, impaired the consolidation and/or retrieval of memory in rats (Huber
et al., 1993; Meziane et al., 1998). Also after the administration of an APP peptide, APP10

17mer, an increase in memory retention and the number of pre-synaptic terminals in the
fronto-temporal cortex of rats infused was seen. This suggests that APP is involved in memory
retention through its effect on synaptic structure (Roch et al., 1994). It has also been shown
that following exposure to an enriched environment, rats exhibit a superior cognitive capacity
and a four fold increase in overall levels of APP at synaptic sites in the hippocampus (Huber et
a l, 1997).

1.1.4.5 Other roles for APP
It is also thought that APP has a role in the regulation of nerve process outgrowth and
synaptogenesis. It has been seen to be associated with neurite outgrowth as surface APP and
has been found within stable neurite portions (Storey et al., 1996). Although the mechanism of
this trophic function of APP is not yet fully described, Furukawaa has shown that APP can
lower intracellular calcium levels by activating high conductance potassium channels (Small,
1998).
APPs role in repair has been implied as it is also expressed in high levels in cells associated
with wound healing such as platelets and fibroblasts. APP expression levels increase following
focal ischemia in rat cortex and in microglia following induction of experimental allergic
encephalomyelitis (Small, 1998).

1.1.5 APP family - APLPs
The AD APP gene is part of a multi-gene super-family from which 16 homologous amyloid
precursor-like proteins (APLP) and APP species homologues have been isolated and
characterised (for review see Coulson et al., 2000). APP, APLP1 and APLP2 have the
structure of type I integral membrane glycoproteins with a major extracellular component and
a short cytoplasmic tail, they are highly homologous proteins evolved from the common

ancestor APLP1 (Bayer et al., 1999). The A|3 domain however is unique to APP and absent in
other members of the superfamily (see figure 1.5).

APLP1 has been localised at post-synaptic densities (PSD) in rat and humans and its
immunoreactivity increases in cortical synaptic development (Kim et al., 1995). Evidence
from their study suggests that APLP1 has a role in synaptic development and synaptic
maturation. Kim et al., were able to show that in contrast to the location of APLPls in PSD,
APP was located in the synaptic membrane fraction. Another study looking at the location of
APLP1 has demonstrated its accumulation in neuritic plaques in AD patients (Bayer et al.,
1997). It also found evidence for the presence APLP1 in the dendritic compartment of large
pyramidal neurons of the subiculum and also perinuclear staining of APLP1 in astrocytes. The
work of Bayer et al., has raised the possibility that the APLP1 molecule plays a role in the
pathogenesis of AD-associated neurodegeneration.

Much research has been carried out to try to locate APLP2 and thus uncover its possible roles.
A growing body of evidence illustrates an overlap in function of APLP2 and APP. APLP2 and
APP mRNA have been seen to be expressed in similar neuronal populations and at similar
levels (Slunt et al., 1994). This study also points out that immunogens for APP are unable to
discriminate between APP and APLP2 and thus some studies referring to the location of APP
and function may be inaccurate. APLP2 has also been shown to mature through the same
secretary and cleavage pathways as APP (Slunt et al., 1994). APLP2 has been seen to be
present in both pre- and post-synaptic compartments in the olfactory bulb (Thinakaran et al.,
1995). This has implied a role for APLP2 in axonal pathfinding and or synaptogenesis. APLP2
has also been seen to have neuritic outgrowth promoting activity similar to that of APP (both
695 and 751 isoforms) (Cappai and White, 1999). In a similar fashion to APLP1, APLP2
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Figure 1.5: Schematic drawing o f the structural domains and binding motifs o f the
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‘a ’, homologous to alpha-secretase cleavage site fo r release o f the ectodomain, ft, betasecretase site; CD, cytoplasmic domain; CBD, collagen binding domain; CHO, N-linked
carbohydrate attachment site; CS-GAG, chondroitin sulphate glycosaminglycan; CuBD-1,
copper-binding domain 1; cys, cysteine; 5, delta-secretase site, y, gam m as ecretas e site;
GPD, growth promoting domain; HBD-1, heparin-binding domainl; HBD-2, heparinbinding domain 2; KPI, Kunitz-type protease inhibitor; NPXY, asparagine-proline-any
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immunoreactivity has also been seen to be associated with neuritic plaques in AD (Crain et al.,
1996). Its immunoreactivity was seen in the cytoplasmic compartment of both neurons and
astrocytes in both normal and AD brain. As well as being associated with plaques it was noted
that APLP2 was present in large dystrophic neurites. It has thus been assumed that APLP2
may play a role in neuronal sprouting, aggregation deposition and/or the persistence of A|3
deposits. A further study, which concluded that APP and APLP2 could substitute for each
other functionally, involved the production of knockout mice (Von Koch et al., 1997). In their
study both APP knockout mice and APLP2 knockout mice were produced and then crossed.
The single knockout mice appeared normal and no impairment of axonal growth was seen.
However the double knockout mice had a survival rate of only 20% and the remaining mice
were 20-30% reduced in weight, exhibited various motor function deficits and mated poorly
despite normal ovarian and testicular development. The evidence from these studies is that
both the APP molecule and other members of the APP family are involved in the pathogenesis
of AD.

1.2 A|3: structure and function

The Ap peptide is cleaved from APP as described above, via the amyloidogenic pathway and
has ragged ends. This means in effect that the peptide’s N ’terminal can be situated between
residues 35 and 42. The most common peptide species being A pi-40 and Api-42. The 1-42
peptide has been seen to aggregate more readily forming fibrils of p-pleated sheets (see figure
1.6c) and deposit rapidly. Soluble brain Ap is predominately a random coil and a-helical
folded peptide (Cappai and White, 1999). Insoluble amyloid fibrils as seen by the electron
14

microscope are about 100 °A in diameter (see figure 1.6b). They are straight and unbranched
and show a smooth surface lacking any very obvious surface features (Serpel et al., 1997) (see
figure 1.6a).

Both A(3l-40 and 1-42 can potentially be cleaved in the periphery because APP is not brain
specific, so it is important to consider the influence of peripheral production of these peptides
in light of the finding of a receptor mediated transport mechanism at the blood brain barrier
(Poduslo et al., 1999).

The idea that Ag is produced and secreted during normal cellular metabolism has raised the
question as to its normal physiological function. It has been proposed that Ap may act as a
soluble ligand for a neuronal receptor (Maggio et al., 1992). Whatever mechanism lies behind
this, Ap and its fragments have been shown to produce trophic effects on neurons and their
processes when added to culture media (Whitson et al., 1989). Evidence confirming this has
shown that Ap is capable of interacting with extracellular matrix components such as laminin
or fibronectin (Koo et al., 1993).

A growing body of evidence suggests that as well as having a ‘normal’ physiological function,
detrimental effects on cellular metabolism can be seen as a consequence of the presence of Ap
peptides. This has been shown to correlate with aggregation and often the presence of longer
forms of the peptide like AP 1-42(43) which inherently tend to aggregate readily (Mantyh and
Maggio, 1996) and are seen to lose neurotoxicity when P-sheet peptides are used to inhibit this
structure (Soto et al., 1998). Experimental studies indicating mechanisms for Ap toxicity are
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Figure 1.6a: Electron micrograph o f amyloid
fibrils negatively stained with UranyI acetate.
The scale bar represents 200 nm.

Figure 1.6b: Molecular model o f the
common
core
proteofilament
structure o f o f amyloid fibrils. A
number o f ^-sheets make up the
protofilament structure. These run
parallel to the axis o f the
protofilament, with their component
f-strands perpendicular to the fibril
axis.

Figure 1.6c: Schematic o f f -sheets structure. Representation o f hydrogen bonding patterns
in f-sheet structure, showing anit-parallel a) and parallel b) arrangements o f hydrogen
bonding.
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widespread and possible hypotheses include altered enzyme activities, disrupted calcium
homeostasis and increased free radical formation. Initially AP was seen to be neurotoxic in
culture leading to decreased neuron viability and this viability was seen to decrease with age
(Yankner et al., 1989). A study by Hirakur et al., 1998 was able to show that the Ap25-35
fragment perturbs liposome membranes, induces membrane current and exhibits haemolytic
activity only when in a P-sheet structure that will then spontaneously aggregate (see figure
1.6c). Infusion of this Ap25-35 fragment has been shown to produce amnesia in mice which
was reversible when NMDA receptor agonists were administered (Maurice et al., 1996) and
AP in vivo has been shown to induce neurodegeneration and apoptotic cell death (La Ferla et
al., 1995). Ap has also been shown to induce cholinergic hypoactivity that is not dependent on
concurrent neurotoxicity (Auld et al., 1998). Again the A pi-42 and not 1-40 peptide, is
internalised selectively by CA1 neurons in organotypic culture. This has been shown also to
lead to a build up of APP fragments that may be due to the perturbation of lysosomal
functioning caused by the sequestering of indigestible Ap peptides (Bahr et al., 1998).

Recently it was suggested that the mechanism for Ap toxicity involves the APP molecule as
APP-null neurons in culture have a decreased vulnerability to Ap toxicity (Lorenzo et al.,
2000). Lorenzo and colleagues suggest that some of the toxicity from AP may occur via a
mechanism similar to that due to prion proteins in which prion toxicity is dependent on its
precursor.

AP and the production of free radicals and their subsequent oxidative damage have been the
focus of much of the work done on AP toxicity (for a recent review see Behl, 1997). Evidence
from both in-vitro and in-vivo studies have shown that nitric oxide production contributes to
17

AP-induced neuronal degeneration and the reduction of neurotransmission (Holscher, 1998).
Oxidative changes noted include increased lipid peroxidation, nitration, free carbonyls and
nucleic acid oxidation and these changes appear to be uniform among neurons whether or not
they display NFTs (for review see Smith et ah, 2000).

Programmed cell death is an other mechanism, which AP may use to exhibit its toxicity. It has
been shown that APP is cleaved by caspases in the C’terminus resulting in a peptide named
C31 and this C31 fragment was shown to be a potent inducesor of apoptosis (Lu et ah, 2000).
Exposure of synaptosomes to AP has lead to loss of membrane phospholipid asymmetry,
caspase activation and mitochondrial membrane depolarisation. Also it was shown in the same
study that after exposure to AP hippocampal neurons activated caspases and mitochondrial
depolarisation occurred in dendrites and cell bodies (Mattson et ah, 1998). This study
hypothesised that Ap damages synapses and neurites and induces apoptosis via the induction
of oxidative stress and calcium overload, as interfering with L-type voltage-dependent
channels (Ueda et ah, 1997) can disrupt calcium homeostasis.

Another avenue for the induction of neurotoxicity via Ap is through the initiation of an
inflammatory response. Apl-42 (rather than 1-40) has been shown to activate cytokines IL-ip
and IFNy via the CD40 receptor which is known to then further increase the expression of
adhesion molecules and the secretion of cytokines and metalloprotinases (Su et ah, 1998a).

Evidence that Ap binds to RAGE (receptor for advanced glycation end products) which
mediates the effects of the peptide on neurons and microglia, and of its increased expression in
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AD, indicates it is relevant to the pathogenesis of neuronal dysfunction and death by oxidative
stress and microglial activation mechanisms (Yan et al., 1996).

A unifying hypothesis to explain the experimental observations of diverse cellular responses to
Ap states that the indiscriminate physical insertion of AP into the cell membrane unspecifically activates a host of membrane processes eventually culminating in neuronal cell
death (Kanfer et al., 1999). An important caveat for the interpretation of the many toxicity
assays within this area of research is that the concentration of AP required to kill cells is often
much higher than presumed physiological levels (Vickers et al., 2000).

1.3 The Amyloid cascade hypothesis

Much of the work involving Ap toxicity has stemmed from its involvement in the progression
of AD pathology. Ap is found within the core of plaques in AD and deposited throughout the
brain and CNS vasculature (Vinters et al., 1996; Inoue et al., 1999). From this and the
observation that familial mutations (see figure 1.8) of APP lead to early onset AD via the
abnormal production of AP which then deposits in these patients brains, an “amyloid cascade
hypothesis’ was formed. This states that it is the production of AP via amyloidogenic cleavage
of APP and its subsequent aggregation and deposition that is the primary trigger in the cascade
of events which leads to the production of plaques, tangles and cell death, the hallmarks of AD
(Hardy and Higgins, 1992).
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Figure 1.7a: Line depiction o f a cross section through
hippocampal form ation and anterior parahippocampal gyrus,
showing the location o f origin (layers II and III) fo r the
perforant pathway (PP), its initial diffuse course into the
angular bundle (A B), and its distribution to the granule cells of
the dentate gyrus (DG) an pyram idal cells o f the stratum
pyramidale (SP) o f the hippocmapus and subiculum. The right
side o f the illustration depicts the perforant pathway terminal
zone relative to the dendrites o f these major cellular
components o f the hippocamal formation. The area labeled
‘terminal zone o f the perforant pathw ay' corresponds to the
outer two thirds o f the molecular layer o f the dentate gyrus and
to the distal dendrites o f the subicular-CAI zone. The dense
dendritic spines that occur normally on granule and pyramidal
neurons are not shown. (FF = fim bria-fom ix; H F =
hippocampal fissure; LD = lamina dissecans.) Adapted from
Hyman et al 1986.

Figure
1.7b:
this
diagram
illustrates the major intrinsic
connections o f the rat hippocampal
formation. Note that many o f the
named
pathways
are
unidirectional. Several o f the
major cortical and subcortical
inputs and outputs o f the
hippocampal form ation are listed.
(Adaptedfrom Witter 1992)
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Figure 1 .7c: This line drawing illustrates several o f the principal cell types o f the dentate gyrus. The prim ary
cell type is the granule cell ( I) with unipolar dendrites directed into the molecular layer. The axon o f the
granule cell (the mossy fibre) collateralizes in the polymorphic layer (PL) before exiting the dentate gyrus
and entering the CA3 fie ld o f the hippocampus. C ell 2 is the dentate pyram idal basket cell, which is one o f
the various form s o f GABAergic interneurons fou n d in; the dentate gyrus. Its axon originates from an apical
dendrite and gives rise to several branches that end in basket plexuses around the bodies o f granule cells.
Cell 3 is located in the molecular layer. These sm all stellate cells give rise to axons that terminate on the
initial axon segment o f the granule cells. The mossy fibres that contribute to the ipsilateral associational and
commissural connections. There are a variety o f other GABAergic cell types in the polymorphic layer.
Several o f these are fusiform in shape (5) and appear to give rise to fibres that terminate in the granule cell
and molecular layers. There are a variety o f cell types located deeper in the polymorphic layer (6) that give
rise to locally ramifying axons. (Adapted from Witter 1995).
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1.4 The Hippocampus

At this point it is important to introduce the anatomy of the hippocampus (see figure 1.7) and
it’s functional importance in AD and within normal physiology. The perforant pathway
originates from the entorhinal cortex of the anterior parahippocampal gyrus and terminates on
the outer dendritic branches of the granule cells of the dentate gyrus and pyramidal cells of the
subiculum and hippocampus. It carries the principal cortical imput to the hippocampal
formation (Hyman et al., 1987a). The hippocampus situated within the temporal lobe of the
brain has long been associated with memory (Vanreempts et al., 1992). It is one of the
structures, which is most affected in the pathogenesis of AD, literally becoming isolated as the
disease progresses (Hyman et al, 1984). Many studies have centered on the role of the
hippocampus in behavioral plasticity and cognitive processes (Teyler and DiScenna, 1984;
Packard and Teather, 1998; Witter, 1993). These studies have suggested that the hippocampus
is involved in the inhibitory control of learned behavior, spatial information processing,
emotionality, memory and neuroendocrine control. The hippocampus has been used as a
means to study one of the best known paradigms of neural and synaptic plasticity, long-term
potentiation (LTP) (Bliss and Lomo, 1973), which many also consider a model for memory
formation (for a review see, Bliss and Collingridge, 1993)

1.5 Alzheimer’s Disease

AD, a prevalent form of the dementias was named after Alois Alzheimer who in 1907
published the results of a post-mortem study of a 56 year old demented patient. The
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neuropathological observations from this study showed the now classic hallmarks of the
disease. Since this event, AD has been recognized as having both a senile and pre-senile form.
It is of some considerable debate as to whether these two forms of AD are in fact the same
disease with a different rate of progression or different diseases with similar terminal
pathologies.

In the developed world AD receives much attention as it has huge financial implications,
billions of pounds each year are spent on our ever increasing elderly population as it is this
group that are particularly at risk from the disease.

AD is generally a disease of old age and thus its prevalence increases with age. In some
families, the disease has been shown to be inherited in an autosomal dominant fashion but in
many cases, the mode of transition is not apparent, these cases have been labeled ‘sporadic’.
Many risk factors have been presented as being of significant influence in the initiation of AD,
these include: age, head trauma (this has been associated with the increased deposition of Ap),
hypothyroidism, cerebrovascular disease, aluminum (Kuroda et al 1995; Markesbery and
Ehmann, 1994) and being female. Several ‘protective factors’ have been suggested to alleviate
to some extent the incidence of AD, one that has been established is education. It has been
shown that people with a high level of education are less likely to suffer from AD, this has
been linked to the maintenance of synaptic connections in these individuals, epitomizing the
old adage ‘ use it or lose it’. Vitamin E has also been considered to have a potential protective
effect on the development of AD by working as a free radical scavenger to protect against
oxidative damage (Koppal et al., 1998).
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The initial presentation of AD is a variety of symptoms that are not dissimilar to normal
ageing. In general, in the early stages of the disease there is an impairment of the memory of
recent events and some spatial disorientation. Sometimes patients will also suffer from
aggressive and/or depressive behavior. Later, in the progression of the disease, all aspects of
memory progressively fail and patients often experience aphasia (the loss of language),
apraxia (impairment of purposeful movements), and agnosia (the loss of recognition of
objects) and there is the risk of the increased incidence of seizures. Finally, there is the gross
disturbance of all intellectual functions and marked neurological deficits, patients become
increasingly incapacitated and thus show progressive wasting.

1.5.1 Normal aging versus pathological aging (AD)
An added complication when studying AD that is not only true of the clinical phenotype, is
that many of the pathological features of this disease may be difficult to distinguish from
‘normal’ ageing especially in it’s early stages. This is because a ‘normal’ ageing changes can
follow a similar pattern leading to ‘normal’ degeneration that is accentuated in some
pathological conditions like AD. It is important therefore, to realise that many of the lesions
seen in AD are in addition to those already produced by the process of normal aging. This
begs the question what is ‘normal’ aging? The neuronal cells within the central nervous
system are subject to continuous insult and as they are nearly all post-mitotic it would be
reasonable to expect that with time some degeneration would occur, as the cells are no longer
replaced. However, in normal ageing changes are mild and limited in time, as opposed to
neurodegenerative diseases, in which a loss of homeostatic capacity is associated with
dysfunction and death. Thus when the pathological features of AD are described in subsequent
sections, a brief description of what is generally thought to be the normal level of changes
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seen in ageing brain in aged matched controls is also described and considered as already
present with in the AD level of change.

1.5.2 Genetics of AD
Epidemiological studies have failed to identify a single cause of AD (Lendon et al., 1997). As
well as the number of sporadic cases with no real identified casual link, several genes with
mutations have been identified that lead to both early and late onset AD (see table 1.2).

The first genetic alteration to be associated with the AD phenotype was trisomy 21. It has been
known for several decades that patients with Downs syndrome invariably develop histological
lesions of AD as they reach middle age which worsen with age leading to severe dementia if
individuals live longer than 50 years (Hyman et al., 1995). The precise mechanism of the
premature deposition of A|3 and subsequent development of AD lesions in Down’s Syndrome
is not understood and the possible involvement of other genes on chromosome 21 cannot be
excluded.

Direct evidence that alterations of APP can cause AD came from the detection of several
distinct missense mutations in exons 16 and 17 that encode the AP region. The first mutation
found occurs in families with hereditary cerebral haemorrhage with amyloidosis of the Dutch
type (HCHWA-D), a rare syndrome of recurrent and ultimately fatal cerebral haemorrhages
caused by severe AB deposition in meningeal and cerebral micro vessels (see table 1.3 and
figure 1.8).
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Table 1.2: Genetic susceptibility loci in AD. (Adaptedfrom Per icak-Vance and Haines 1995).
Chromosome

Gene

Onset

Proportion

Comments

of cases (% )
1

Presenilin II

Early

<1

Mainly Volga German

14

Presenilin I

Early

<5

Autosomal dominant

19

APOE

Both

40-50

Dose effect on risk

21

APP

Early

« 1

Autosomal dominant

?

?

Late

About 50

Unknown number of
genes

The histopathology of HCHWA-D is closely related to that of AD. Shortly after the
identification o f the APP693 glu to gin mutation in HCHWA-D a val to He mutation at
APP717 was found in affected members of two familial AD families (Goate et al., 1991).
Subsequently AD families with substitutions of either val to gly or val to phe at this same
codon were reported (Chatier-Harlin et al., 1991; Murrell et al., 1991). A mutation at the
residue immediately in the N-terminal direction to that causing HCHWA-D, led to an
interesting phenotype of progressive AD and/or severe amyloid angiopathy within the same
pedigree. This supports the hypothesis that HCHWA-D and AD are pathological variants of
the same disease.

A double mutation found in large Swedish pedigree has aroused particular interest because it
is located immediately in the N-terminal direction to the start site of Ap (see figure 1.8) and
expression of this mutant in transfected cells leads to a five to eight fold increase in secretion
of Ap (Cai et al., 1993; Citron et al., 1992). The finding that cells from a phenotypically
unaffected peripheral tissue show elevation of Ap production many years prior to onset of
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neurological symptoms strongly supports the concept that excess Ap can arise prior to, or in
the absence o f local cellular pathology rather than as a secondary effect. It is assumed that the
Swedish mutant APP provides a highly favourable substrate for ‘P-secretase’ (Seloke, 1994).

Table 1.3: Missense mutations in the human APP gene (adaptedfrom Czech et ai, 2000).
Codon

Mutation

Phenotype

Reference

665

Glu-» Asp

Late onset AD, no segregation

(Peacock et al 1994)

670/671

Lys-Met-»Asn-Leu

FAD

(Mullan et al 1992)

673

Ala-»Thr

N o disease

(Peacock et al 1992)

692

Ala-»Gly

FAD and cerebral haemorrhage

(Hendriks et al 1992)

693

Glu->Gly

Late onset AD

(Kamino et al 1992)

Glu->Gln

HCHWA-D

(Levy et al 1990)

Ala-»Val

Schizophrenia, no segregation

(Jones et al 1992)

Ala-»Thr

AD, no segregation

(Carter et al 1992)

716

Ile->Val

FAD

(Eckman et al 1997)

717

Val-»Ile

FAD

(Goate et al 1991)

Val-»Phe

FAD

(Murrell et al 1991)

Val-»Gly

FAD

(Chatier-Harlin et al 1991)
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Mutations in the Presenilin 1 (PS) gene on chromosome 14 cause an aggressive form of earlyonset familial AD (Ramirez-Duenaset et al., 1998). Mutations in the presenilin 2 gene on
chromosome 1 are very rare (see table 1.2). The presenilin proteins are localised
predominantly adjacent to the endoplasmic reticulum and are multi-transmembrane spanning
proteins that are processed to form an approximately 27kD N ’terminal fragment and 19kD
C’terminal fragments (Eckman, 1998). They are involved in cell to cell adhesion and
intercellular signalling (Dewji and Singer, 1997). The patho-physiological effect of the
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mutations in PSI and PS2 resides in a disturbance of the intracellular metabolism of APP
leading to an increase in the concentration of Apl-42 (Lemere et al., 1996; Borchelt, 1998;
Scheuner et al., 1996). More precisely PS influences APP metabolism by influencing the
cleavage of APP by y-secretase (De Strooper et al., 1998). (for a recent review on PS and AD
see Czech et al., 2000).

Late onset AD (>65 years) have, in about 40% of cases, an indirect genetic determinant, the
Apolipoprotein E gene (ApoE) on chromosome 19. ApoE exists in the population as a
polymorphic gene with three alleles of varying frequency which are widely expressed in most
tissues (Roses, 1996). ApoE is unique among the apolipoproteins in the nervous system, co
ordinating the mobilisation and redistribution of cholesterol in repair, growth, maintenance
and

plasticity

(Cozes

et

al.,

1997).

Epidemiological

studies

have

revealed

an

overrepresentation of the 84 allele of the ApoE gene in AD, as opposed to the normal
population where it is about 15%, the ApoE4 allele is present at 40-50% in all groups of AD
patients examined in numerous studies. This means that carriers of 1 or 2 ApoE4 alleles have a
5 to 10 times higher risk to develop dementia after 65, than carries of other ApoE-alleles
(Hyman et al., 1995). It is important to note that neither a direct causal relation nor a strict in
heritage pattern of the disease are evident although ApoE4 has been shown to influence the
accumulation of Ap fibrils (Haas et al., 1997; Cozes et al., 1997). Therefore although ApoE
genotyping has no practical diagnostic value, it identifies a large fraction of the elderly at risk
(Van Leuven, 2000).

1.5.3 Gross Pathology
AD, despite its characteristic symptomology, can still only un-equivocally be diagnosed at
post-mortem. Some gross pathological features are apparent and these include decreased brain
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weight and some atrophy. Typically, brains weigh less than 1000 grams, which in comparison
to normal weights of 1200 to 1400 grams is a potential loss of 40%. Pallor of the substantia
nigra and locus coeruleus is also seen indicating a loss in dopaminergic and cholinergic
neurons.

1.5.4 Atrophy
Atrophy of the cerebral cortex is globally distributed, although the temporal lobe is generally
the most severely affected and can reach 20-30% (see figure 1.9). Grey and white matter are
equally affected and a thinning of the cortical ribbon and gyral and sulcal widening can also be
seen. These features are symmetrical and bilateral. Atrophy is also present within the basal
ganglia particularly the caudate nucleus and putamen. Cerebral cortical atrophy is probably
due mostly to neurofibrillary degeneration and loss of intrinsic pyramidal cells and their
processes and axons (Mann, 1991). The amygdala also experiences some atrophy. This is
often associated with dilation of the temporal horns and lateral ventricles (see figure 1.9c).
During normal ageing the prevalence of hippocampal atrophy increases with age and is more
common in males than females. Hippocampal atrophy is a common accompaniment of normal
ageing and is associated with mild memory deficit (Golomb et al., 1993). Recent magnetic
resonance studies have been able to characterize hippocampal atrophy from patients with
varying severity of cognitive deficits, allowing the possibility of future early diagnosis of AD
(DetoledoMorrell et al., 1997; DeLeon et al., 1997). Studies correlating pathological features
with hippocampal atrophy have been able to correlate tangle counts within the hippocampus
(Huesgen et al., 1993) and this has been shown to be secondary to entorhinal cortical
degeneration (Mizutani and Kasahara, 1997). Also a study by Tohgi et al., (1997) has shown
that patients in possession of the apolipoprotein E e4 allele have a smaller right hippocampus
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Figure 1.9: Brain degeneration in AD. In (a) exterior view o f a normal brain (upper) and
a brain from a patient with AD (lower) are shown. The shrinkage in the lower brain is
clear. In (b) CAT scans o f the brain from normal (left) and AD patients (right) are shown
illustrating shrinkage. (Adaptedfrom Strange 1992).

Figure 1.9c:Part o f a brain slice from a case o f AD showing marked hippocampal atrophy
with accompanying dilation o f the temporal horns o f the lateral ventricles. The parietal
lateral ventricles are also considerably dilated. (Adaptedfrom Esiri and Morris 1997).
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which may have some relevance in the high prevalence of the e4 allele in AD (Tohgi et al.,
1997).

1.5.5 Microscopic pathology
On closer inspection, AD has many characteristic microscopic lesions which enable us to
distinguish it from other neurodegenerative disorders that may be considered during diagnosis,
as a patient’s clinical presentation may be considerably varied. These include; neuritic
plaques, tangles, neuronal loss, synaptic loss, neuropil threads, dystrophic neurites, Hirano
bodies, amyloid deposits and granulovacular degeneration (basophilic granules surrounded by
clear vacuoles within neuronal cytoplasm). It has been noted that a similar pathological
presentation is seen in Down’s syndrome and that most of these pathological features may be
present to a less severe extent during ‘normal’ ageing, raising the possibility thatthese
individuals may represent a form of early AD (Katzman and Jackson, 1991).

1.5.6. Neurofibrillary Tangles and Tau pathology
There are three manifestations of neurofibrillary pathology seen inAD. These

are

neurofibrillary tangles (NFTs), the dystrophic neurites of neuritic plaques and neuropil
threads. All represent an intracellular accumulation of paired helical filaments (PHFs) the
basic component of which is hyperphosphorylated tau protein (Esiri and Morris, 1997).
Numerous PHFs within a NFT comprise of two axially, opposed helical filaments with a
diameter of lOnm and a half period of 80nm. Each individual filament is thought to consist of
ribbon-like arrays of ‘globular’ domains. In addition to PHFs there are a host of antigentically
related fibrillar structures including straight filaments that comprise NFTs (Smith et al., 1996).
These various components can displace both neuronal nuclei and the cell contents, and as
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Figure 1.10a: Neurofibrillary tangle in a pyramidal cell stained by Bielschowsky method,
(from Dawbarn and Allen 1995)

Figure 1.10b:Low power electron micrograph o f an extracellular, ‘ghost’ or ‘tombstone’
tangle. No cell membrane or nucleus is present, and degenerative organelles are present
forming vacuoles between the tangle material (Uranyl acetate/lead citrate x2500)
(Adaptedfrom Esiri and Morris 1997).
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some are insoluble they can therefore remain within the neuropil as ghost or tombstone tangles
after the death of the neuron (see figure 1.10). The conformation of NFTs is dependent on the
neuron in which they accumulate so that the archetypal ‘flame’ shaped tangle is found in large
pyramidal neurons, while globose tangles are more typically seen in neurons such as those
seen in the basal nucleus of Meynert or the Locus Ceruleus (Esiri and Morris, 1997). The
nature of which NFT formation spreads to various brain areas during the progression of AD is
not random but follows a stereotyped pattern (Braak and Braak, 1991, 1998). NFTs are not
restricted to AD but are also found in postencephalitic Parkinson’s disease, Down syndrome.
Dementia pugilistica (Me Kenzie et al., 1996) and in smaller numbers in normal ageing (Smith
et al., 1996).

Tau is a microtubule-associated protein (MAP) and is abundant in both the central and
peripheral nervous system. Six isoforms have been identified in human brain (Goedert, 1993).
The amount of tau protein and/or Microtubule associated protein 1 (MAPI) in brains from
patients with AD has been seen to be half that of control subjects (Nieto et al., 1989). Tau is
involved in microtubule assembly and stabilisation and therefore with a set of other MAPs (i.e.
la, b and 2) plays a fundamental role in axoplasmic transport (Tolnay and Probst, 1999) (see
figure 1.11). Axoplasmic flow is an essential mechanism by which substrate and organelles
are transported through both axons and dendrites. Essential to this process are intact
microtubules. The protein kinensin provides the motive force for rapid transport along the
tubules in the anterograde direction (Vale et al., 1985) while dynein is the motor for retrograde
movement (Paschal and Vallee, 1987).

When tau is hyperphosphorylated it is unable to bind to microtubules and has been seen to self
assemble into PHFs. Current evidence suggests that protein kinases and protein phosphates
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with a specificity for serine and or threonine-proline residues are involved in the abnormal
phosphorylation

of

tau

(Goedert,

1993).

It

is

thought

that

tau

is

abnormally

hyperphosphorylated and glycosylated becoming increasingly ubiquiated with maturation of
tangles. However, the dephosphorylation of tau has been shown to restore microtubule
promoting activity (Iqbal et al., 1998). It is presently not known if the hyperphosphorylation
and abnormal phosphorylation alone per se is sufficient for tau filament formation, as
phosphorylation of recombinant tau has consistently failed to assemble into PHF-like
filaments in vitro (Tolnay and Probst, 1999).

Tau Function

TAU
Tubulin

►

Microtubules

Tau -P 0 4
Kinesin
Axoplasmic flow

▼
Synaptic support
Figure 1.11: The function o f normal tau protein. (Adapted from Terry et al 1998).

However, a study by Goedert et al., has shown that the phosphorylation-independent
interaction between full-length tau and sulphated glycosaminoglycans, (such as heparin and
heparin sulphate) leads to the formation of filaments which closely resemble those seen in AD
(Goedert et al., 1996). Tau immunoreactivity in astrocytes and oligodendrocytes has been
reported in AD but glial tau pathology is only a minor feature within this disease (Tolnay and
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Probst, 1999). A strong regional correlation between relative falls in total neurons and relative
increases in total number of NFTs, implicates neurofibrillary pathology as a possible etiologic
proximate factor in neuronal and volumetric loss in the hippocampal formation in AD patients
and thus outlines its importance in the pathological progression of the disease (Bobinski et al.,
1996).

1.5.6.1 Neuropil threads
Neuropil threads in AD, are not continuous filaments along cell processes but show multiple
interruptions. They are segmental in nature and therefore appear as striations rather than
continuous filaments along the length of the neurite. The dominance of short striations
demonstrates that argyrophilic grains, rather than being distinct structures, simply represent a
short variant of striation and that longer striations are arbitrarily considered neuropil threads.
Ultrastructural examination shows that the intervals between striations lack a cytoskeleton. It
has been suggested that neuritic striations may interrupt the microtublule system functionally
blocking fast neuritic transport as well as playing a role in loss of neuronal connectivity
(Velasco et al., 1998).

1.5.6.2 Stages in the evolution of neurofibrillary tangles and neuropil threads
Assessment of the location of damaged neurons and of the severity of the changes allows
distinction of six stages in the evolution of NFTs and neuropil threads (for a review see Braak
and Braak, 1991 and 1998). These stages have become to be known as ‘Braak’ staging and
they provide a useful summary of AD neuropathology that is associated with both memory
and mental status performance (Grober et al., 1999).
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The transentorhinal region is the first cortical territory marked by changes. Only few NFTs
and threads are seen. This pattern of destruction impedes the transmission of neocortical
information via the entorhinal region to the hippocampal formation. Next comes the severe
destruction of the transentorhinal and entorhinal regions reflected by the appearance of
numerous ‘ghost’ tangles in the afflicted layers. Moderate changes also occur in the
hippocampus, in the temporal pro-necortex and in a specific set of subcortical nuclei. The
pathological changes make inroads into the temporal and insular neocortical areas. The lesions
hamper bilaterally both the feed-forward and the feedback projections necessary for normal
function of the sensory association cortex-hippocampus interrelation. Finally there is
widespread devastation of the neocortex. From the inferior temporal areas, the lesions spread
superolaterally and large numbers of NFTs and threads gradually encroach upon the extended
neocortical association areas. Only the primary motor field, the primary sensory areas and
their belt regions remain intact or only mildly affected. The pathological process are
accompanied by macroscopically detectable cortical atrophy and corresponding loss in brain
weight.

1.5.7 Plaque pathology
The term senile plaque (SP) can be used to encompass a wide variety of lesions that contain
extracellular amyloid. SPs are complicated lesions composed of diverse amyloid peptides and
associated molecules, degenerating neuronal processes and reactive glia (Dickson, 1997). SP
are spherical lesions which are extracellular and 10-200pm in diameter, originally they were
identified and classified using silver stains. Plaques can be classified into four basic types (see
table 1.4). Diffuse plaques represent the earliest cerebral lesion in AD (Mann et al., 1989) and
it has been proposed that these could progress to classic and compact plaques with increasing
neuritic involvement. Neuritic senile plaques contain a central core made of 6-10nm Ap
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protein filaments arranged as bundles radiating from the centre. It is thought that the
aggregation of the A(3 protein gives rise to the amyloid plaque and the observation of lower
levels of amyloid plaques in the brains of aged patients who are free from AD symptoms
suggests that the accumulation of amyloid plaques is accelerated in AD (Yankner and
Mesulam, 1991).

A kinetic barrier to ordered aggregation exists, which results from the slow and
thermodynamically unfavourable assembly of a nucleus. Before nucléation, a supersaturated
solution is metastable. Once the nucleus has formed growth of the amyloid is fast and
thermodynamically favourable (Jarrett et ah, 1993) (see figure 1.12). This core is surrounded
by an argyrophilic rim of dystrophic synapses and neurites often containing PHFs and altered
membranes (see figure 1.13a).

Senile plaques of all types are distributed predominantly within cerebral cortex, particularly
the frontotemporal cortex and hippocampus. Different regions of brain often contain only one
or two particular types even in severe cases of AD. This could represent a chronological order
of development and/or the alternative morphologies of senile plaques resulting from their
interaction with different neuronal populations (Smith, 1998).

A study has shown that diffuse plaques representing the earliest stages of A|3 deposition were
exclusively positive for A(342 (43) and negative for Ap40 (Iwatsubo et ah, 1994) and that
Ap40 only appears a decade later. However, in cerebral amyloid angiopathy Ap40 appears as
early as Api-42 (43) (Iwatsubo et ah, 1995).
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The importance o f stressing the difference between neuritic and non-neuritic plaques is
paramount, as it is the single most readily assessable significant differentiating feature of SP.
Even the presence of a few neuritic plaques in the neocortex is significant and is almost
invariably associated with cognitive deficit (Dickson, 1997).

Table 1.4: Subtypes o f Plaques seen in AD and their morphological characteristics.
Plaque type
DIFFUSE

Morphological characteristics
Diffuse senile plaques represent the earliest depositions. While some are argyrophilic
using the modified Bielschowsky and other silver stains, an appreciation o f the full
extent o f the diffuse plaque requires A(3 immunocytochemistry. Immunostaining
reveals fine, even ill defined areas o f reactivity with AP following formic acid pretreatment. There are no signs o f reactive glial cells or degenerating neurites.

PRIMITIVE

These plaques are morphologically intermediate between diffuse and neuritic senile
plaques and as such, cover a broad range o f depositions. Generally the regions o f
staining are defined, with glial and dendritic changes being limited. Primitive senile
plaques are easily recognisable as argentophilic structures with silver stains; they are
also highly immunoreactive following formic acid pre-treatment using antibodies
against Ap.

NEURITIC

Using the modified Bielschowsky stain, neuritic senile plaques appear as a central
core o f amyloid surrounded by degenerating neurites. Both the core and peripheral
regions contain AJ3 epitopes. There is widespread associated gliosis and neuronal
degeneration.

COMPACT

As defined by the classic silver stains, compact or burned-out plaques consist solely
o f a plaque core with no neuritic reaction, although absence o f the latter reflects a
lack o f silver-reactive abnormal filaments rather than a lack o f neurites. Compact
senile plaques are infrequent and when observed often appear localised, where they
retain the staining characteristic o f the cores o f the neuritic senile plaque.
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Figure 1.12: A simple mechanistic scheme fo r Nucleation-Dependent polymerisation o f an
amyloidfib ril As an example, the formation o f a helical polymer is illustrated. In contrast,
linear polymerisation (bottom) does not require nucléation and cannot be seeded.
(Adaptedfrom Jarret et al 1993).
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Although glial reaction in the vicinity of the plaque varies, processes of astrocyte cells
infiltrate the plaque from a peripheral ring and are well demonstrated by special stains (i.e.
glial fibrillary acidic protein). A huge number of elements which comprise a senile plaque
have been outlined and are used to try to identify plaques and the factors that influence their
appearance (for a review see Hume Adams and Duchen, 1992).

Like NFTs, plaques and A|3 deposits follow a characteristic pattern of development during the
progression of AD. In contrast though, this pattern of neuropathological progression has not
been linked with the clinical progression of the disease and is of limited significance for
differentiation of neuropathological stages. Stage A involves the initial deposition, which can
be found in basal portions of the isocortex. In Stage B amyloid is found in virtually all isocortical association areas, with the hippocampal formation only mildly involved. Stage C is
the end stage and deposits can be seen in all areas of the isocortex including sensory and
motor core fields (see figure 1.14 for the pattern of amyloid deposition in the hippocampus).

The neurotoxicity of plaques is still a contentious topic and conflicting studies have tried to
assess the extent of plaque neurotoxicity. One by Salehi et al., 1998, obtained evidence for
local neurotoxicity of plaques in AD. However, the cell density only in the immediate
environment was affected and toxicity was thought to affect cell numbers less in areas more
remote from the plaque. Therefore they concluded that the neurotoxic affect of plaques to the
total cell loss in CA1 (the region studied here) to be only marginal (Salehi et al., 1998). A
novel demonstration of neurotoxicity associated with amyloid plaque formation and
progression suggested in contrast that plaques associated neuronal injury is a major cause of
neuronal loss in AD (Sheng et al., 1998).
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Figure 1.13a: photomicrograph o f a section o f the amygdala from a patient with AD. The
modified Bielschowsky silver stain demonstrates two senile plaques consisting o f
compacted, spherical deposits o f extracellular amyloid immediately surrounded by a halo
o f silver-positive dystrophic neurite, which can include both axon terminals and dendrites.
(Taken from Seloke 1993).

mm

Figure 1.13b: An electron micrograph o f dystrophic neurites containing multi-laminar and
multi-vesicular bodies, dense core vesicles and small clear vesicles.
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Despite such work supporting the toxicity of plaques there is poor correlation between the
concentration and distribution of amyloid depositions in the brain and several parameters of
AD pathology including degree of dementia, loss of synapses, loss of neurons and cytoskeletal
abnormality (Neve and Robakis, 1998). This extends to a study showing that the spatial
pattern of plaques and tangles in AD do not support the amyloid cascade hypothesis making it
highly controversial (Armstrong et al., 1993). However, Cummings et al., 1996, were able to
show that the strongest predictor of pre-mortem cognitive dysfunction was the relative area of
entorhinal cortex occupied by A(3 deposition.

In AD, as opposed to ‘normal ageing’, more SP have dense reticular cored amyloid and are
surrounded by degenerating neuronal processes and clusters of microglia and astrocytes. The
basis for these differences in plaque morphology between ageing and AD is a focus of intense
research and recent studies suggest that there may be differences in composition of amyloid in
ageing and AD (Dickson, 1997). However, it has been suggested that senile plaques may not
be part of normal ageing but instead represent presymptomatic or unrecognised early
symptomatic AD in ‘normal’ patients (Morris et al., 1996).

1.5.8 Dystrophic neurites
Dystrophic neuronal processes appear independently of SP within normal ageing brain and
they are found to be concentrated within the area of a plaque, especially those possessing a
core (see figure 1.13b). The close proximity of dystrophic processes to SP suggests that they
may be produced by local neurotoxic factors. Another theory is that dystrophic neurites
precede amyloid deposition and evidence for this has been taken from the fact that they can be
seen in primates and in young Down’s syndrome patients brains before amyloid is detected
(Dickson, 1997). Also, data has suggested that dystrophic neurites can develop retrogradely
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Figure 1.14: Pattern o f amyloid deposits in the hippocampal formation in stage C. Dotted
lines indicate the boundaries o f the subiculum (sub) and sectors CA1 to CA4. The arrow
points to fluffy material accumulated along the free surface o f the dentate gyrus. Note two
rows o f small and densely packed amyloid deposits. One is located in the molecular layer
o f the subiculum and upper half o f stratum radiatum o f CAJ, the other appears in the
molecular layer o f the fascia dentata (fd). (Adaptedfrom Braak and Braak 1991).
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from focal plaque damage to induce somatic and dendritic degeneration and potentially
contribute to NFT formation (Su et al., 1998b). Whatever the case may be, it is clear from
studies of three dimensional reconstruction of plaque anatomy that dystrophic neurites occupy
the majority of the plaque volume and that widespread and active neuritic damage is evident
(Masliah et al., 1993a). Dystrophic neurites are not derived from neurons of a particular type
and most evidence suggests that specific neurotransmitters are not vulnerable to neuritic
degeneration, but rather that the properties of the neurites in SP are determined by the type of
neuronal processes in the vicinity of the plaque (Probst et al., 1983). Little is known regarding
the clinical significance of dystrophic neurites they can be detected in SP of clinically normal
people and thus it may be reasonable to hypothesise that they contribute in a minor fashion to
any associated cognitive deficit (Dickson, 1997).

1.5.9 Neuronal loss
Neuronal cell bodies show a progression through five characteristic stages in response to
injury: 1) chromatolytic change (in response to axonal damage); 2) acute necrosis, including
anoxic/ischemic change; 3) atrophy; 4) ballooning and 5) neuron loss. Neuronal inclusions are
also often seen. In response to neuronal injury patterns of axonal pathogenic change can also
be seen. These include Wallerian degeneration which is proximal to distal degeneration,
retrograde degeneration, which can be considered as ‘dying back’ or distal to proximal
degeneration and focal axonal swelling. Primary degeneration of the myelin sheath, which
may have secondary effects on axons may also be seen (Vinters et al., 1998).

1.5.91 Pa tterns of cell loss in A D
In AD it has been shown that NFTs develop in the cells of origin of the perforant pathway. In
addition the termination zone of this pathway in the outer two thirds of the molecular layer of
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the dentate gyrus contains a distinctive layer of neuritic plaques. These profound alterations
effectively disconnect the hippocampal formation from the association and limbic cortices
(Hyman et al., 1984). Because of the central role of the hippocampus and parahippocampal
gyrus in learning, it is likely that pathological changes in the perforant pathway account for
some aspects of the memory impairment seen in AD (Hyman et al., 1986; Van Hoesen et al.,
1991). A study in which the cellular response was observed after the loss of entorhinal input in
rodents illustrated that the dentate molecular layer undergoes a major reorganisation of its
inputs. After clearing of the degenerating nerve terminals, the remaining afferent fibres, and
extrinsic afferent form the septum and two intrinsic afferents, the commissural and
associational systems, sprout to form new synapses with the denervated target cells. It appears
that the neuronal loss in the entorhinal cortex of AD patients leads to a similar response to the
lesion described in rat brain. The loss removes the perforant path input to the hippocampus
and dentate gyrus, inducing a compensatory response from adjacent CA system afferents.
Enhancement of acetylcholinesterase activity in the dentate gyrus molecular layer, indicative
of septal afferent sprouting, was observed in those patients with a minimal loss of cholinergic
neurons. These results are evidence that the central nervous system is capable of a plastic
response in AD (Geddes et al., 1985).

Neuronal number in the entorhinal cortex (layer II) has been shown to be inversely
proportional to NFT formation and neuritic plaques but was not related to diffuse plaques or
the total number of plaques (Gomez-Isla et al., 1996). At the end stage of disease, it has been
shown that there is approximately 90% loss of neurons in layer II and at the earliest clinically
detectable point in the disease there is a 60% loss in layer II and a 40% loss in layer IV
(Hyman et al., 1998).

45

Pyramidal cell loss from the hippocampal formation does not occur in the absence of
underlying pathology in AD and this loss is seen predominantly in the CA1, subiculum and
prosubiculum (Davies et al., 1992).

The principal neurotransmitter of the perforant pathway’s excitatory action is thought to be
glutamate. Hyman et al., 1986, microdissected a portion of the pathway’s terminal zone and
assayed the excised tissue for glutamate. They were able to find an 83% decrease in the level
of free glutamate in subjects with AD as compared to control subjects not affected by
dementia. The pattern of glutamate binding sites in the perforant pathway zone is altered in
AD and expansion of the labelling zone occurs. This expansion is related to neuroplastic or
reorganizational responses that follow the formation of lesions in the entorhinal cortex. They
believe that this diminution in the glutamate content was a direct neurochemical correlate of
perforant pathway destruction and that disruption of this crucial corticolimbic pathway
contributes to the memory dysfunction in AD (Hyman et al., 1986). However within the
molecular layer of the dentate gyrus, it has been shown that in AD acetylcholinesterase
staining in the inner one third of the molecular layer is diminished whereas in the outer twothirds staining is enhanced (Hyman et al., 1987a). This further supports the theory that after
entorhinal lesions the afferents sprout and reinnervate the deafferentiated perforant pathway
zone in the outer two-thirds of the molecular layer. Alz-50 is a monoclonal antibody raised
against a tissue homogenate from AD and is selected for its ability to differentiate between
AD and control brain. Using this antibody, Hyman et al., provided direct evidence for the
involvement of the perforant pathway in AD and demonstrated that Alz-50 can be used to
study neural connectivity in AD brains since it recognises an antigen in the terminal zone of
the perforant pathway in AD patents (Hyman et al., 1988).
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Another circuit vulnerable in AD is the cortical cholinergic system that originates in neurons
in the basal forebrain and innervates the entire cortical mantle (Geula, 1998a).

Although neuronal loss is accepted to be a principal pathological feature of AD a study using
the latest stereological techniques has stated that they were unable to find any global
neocortical nerve cell loss in the brains of patients with senile dementia of Alzheimer’s type.
They show that patients have a rather consistent reduction in cortical volume (14%), an
atrophy that was solely due to reduced cortical thickness not, to a loss in numbers of cells
(Regeur et al., 1994).

1.5.9.2 Neuronal loss in normal ageing
Just as total brain weight decreases in normal ageing, there is also a decrease in the number of
pyramidal cells in hippocampus and neocortex. While some investigators have reported loss of
total cortical neurons, a study by Terry, 1997, shows that the pyramidal cells shrink into
smaller size classes with age, so that there is not a total loss of neurons but rather a shrinkage
of the larger ones. This implies a loss of axonal calibre.

Unlike senile plaques and NFTs, neuronal loss reflects the cumulative tissue damage accrued
with age and AD. A study by West et al., 1994, showed that qualitative differences can be
observed in the regional patterns of AD and that relating to normal ageing. The most
distinctive AD related neuron loss was found in the CA1 region of the hippocampus. In their
normal ageing group there was almost no neuron loss in this region. They concluded that the
neurodegenerative processes associated with normal ageing and with AD are quantitatively
different and that AD is not accelerated by ageing but a distinct pathological process (West et
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al., 1994). This has been confirmed by further studies in which patterns of cell loss differ in
AD and normal ageing (Simic et al., 1997).

No significant correlation between the degree of neuron loss and the extent of behavioural
deficits among aged rats was seen in a study by Bergman and Ulfhake, 1998, indicating that
loss of primary sensory neurons cannot exclusively explain the functional deficits in sensory
perception among senescent individuals. It seems likely that other factors at the subcellular
level and/or target interaction^) contribute substantially to the sensory impairments observed
with advancing age (Bergman and Ulfhake, 1998).

1.5.9.3 Possible mechanisms of cell death in AD
Although some cell loss in AD will be incurred due to the presence of NFTs which are seen
within dying neurons and assumed to be the cause of their death, the number of tangles is not
sufficient to account for the entirety of cell death seen in this disease (Gomez-Isla et al., 1997).
Therefore, alternate or multiple mechanisms must be at work to aid the specific pattern of
neuronal loss seen in AD.

Apoptosis and necrosis
Neuronal apoptosis can be induced both in vivo and in vitro by different stimuli including
oxidative stress, calcium toxicity, excitotoxicity, inhibition of the mitochondrial respiratory
chain, deficiency of survival factors and signalling abnormality (Nisimoto, 1998). Agents that
induce apoptosis at low or moderate concentrations may promote necrosis at higher dosage
(Bonfoco et al., 1995). At the ultrastructural level, apoptosis is characterised by cell shrinkage,
membrane blebbing and chromatin condensation of individual cells. Changes to the organelles
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are minor. The apoptotic process leads to cell fragmentation into small apoptotic bodies
followed by phagocytosis by neighbouring cells and macrophages and does not evoke an
inflammatory response (Desjardins and Ledoux, 1998). Necrosis is a passive pathological
process and is not genetically controlled. It is characterised by cellular edema, mitochondrial
swelling and nuclear pyknosis of multiple contiguous cells. Subsequent loss of plasma
membrane integrity and cell lysis induces an inflammatory response and phagocytosis by
macrophages (Desjardins and Ledoux, 1998)

A study by Forloni et al., was able to demonstrate that A|3 could initiate apoptosis after
chronic application to cell cultures. Further evidence for the role of apoptosis in AD comes
from a study from Smale et al., where sections from the hippocampus of AD brains and nonAD brains were examined for apoptosis by the use of a TUNEL technique (see Sheng et al.,
1998). Their data suggest that apoptosis may be involved in both the primary neuronal cell
loss and in the glial response that is a component of AD. They also point out that cells
undergoing apoptosis were often adjacent to cells displaying neuropathology suggesting that
the two events may be related (Smale et al., 1995).

Although evidence pointing to the importance of apoptosis in AD is building some studies
evoke doubt to the theory. A study by Bancher et al., 1997, suggests that a mechanism similar
to apoptosis is involved in AD. They discuss how some histochemical studies using the
TUNEL method have suggested that neurons and astrocytes undergo apoptosis in AD brains.
However these results are only based on the TUNEL method which is generally considered as
not definitive of apoptosis. The definitive distinction of apoptosis from necrosis or other forms
of cell death requires both positive reaction with in situ tailing and morphological description.
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The absence of typical cellular changes in their study indicate that cells in AD proceed by
another yet similar, form of programmed cell death.

Studies have shown that deficient functioning of glutamate transporters in AD might lead to
neurodegeneration via excitotoxicity. A study by Masliah et al., 1998, showed that excitotoxic
injury associated with deficient glutamate transporters in AD may trigger fragmentation via
caspase 3 activation. Other studies have been able to demonstrate decreased glutamate
transporter activity and recently that abnormal processing of APP may render cells more
vulnerable to excitotoxicity (Masliah et al., 1998).

Calcium ion dysfunction
One hypothesis suggests that sustained changes in the regulation of intracellular calcium ion
concentration are the major cause of neuronal degeneration in ageing (Foster and Norris,
1997). This is supported by demonstrations of the impairment in aged neurons of molecular
cascades that regulate intracellular calcium (Disterhoft et al., 1994), and A(3 protein has been
shown to disrupt neuronal calcium homeostasis. The role of intracellular calcium ion
concentration overload in initiating calcium ion dependent neurotoxicity and death is well
documented and thus, a link between calcium and morphological or functional losses in AD
has been proposed. For many years it was believed that neuronal loss in the hippocampus was
directly responsible for age-related deterioration of cognitive function. However, recent
morphological studies have demonstrated that the number of neurons is preserved in the CA1CA3 hippocampal regions of humans undergoing normal ageing. Similarly, the number of
neurons in the hippocampal areas of aged rats remains unaltered, despite deficits in spatial
learning. Reduced synaptic efficacy or alterations in neuronal plasticity might play a
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significant role. The involvement of calcium ions in the regulation of synaptic plasticity is
well established and therefore age-dependent impairment in both intracellular calcium
homeostasis and signalling reduce the efficiency of this process (Verkhratsky and Toescu,
1998). However, a recent study by Stout et al., 1998, was able to demonstrate that very high
levels of cytoplasmic calcium are not necessarily toxic to forebrain neurons and that potentialdriven uptake of calcium into mitochondria is required to trigger NMDA-receptor stimulated
neuronal death.

Growth factors
Neurons that fail to obtain a sufficient quantity of the necessary neurotrophic factor, die by a
process of programmed cell death. The neurotrophic factor family has been proposed to play a
role in the neuroprotection of specific neuronal populations by suppressing the expression of
‘suicide genes’ which, when activated, are involved in the induction of apoptotic processes
(Connor and Dragunow, 1998). Nerve growth factor (NGF) is found in the CNS in its highest
level within the hippocampus. The availability of trophic factors in the hippocampus may
provide a mechanism for neurite growth and structural re-modelling of neurons and synapses.
NGF is secreted by cells of the hippocampus and then taken up by specific NGF receptors on
cholinergic axon terminals in the hippocampus. Cholinergic neuronal degeneration in AD is
particularly apparent in the area of the basal forebrain. The ability of NGF to prevent
degeneration of cholinergic neurons in animal models of AD has lead to the suggestion that
NGF could be therapeutic for AD. NGF could also have deleterious effects in AD by
promoting aberrant sprouting at the base of the brain in sympathetic neurons. Another effect of
NGF is to upregulate the expression of APP, which has trophic properties that could again
promote aberrant sprouting in the brain leading to dysfunctional behavioural consequences.
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However, it has also been shown that NGF infusions could shift the balance of APP
expression to the 695 isoform away from the deleterious 751 isoform while promoting
cholinergic survival. Other factors have been implicated as possible therapeutic modes in AD
by preventing the loss of other neuronal populations. In fact another growth factor, brain
derived neurotrophic factor (BDNF) message has been seen to drop in AD (Connor and
Dragunown, 1998) leading to speculation that it may be useful therapeutically. The regulation
of both NGF and BDNF within the hippocampus has been shown to occur via neuronal
activity (Thoenen et ah, 1991). The maintenance of basal NGF and BDNF mRNA levels
appears to be mediated by excitatory neurotransmitters acting via NMDA/non-NMDA
receptors (Hughes et al., 1993).

1.5.10 Synaptic loss

1.5.10.1 Patterns of synapse loss in AD
The extent of synaptic loss in AD is not constant between patients, although is most often
found in the molecular layer of the dentate gyrus in the hippocampus as a consequence of the
destruction in layer II of the entorhinal cortex (Hyman et al., 1988). However, amyloid
deposits appear to have little effect on synaptic density, although within amyloid cores of
plaques synapses are completely lost. The surrounding neuritic portion of plaques have been
shown to exhibit an increase in synaptophysin immunoreactivity as a consequence of
accumulation in the swollen and enlarged boutons in this area (Lassmann et al., 1993). In
patients with senile dementia of the AD type decreases in synapse to neuron ratio as high as
48% and 56% occur in the hippocampus and cerebellum respectively (Bertoni-Freddari et al.,
1996a). Synapse loss correlates with cognitive scores most closely and then with tangles but
not with neuropil threads (Masliah et al., 1992). Thus this synaptic damage may precede
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dendritic thread and tangle formation and instead dendritic sprouting in denervated regions
could be associated with increases in cytoskeletal proteins (Masliah et al., 1992). It has also
been shown that granule cell dendrites in AD are shorter, less branched and have fewer spines.
There are no differences between dendrites in plaques or those plaque-free regions (Einstein et
al., 1994).

Studies looking at synapse morphology in AD show that as the synapse numbers decrease the
size of the remaining synapses increases (Scheff and Rice, 1998, Scheff et al., 1990). Synapse
number is thought to be represented by the wide number of synaptic molecules involved with
synaptic function. Many of these molecules have been investigated in studies to try to dissect
the sequence of events at the synapse during the progression of AD. Synaptophysin, a major
integral protein of small presynaptic vesicles (Thomas et al., 1988), is one such molecule. It
has been shown to decrease during AD in the brain (Masliah et al., 1989; 1991a) and more
specifically in the hippocampus, to such an extent that a loss of 50-77% can be seen
(Heinonen et al., 1995; Sze et al., 1997; Holner et al., 1992). This loss of synaptophysin has
been correlated with memory deficits and the severity of AD pathology (Sze et al., 1997),
although it has been shown not to be affected by plaque burden (Heinonen et al., 1995).
Another interesting study looking at synaptophysin levels was able to show that decreases in
aged rat brains can be prevented by exposure to an enriched environment (Sato et al., 1994).
This illustrates the highly plastic nature of the synapse and provides hope that during both
ageing and AD, synaptic function may be enhanced through reinforcement by intellectual
activity.

Other synaptic molecules studied and shown to decrease in AD include synapsin I (Lippa et
al., 1992; Hamos et al., 1989), RAB3 (Bogdanovic et al., 1995; Blennow et al., 1996),
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secretogranin II, p65 and Sv2 (Lassmann et al., 1992). Increases in immunoreactivity of SP11,
A68, Alz50 and APP have been shown in the hippocampus suggesting that APP and these
cytoskeletal proteins in the early stages of AD may be involved in the mechanisms of synaptic
pathology in AD (Masliah et al., 1994a). SP11 and anti-p65 have been used to visualise
plaques in the hippocampus, highlighting more plaques than can be seen by synaptophysin
labelling and supporting the theory that synaptic and axonal damage are involved in plaque
formation in AD (Masliah et al., 1994b). Levels of the non-A(3 component of AD amyloid
(NACP) synaptic protein have been seen to be elevated in early AD and correlate with Blessed
scores (Iwai et al., 1996). This implies that the abnormal accumulation of NACP in early AD
may be important in the mechanisms of neurodegeneration and synaptic damage in AD.

1.5.10.2 Synapse loss in normal ageing
It has been shown that as rats mature synapses tend to be smaller in size but with ageing the
synapses become larger and fewer in number (Bertoni-Freddari et al., 1986). Age related
decreases in synapses in the cortex have been shown to be regional (Adams, 1987) and
dendritic regression increases with age (Flood et al., 1987). Studies looking at synapse
morphology in the hippocampus have shown that with ageing, as in other regions of the brain,
synapse number and synaptic area fall, while the average synapse size increases in the dentate
gyrus (Bertoni-Freddari et al., 1990) and CA1 (Bertoni-Freddari et al., 1996b). However, this
decrease in synapse number was not seen in aged rats in a study by Scheff et al., indicating
that synapse loss may not necessarily be a general feature of ageing across mammalian CNS
systems (Scheff et al., 1985). However, as in AD patients, in rats, many important synaptic
proteins decrease during normal ageing, these include; synaptophysin, synaptobrevin, SNAP25, syntaxin I/HPC-1 and debrin (Shimohama et al., 1998).
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1. 5 . 10.3 Possible mechanisms of synapse loss
Synaptic pathology in AD could either be as a direct result of an underlying molecular defect
affecting synapses, or as an indirect result of neuronal loss, plaque and tangle formation.
Whatever unsuccessful compensatory mechanism is taking place in response to ongoing
synaptic pathology, it is important to remember that the synaptic loss seen in AD is additional
to that incurred due to normal ageing.
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Figure 1.15: Schematic representation o f the enzymatic pathways involved in APP processing
o f APP through the fi-secretase pathway might not only result in the production o f Ap, but
also in the generation o f dysfunctional N-terminal APP fragments that might lead to synaptic
dysfunction. (Adapted from Masliah 1995a)
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Studies outlined above show that synaptic morphological change in ageing is similar to that
seen in AD and differs mainly in quantity. The presence of APP at synaptic sites is important
in this context as abnormal processing of this molecule may cause the normal morphological
change associated with ageing to be exaggerated in AD (see figure 1.15).

1.5.11 Sex hormones and AD
The fall in estrogen which begins with the initiation of the menopause is a known risk factor
for AD and cardiovascular disease (Schneider and Finch, 1997). This has been supported by
research showing that estrogen replacement therapy (ERT) lowers the risk of AD in women
(Finch and Sapolsky, 1999) as ERT has been shown to improve cognitive performance in
post-menopausal women and young ovarectomised women (Maki and Resnick, 2000; Finch
and Sapolsky, 1999). It has been shown to be neurotrophic and neuroprotective (Brinton et al.,
2000) and an estrogen dependant synaptic sprouting response has been noted in rats (Stone et
al., 2000). In males androgen interventions for AD are being studied and could be mediated by
the conversion of testosterone to estradiol (Schneider and Finch, 1997). A study has also
shown that adrenalectomy leads to an increase in APP in the hippocampus suggesting that
hormone depravation may either directly or indirectly modulate APP level in the brain (Islam
et al., 1998).

1.5.12 Inflammatory response in AD
The immune system in the brain is similar to the rest of the body, its function is to respond
rapidly to foreign invaders and remove debris from injury. However, the resultant
inflammatory processes may also damage healthy tissue. This is of particular importance when
considering neurodegenerative disease, as in the brain any damage to healthy tissue affects a
post-mitotic neuronal population. Work in this field was spurred by the identification of
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reactive microglia in association with the lesions of AD (McGeer and McGeer, 1998). Studies
have revealed that these lesions are also associated with proteins known to be involved in
inflammatory processes, these include proteins from the classical complement cascade,
complement inhibitors, acute-phase reactants, inflammatory cytokines, proteases and protease
inhibitors. Marked upregulation of such inflammatory cytokines as tumour necrosis factor-a
(TNF-ct), interleukin (IL)-ip and IL-6 have been reported (McGeer and McGeer, 1998). TNFa in combination with LFNy have been shown to induce the production of AP and inhibit the
production of APPs secretion (Blasko et al., 1999). Studies of cultured human astrocytes and
microglia obtained from post-mortem brain have established that almost all of the
inflammatory proteins in AD brain tissue are produced by microglia, astrocytes or both
(McGeer and McGeer, 1995).

In normal ageing, no global glial proliferation is found morphologically, but reactive gliosis
has been described in specific areas of the limbic system and neocortex that undergo selective
neuronal or synaptic degeneration in non-demented persons. In addition there is an ageassociated increase in the metabolic turnover of cellular proteins (Unger, 1998). This has been
illustrated for glial fibrillary acidic protein in the hippocampus and entorhinal cortex (David et
al., 1997).

Microglia, the brain’s representatives of the monocyte phagocytic system and they are
quiescent in normal adult brain. Like all macrophages, activated microglia undergo a
respiratory burst in which they produce a flood of neurotoxic oxygen free radicals. The
respiratory burst of microglia can be stimulated by complement proteins and by a number of
other molecules, including the AP protein (Klegeris and McGeer, 1994). When stimulated,
they produce high levels of glutamate and as yet unidentified neurotoxic products (Giulian et
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al., 1996). A recent study by Khory et al., 1998, was able to show that scavenger receptors on
microglia interact with Ap which leads to the secretion of apolipoprotien E and complement
proteins which may further contribute to neurotoxicity and neuronal degeneration (Khoury et
al., 1998). This interaction with Ap has been shown to involve extracellular matrix molecules
(Kopec and Carroll, 1998). The concurrent hypothesis states that some insult, perhaps
complicated by a genetic weakness, causes an initiation of neuronal damage, resulting in
deposition of debris that microglia are unable to remove. Microglial activation and initiation of
the classical complement cascade occur, and the toxic products thus produced lead to further
neuronal death, which, in turn enhances the inflammatory reaction (McGeer and McGeer,
1998).

Findings in a recent study by MacKenzie et al., (1995) suggest a role for microglia in the
development of plaques. They suggest microglia are not involved in the production of diffuse
plaques but that as the presence of neuritic plaques is associated with both an overall increase
in microglia and the focal aggregation of cells around neuritic plaques, microglia may be
locally involved in the conversion of diffuse plaques into neuritic plaques. Although it has also
been shown that microglia are involved in the phagocytosis of AP in the location of SPs, the
possibility of their involvement in the production of AP has also been demonstrated
(Frackowaik et al., 1992). Studies using anti-inflammatory drugs (such as indomethacin) have
been able to show that a microglial target could be utilised as a therapeutic strategy for the
treatment of AD by inhibiting the proliferation of microglia (Netland et al., 1998).
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1.5.13 Animal Models to Study Alzheimer’s Disease

1.5.13.1 Injections
As it is one of the most prevalent neurodegenerative diseases, the progression of AD is
intensely studied but it is impractical to do this in situ. Therefore other strategies need to be
developed in order to study the progression of this disease. One way of tackling this problem
is to produce an animal model in which the cellular cascade of events can be studied and
manipulated. Attempts to study AD in rodents began with the employment of an injection
strategy. The results of these studies have been conflicting with some groups reporting
neurotoxic effects (Giovannelli et al., 1998; O’Hare et al., 1999) when aggregated A(3 was
injected and others reporting a minimal or no neurotoxic effect (Games et al., 1992; Clemens
and Stephenson, 1992). However despite this, some studies have been able to show a
behavioural deficit after A|3 infusion (Alvarez et al., 1997), although one study has put this
down to an effect of glial activation to Ap not AP’s neurotoxic effect on cells per se (O’Hare
et al., 1999). Thus, as higher primates exhibit the features of AD during ageing, injection
studies in primates have been undertaken to investigate the potential neurotoxicity of Ap. It
has been illustrated that the response to injection with Ap is much greater when compared
with rats or lower primates and also that as higher primates age their cells become increasingly
vulnerable (Geula et al., 1998b; Kowall et al., 1992). These results have led to controversy as
it could be argued that rodents are not an appropriate or accurate enough system to study the
progression of this disease. They do not naturally exhibit any features of AD and even with
ageing do not appear to react in an appropriate fashion when Ap is introduced, whereas
plaques have been seen to form naturally in ageing dogs, bears and primates (for a review see
Finch and Sapolsky, 1999).
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1.5.13.2 Transgenic models of AD
Although primates could be considered the best model to study AD in terms of cellular
function, other issues have to be considered. They take a long time to age and therefore work
cannot move forward quickly and there are also some moral dilemmas on the use of primates
for research to consider. Thus another strategy has been employed in which rodent (mouse)
transgenic models have been developed in which the mouse overexpresses the precursor
protein of A(3, and during ageing this leads to a considerable increase in A|3 load. It was
thought that although rodents appear not to react to A|3 toxicity by injection, a genetically
altered mice, with ageing, might leading to a system that would become compromised by the
increasing A(3 load, thus lead to deposition in a similar fashion to higher primates. A
transgenic mouse model for AD should mimic the age-dependent accumulation of AB
plaques, NFTs, neuronal cell death, synaptic alterations as well as display memory loss and
behavioural deficit (Guenette and Tanzi, 1999).

Therefore studies in transgenic models were initiated and involved both knockout APP and
APP overexpressing mice models. Knockout animals were of limited use in terms of
investigating AD, although they showed evidence for impairment of neuronal function by
eliciting a decrease in weight, locomotor activity and forelimb grip-strength and also reactive
gliosis (Zheng et al., 1995; Seabrook et al., 1999). Work carried out on cultured APP-null
neurons supported a role for APP in development as they exhibited diminished viability and
retarded neurite development (Perez et al., 1997). However despite the reinforcing functional
evidence gleaned from this work these mice appeared normal despite the huge body of
evidence implicating the importance of APP in a variety of roles.
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Strategies for the production of an APP overexpressing mouse have varied. With many
experimental groups using different isoforms of APP with varying mutations under the
influence of a number of promoters. It is important to note when reviewing studies on
transgenic models that it is not always possible to foresee the phenotypical change an
introduced mutation causes, as the disruption of a single gene can lead to a cascade of events
leading to a compensatory effect of other genes. The presence or absence of this effect can
also depend on the strain of mouse used to produce the transgenic line (Gerlai and Clayton,
1999; Ingram and Jucker, 1999). However amongst the ever increasing literature three
transgenic mouse models overexpressing different human APP isoforms have emerged from a
huge literature base as being the most successful, although none can be considered to fulfil all
criteria for an accurate AD model as they exhibit only some of the pathological features
required for a complete model.

The Games mouse
The Games mouse was generated using a platelet-derived growth factor-beta promoter driving
a human APP minigene encoding APP with the familial mutation of valine to phenylalanine at
position 717. Human APP mRNA was produced in several tissues of the transgenic mouse but
was especially high in the brain. RNAase protection assays revealed an 18 fold increase of
APP expression in the brains of this line of mouse (Games et al., 1995). This mouse was seen
to progressively develop many of the pathological hallmarks of AD including numerous
neuritic plaques, synaptic loss, astrocytosis and microgliosis (Games et al., 1995). The level of
APP in these mice was consistent at all ages but the levels of AP were seen to increase
dramatically in those areas exhibiting amyloidosis (i.e. the cortex and hippocampus). An
increase of 17 fold was seen by four months and then, by 18 months, the elevation reached a
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level of 500 times that seen at four months (Johnson-Wood et ah, 1997). A(3 deposits in the
entorhinal cortex and hippocampus (specifically the dentate gyrus) were seen to exhibit a
laminar distribution, being most concentrated in the outer molecular layer of the dentate gyrus
and layers II and III of the entorhinal cortex (Su and Ni, 1998). In this study Su and Ni, argue
that this suggested intrinsic factors within the perforant path contributed at least in part to the
extracellular AP deposition in this model. Another study utilising this mouse model has
characterised the progression plaque pathology, showing that like those seen in AD, the mouse
plaques exhibited a dense amyloid core surrounded by anti-human APP and neurofilament
immunoreactive dystrophic neurites and astroglial cells (Masliah et al., 1995b). Neuronal
processes contained fine intracellular amyloid fibrils and apoptotic-like figures were present
(Masliah et al., 1995b). However no neuronal loss has been established using stereological
analysis in either the entorhinal cortex, CA1 or cingulate cortex (Irizarry et al., 1997). Another
interesting study using this mouse, in which transforming growth factor beta-1 was co
expressed, showed that this co-expression led to an increase in the deposition of the Ap
peptide. As this factor plays a central role in the response of the brain to injury, it may initiate
or promote amyloidogenesis in AD and experimental models (Wyss-Coray et al., 1997).

Recently it has been possible to demonstrate immunisation of the Games mouse with an
injection of AP 1-42. This prevented the development of amyloid plaque formation, neuritic
dystrophy and astrogliosis when young animals were immunised. Also the treatment of older
animals markedly reduced the extent and progression of these AD-like neuropathologies.
These results raise the possibility that immunisation with AP may be effective in preventing
and treating AD in humans (Schenk et al., 1999).
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The APP751 transgenic mouse
Another mouse expressing the human isoform APP751 was produced along with a APP751
mouse harbouring the double Swedish mutation at positions 670 and 671 under the influence
of a neural-specific promoter (Sturchler-Pierrat et al., 1997). The version harbouring the
mutations produced plaques at 6 months, which increased with age and were Congo redpositive at first detection. These were accompanied by neuritic changes and dystrophic
cholinergic fibres. Also inflammatory processes indicated by a massive glial reaction were
obvious. These plaques are also immunoreactive for hyperphosphorylated tau, reminiscent of
early tau pathology (Sturchler-Pierrat et al., 1997; Higgins et al., 1994; Higgins et al., 1995).
Further work on the mice with the Swedish mutation has gone on to describe behavioural
deficits in these mice. An age-dependent deficit in spatial learning in a water-maze task and in
spontaneous alternation in an Y maze was described, which has provided evidence for a
relationship between abnormal expression of Ap and cognitive impairments (Moran et al.,
1995). More detailed analysis on plaque pathology of these mice has shown that entorhinal
axons form dystrophic boutons around amyloid plaques in the entorhinal termination zone of
the hippocampus and that they were associated with amyloid ectopic locations within the
hippocampus, thalamus, white matter tracts as well as surrounding vascular amyloid. These
boutons were immunopositive for the growth-associated protein GAP-43 (Masliah et al.,
1993b; Phinney et al., 1999). These findings suggest an under-estimation of the neurotrophic
effect of cerebral amyloid deposition and its role in aberrant sprouting in AD. Cerebral
amyloid thus leads to the disruption of neuron connectivity, which in turn may significantly
contribute to AD dementia. Finally, this mouse is the only one as yet within which it has been
possible to characterise neuronal loss observed in the CA1 area of the hippocampus (Calhoun
et al., 1998).
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The Hsiao mouse
This mouse overexpresses the APP 695 isoform containing the Lys to Asn and Met to Leu
mutations at 670 and 671 respectively. The model has shown a normal learning and spatial
reference and alternation tasks at 3 months but an impairment develops by 9 to 10 months of
age. A five fold increase in A(3l-40 and 14 fold increase in A(3l-42 accompanied the
behavioural deficits and numerous plaques were present in cortical and limbic structures
(Hsiao et al., 1996). Further behavioural studies have also outlined impaired performance in
water maze retention and circular platform performance (King et al., 1999). Amyloid deposits
in these mice are associated with prominent gliosis and neuritic dystrophy, without either
neuronal loss, loss of synaptophysin immunoreactivity in the dentate gyrus or loss of mRNA
for neuronal synaptic, cytoskeletal or metabolic proteins

(Irizarry et al.,

1997b).

Electrophysiological studies have shown that these mice have compromised synaptic
transmission with age (Chapman et al., 1999). Quantitative analysis of sections showed
significantly increased microglial density surrounding plaques and neighbouring regions
(Frautschy et al., 1998) and another study illustrated the chronic expression of inflammatory
cytokines including IL-ip, TNFoc and IL-6 (Benzing et al., 1999). Therefore this model could
be considered to disrupt neuronal processes and provoke an inflammatory response although
the Ap is apparently not acutely neurotoxic.

APP C’100 term inal transgenic mice
In addition to the mice described above another transgenic model has been the focus of much
research. This mouse expresses the CTerminal 100 amino acids of the APP which has been
shown to aggregate into amyloid-like fibrils in vitro and to be neurotoxic (Kammesheidt et al.,
1992). C100 is the product of beta-secretase cleavage of APP and can be acted on by y64

secretase which can then go on to generate the C ’terminal end of A(3 (Guenette and Tanzi,
1999). The main body of work on the C100 model has demonstrated that this fragment of APP
may be involved in amyloidogenesis, neurotoxicity, synaptic degeneration and impaired
learning, emphasising the importance of other APP fragments in the progression of AD
(Kammesheidt et al., 1992; Shoji et al., 1996; Oster-Granite et al., 1996; Nalbantoglu et al.,
1997; Whitaker-Azmitia et al., 1997; Gerlai et al., 1996).

O ther AD transgenic mice
As well as those transgenic models involving APP, groups have tried to produce models
focusing on other features of AD. These include transgenic mice harbouring various forms of
the Apolipoprotein alleles (Bowman et al., 1996;) and ApoE knockout mice (Masliah et al.,
1995; Anderson et al., 1998; Bales et al., 1997; Genis et al., 1995; Hoshii et al., 1997; Walker
et al., 1997), various presenilin mutations (Guo et al., 1999: De Strooper et al., 1998; Duff et
al., 1996) a tau isoform (Gotz et al., 1995) neurofilament gene 1 (Haroutunian et al., 1996) and
calcium-calmodulin (Silva et al., 1992). Researchers have shown varying degrees of interest in
these mice, with presenilin mice being most useful from an experimental view point. These
mice exhibit increased brain amyloid (Duff et al., 1996) and increased neuron vulnerability to
insult (Guo et al., 1999). Thus work has been completed in which APP overexpressing
transgenic mice have been crossed with the presenilin mice to produce double transgenics
which produce all the features of the APP overexpressing mice but much earlier within the life
span of the mouse (Citron et al., 1997; Borchelt et al., 1997; Holcomb et al., 1998). Therefore
it is generally accepted that a ‘combination’ transgenic which may involve crossing a APP
mouse with a presenilin mouse and with an appropriate tau mouse, (mutations have now been
found in the gene for tau which lead to a variety of dementia) that will eventually produce the
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‘ideal’ AD transgenic mouse model as it appears that no single mouse is able to produce all
the features needed (Guenette and Tanzi, 1999; Van Leuven, 2000). Other future strategies
aimed at improving transgenic AD models could include exacerbating or attenuating certain
neuropathological features using drugs or specific neuroanatomic lesions.

1.6

Objectives

As described above, it is clear that APP is an important protein with roles in neuronal and
synaptic plasticity. Mutations within its genome lead to AD and its overexpression in
transgenic mouse models and has led to the production of many of the pathological features in
AD. Although much work has been carried out using transgenic models of AD, no model
exhibits all features of AD. Specifically, NFTs are absent and limited or no neuronal or
synaptic loss has been characterised. Also inflammatory responses may not accurately reflect
those that occur in the human brain and limited progress has been made in producing
behavioural deficits in these animals representative of the global cognitive decline observed in
AD patients.

To this aim, further APP deficient and APP overexpressing mice were produced at GlaxoWellcome. A full characterisation of these mice was required involving electrophysiological,
behavioural and morphometric study. It was decided that towards this aim my thesis would
concentrate on the detailed analysis of the morphometric parameters of synaptic number and
size, neuronal number and brain volume. The dentate gyrus (DG) was chosen as the region of
interest because of its early and well-known vulnerability in AD and its capacity for synaptic
plasticity.
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The following objectives for this thesis were proposed and investigated using unbiased
stereological methods:

a)

To

compare qualitatively gross (brain and hippocampal volumes) and fine

(ultrastructural) neuronal and synaptic morphology between the different groups of
mice (Wild-type, APP knockout and APP overexpressor).
b)

To determine the normal pattern of synaptic age-related changes in Wild-type mice.

c)

To make identical measurements in APP knockout and APP overexpressor mice to
examine the role of APP in synaptic plasticity throughout the life span of the mouse.

d)

To examine the influence of APP on neuron viability.

e)

To examine the influence of increasing Ap load on synaptic maintenance, neuron
viability and the pattern of deposition throughout the neuropil of the DG.

f)

To examine the numbers of ionotrophic glutamate receptors during early periods of
synaptic plasticity via immunogold labelling in APP overexpressing mice.
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Chapter 2

Methods
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2.1 Perfusion and tissue preparation

Mice were anaesthetized with sodium pentobarbitone (0.1ml per 30g of body weight of
SAGATAL 60mg/ml). They were then perfused transcardially with 10ml of saline solution
followed by 150ml of phosphate buffered fixative containing 4% paraformaldehyde, 0.05%
glutaraldehyde and 2% picric acid using a peristaltic pump (flow rate 4. Iml/min). Immediately
after perfusion the brains were removed and then weighed. Whole brains were removed and
sectioned horizontally (so that the hippocampus is cut with the full layered structure visible),
to a thickness of 150pm with a Leica vibrating microtome.

Immunocytochemistry slices
NMDA and AMP A receptor
quantification

Cavalieri slices

Total neuronal number
Neuronal density

EM slices
Synapse density
Apposition zone mean area
Apposition zone total area

Brain volume
Hippocampus volume
Dentate(upper arm)volume
Brain/hippocampus ratio

Figure 2.1: Shows the three slices produced using this method and the estimates performed.
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This size

(1 5 0 jL im )

was chosen as it gave a suitable number of sections of required thickness

(as some were embedded and at a later stage for further processing for EM sectioning). The
unbiased selection of sections was achieved by the random location of the first section cut
which is an inherent facet of lining up the vibratome. This is necessary, as all samples taken
need to be randomized to achieve the minimum amount of bias and thus to obtain the most
accurate representative result possible. Sections were processed for electron microscopy and
used to estimate synapse density and apposition zone size (AZ). The remaining slices were
used to estimate brain and hippocampal volumes, neuronal number and to perform
immunocytochemistry experiments (see Figure 2.1).
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2.2 Neuronal density

Four to six hippocampal sections were used to estimate neuronal density, these were taken
onwards from the point in which the dorsal part of the dentate gyrus (DG) could be clearly
seen (refer to figure 2.2A). This number of sections was chosen, as it was the maximum
possible using our method of sampling. This also meant that all areas throughout the dentate
gyrus, i.e. both dorsally and laterally were sampled, so that the neuronal density estimation
would be representative of the whole of the structure. This was important as the neuronal
density estimation was used later to estimate total numbers of neurons within the upper arm of
the dentate gyrus and only sampling from one area, e.g. the dorsal region, may produce an
inaccurate result.

The sections were stained with propidium iodide, a fluorescent dye, which stains the cell
bodies of dead cells by combining with the DNA and RNA (Matsuzaki et al., 1997; Macklis
and Madison, 1990). This was done by placing the free floating sections into a 24 well plate in
a solution of propidium iodide (25p,l per 50ml of 10% Tris Buffered saline (TBS)) for 15
minutes in the dark, washed twice for 10 minutes in TBS and then mounted using Dako
fluorescent mounting medium, for analysis by confocal microscopy. This fluorescent
mounting medium was used, as it was necessary to try to maintain optimum fluorescence of
the sections as the confocal microscope causes rapid bleaching. It also meant that the
coverslips could be easily removed as the sections were used again.

Measurements of length, width, and area of the upper arm of the dentate gyrus were made
using a Leica TLS confocal microscope with a xlO objective lens (see Figure 2.2), so that the
arm could be mapped and the volume estimated. This enabled examination of the whole
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structure to see if any changes occurred between groups of animals in a three dimensional
manner. This illustrated the possibility that any alterations in neuronal density found could be
explained by a spreading of the DG arm in any direction and therefore would give a biased
result. This is an important consideration as the dentate gyrus is a structure not rigidly
confined in situ.

Figure 2.2. (A) The anatomy o f the hippocampus, stained by propidium iodide and imaged on
the confocal microscope at a magnification o fx 10. (B) Granule cell bodies o f the upper arm o f
the dentate gyrus, stained by propidium iodide and imaged on the confocal microscope at a
magnification ofxlOO.

Three images along the upper arm of the dentate gyrus were taken from three slices per
animal, and were captured at a magnification of xlOO (see Figure 2.2). This area of the DG
was chosen as later it was planned to estimate synapse density within the middle molecular
layer of the dentate and densities of these cells receive synapses from some of the neuronal
cells projecting from the entorhinal cortex (Steward and Vinsant 1983). Also, it was possible
to calculate a synapse to neuron ratio for this region.
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These images were used to estimate neuronal density by counting the stained bodies of the
granule cells using an ‘optical disector' method (see Figure 2.3 and Figure 2.4).

Using this method the numerical density of particles are estimated from the equation: Nv =
l/(a/f).h . EQVEP where Nv is the estimate of numerical density, a/f is the area o f frame, h is
the height of the disector, EQ the sum of particles counted and EP the sum of frame
associated points hitting reference space. For an example of a counting frame, see Figure 2.3.
Cells are counted within the frame and included if crossing the acceptance lines but not if
crossing the forbidden lines. Using these principles there is no risk of the repetition of
counting of objects.
+oo

Guard area
Forbidden line

Acceptance line
Ax
Counting frame

Figure 2.3: A 2D field o f view containing several 2D objects is shown with an unbiased
counting frame surrounded by a guard area. The counting frame consists o f a solid forbidden
line, which extends above and below the field o f view to infinity, and a dashed acceptance line.
The area o f the counting frame is Ax multiplied by Ay units squared. Any falling object that is
cut by the forbidden line is not counted (i.e. b, g and h). 2D objects falling fully inside the
frame (i.e. e) or those that cut the acceptance line without also cutting the forbidden ’ line (i.e.
c and f l are counted. The application o f this rule leads to an unbiased estimate o f the number
o f 2D objects per unit area. (Adaptedfrom Howard, 1998).
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The width (i.e. thickness) of the optical disector is established by its requirement to be roughly
2/3 the size of the object that is being counted. This eliminates any problems of whole objects
overlapping each other or objects getting lost in the reference space. Using this method, direct
counts o f real numbers of cells are counted in a known volume of tissue in an unbiased
manner (Bjugn, 1993, Bjugn and Gunderson, 1993) (see Figure 2.4). Knowing the area of the
upper-arm of the dentate and the section thickness, one is able to reconstruct this structure to
obtain its volume. Once this is done it is possible to calculate the total number of neurons in
the upper-arm of the dentate by multiplying the neuronal density by the volume of the
structure. The importance of estimating total neuronal numbers as definitive data (Oorshot,
1994), arises because density measurements must assume that the total volume of tissue in
which the sample originated has not altered during experimental treatment, normal
development and ageing or tissue processing. Should any or all of these parameters change
unequally between lines o f mice, density comparisons between the groups of animals would
be of limited value.

a (0 nm)

b (3.5 M-m)

%

ti7

■a.

c (6 tim )

■c.

d (7.5 nm )
w

— i 1

e ( \ \ nm )

/ ( 1 5 (im)

Figure 2.4: A schematic illustration o f the optical disector. A series o f optical sections
through a thick section. In each section cell nuclei are indicated as the dark phase, those cell
nuclei that are in maximal focus within the sections are shown with a black outline. (Adapted
from Howard, 1998).
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2.3 Glial cells

As propidium iodide is essentially a stain for dead cell bodies and therefore is not neuron
specific it became a concern that granule cell bodies were not the only cell bodies being
counted within the cell layer of the upper arm of the dentate. To test this several sections were
stained with Neu-n and Glial fibrillary acidic protein (GFAP) antibodies. Neu-n is a neuronal
specific antibody (supplied by Chemicon International inc) whereas GFAP has been found to
be specific for astrocytes (Kimelburg and Norenburg, 1989).

The slices were washed in phosphate buffer and 0.3% trition (PBS’A ’) overnight. Then the
slices were left to equilibrate for 30 minutes in phosphate buffer, 0.3% trition and 0.5% bovine
serum albumin (PBS’B’). Slices were then incubated overnight in Neu-n antibody (1:250) in
PBS’B. They were then washed all day (with at least three changes) in PBS’B. Then incubated
in anti-mouse IgG at 4°C overnight or room temperature for 2 hours in PBS’B’. Again, they
were then washed in PBS all-day or overnight.

After, the sections were incubated in rhodamine^o avidin biotin (1:250, 4-5pl/ml) at room
temperature for 30 minutes. They were washed briefly in PBS’B ’ and an avidin blocking
solution was added for 30 minutes (at room temperature). Then, the slices were washed in
PBS’B’ and a biotin blocking solution was added for a further 30 minutes. The sections were
then placed in PBS overnight, after which the GFAP antibody was added and the slices were
to be again incubated overnight. They were again washed in PBS for 8 hours (at least three
washes) and then incubated in anti-rabbit IgG in PBS’B ’ overnight at 4°C (or at room
temperature for 2 hours).
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The slices were then placed in PBS for 8 hours before incubation in fluorescent avidin (1:250,
4-5pl/ml) at room temperature for 30 minutes. They were then washed briefly in PBS and
mounted using a Vectasheild mounting medium. When the images were analyzed on the
confocal microscope it was clear that the astrocyte cell bodies were not located within the
granule cell body layer of the upper arm of the dentate, although some processes do pass.

Figure 2.5: Neu-n (red) and GFAP (green) staining o f mouse brain slices taken with a
confocal microscope at a magnification o f xlO. (A) The double stained slice; (B) the GFAP
label; note the cell bodies located at the top o f the slice indicated by white arrows not
included in the granule cell layer, where only processes can be seen. (C) The granule cell
bodies labelled with Neu-n.
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through (see figure 2.5). Also it is clear that the granule cell bodies and astrocyte cell bodies
are morphologically distinct and therefore if one was included within the cell layer it would be
relatively easy to distinguish it from the others and not include it in the count, this has also
been shown in a previous study (Kosaka and Hama, 1986). Tests provided satisfactory
evidence that a negligible number of astrocyte cell bodies would be counted using our
propidium iodide optical disector method in these mice.
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2.4 Hippocampal and Brain volume estimation

In order to estimate hippocampal and brain volumes, every third section was analyzed
(including where necessary some of the slices already used for neuronal density). It was
considered necessary to estimate hippocampal and brain volumes in order to see if any atrophy
or neurodegeneration was apparent in different regions of the brain and how this varied
between the different lines of mice.

The sections were stained with 0.1% Toluidene blue in 0.1M phosphate buffer for 15 minutes,
washed twice for 10 minutes with 0.1M phosphate buffer and left for at least 48 hours at 4°C.

Section Number

Z7

Area of 3rd transect (A3)

Volume o f 4* slab ~ A3 - T

Figure 2.6: Illustration o f the Cavalieri method. An object o f arbitrary shape is shown
intersected by a series o f parallel cutting planes (ie serial sections) a known and fixed
distance apart o f T units. The number o f sections hitting the object in this example is eight,
which gives rise to nine slabs o f the object. The fourth slab is shown extracted from the object.
The thickness o f the slab is T units and the volume is given approxamately by the crosssectional area o f the third transect times the distance T. (Adaptedfrom Howard, 1998).

The sections were then mounted and scanned into ‘Adobe PhotoShop’. Once the images were
captured they were printed and analyzed using the ‘Cavaleri’ method (Pakkenberg and
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Gunderson, 1997; Stuart and Oosschot, 1995; Howard, 1998).

To utilize this method a

process of exhaustive parallel sectioning through the object at a fixed distance apart is
involved (see Figure 2.6).

For this procedure, the first section needs to be random. Each of the sections are laid the same
way up and the cross-sectional area of the object transect on each of the cross sections is
measured or estimated.
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Figure 2.7 In this illustration o f the cavalieri method a non-convex object (a) is shown
intersected by a series o f parallel sections. On each cross-section a point grid (b) has been
uniform randomly translated in the x and y directions, (c) The fu ll series o f cross-sections
generated by this sectioning design are also shown. (Adaptedfrom Howard, 1998).
The volume of the object is estimated by summing the areas and multiplying by the slice
thickness. In our case this involved placing a calibrated grid over the image and counting
points (with a known associated area in three-dimensional space, a/p.T) on the grid that hit the
object to estimate its volume, see Figure 2.7. The size of the grid is chosen by the need for at
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least a hundred points to be counted per volume estimation. Also, these points need to be
counted from at least 8-12 sections of known thickness through the object of choice.

Using this method, total brain volume (excluding the olfactory bulbs and cerebellum),
hippocampal volume and brain to hippocampus ratio was estimated by using the following
equation; V = T.a/p.ZPi
Where V is the volume estimation, T.a/p is the area associated with a point from the
estimation grid and ZPi is the number of points counted (see Figure 2.7). The olfactory bulbs
were omitted from this estimation, as they were difficult to dissect out of the skull with
reproducible accuracy. The cerebellum was also not included in the brain volume estimation
for technical convenience. We considered that as there are few changes within this region
during Alzheimer’s disease (Esiri and Morris, 1997) and therefore it was reasonable to omit
this from the brain volume estimations.
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2.5 Immunocytochemistry tissue preparation

One third of the slices which cross section the hippocampus were taken and processed so that
immunocytochemistry could be performed at the level of the electron microscope. These slices
were run through a series of glycerols; 0.1M triethanolanine, 10% glycerol, 20% glycerol and
then 30% glycerol for 1 hour, 20 minutes, 30 minutes and an hour respectively. Then, the
hippocampus was dissected from the sections and impact frozen onto a copper metal mirror
cooled to -197°C using a Leica MM80E at force 3, speed 3 and thickness 2. A spacer of
approximately 1mm thick around the tissue was used to prevent the tissue from being
squashed. Using the transfer device provided to prevent condensation of the blocks, the frozen
sections were transferred to containers to Analar methanol with 0.5% uranyl acetate
(MeOH/Uac) and held at -85°C in the Leica CS Auto. The slices were then freeze-substituted
at -85°C for 48 hours, at -50 °C for 12 hours and -50°C for ten hours. After approximately
24hours changes of MeOH/Uac to methanol were done twice for an hour. Fresh methanol was
used for the remaining time. When this was finished the slices were infiltrated with a mix of
1:1 of methanol and Lowicryl HM20 for one hour at -50°C and for one hour at -50°C with 2:1
HM20 and methanol. Neat HM20 was used overnight and for one hour prior to embedding in
fresh HM20. This was polymerized in the CS Auto under 360nm UV light for 48 hours at 50°C and then slowly brought to room temperature.
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2.6 Electron Microscope

2.6.1 Tissue immunofixation
During perfusion, a fixative using a low concentration of glutaraldehyde (0.1% or less) was
used. This was because some of the tissue was to be used for immunocytochemistry. A
fixative with a high glutaraldehyde concentration (> 1%) is usually used for tissue that will
then be viewed using an electron microscope. A good level of tissue preservation is achieved
as the glutaraldehyde forms a lattice of bonds between the membranes holding the
ultrastructure together by cross-linking proteins in the cytoplasm and extracellular space
(Stuart and Oorshot, 1995; Mrini, 1995). However, it is known that this maintenance of tissue
ultrastructure comes at the sacrifice of the maintenance of good antigenicity. To overcome
this, tissue was perfused using a fixative suitable for immunolabelling (4% paraformaldehyde,
0.05% glutaraldehyde and 0.2% picric acid).

Figure 2.8: Electron microscope pictures taken at a magnification o f xlOK o f the neuropil o f
the middle molecular layer o f the dentate gyrus. (A) Tissue fixed in a high glutaraldehyde
fixative (B) tissue fixed with the low glutaraldehye with picric acid fixative. Syn - synapse,
Den- dendrite, B- bouton, mito- mitochondria.
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We carried out a preliminary experiment to determine if good ultrastructure could be achieved
if tissue was placed as quickly as possible into a high glutaraldehyde fixative solution after
perfusion with low glutaraldehyde fixative for immunolabelling. Thus mice were perfused
using the immunofixative described above and then slices placed into a fixative solution of 2%
glutaraldehyde and 2% paraformaldehyde within an hour, for 24 hours. On electron
microscopic inspection, the ultrastructure was deemed adequate for quantitation, although
from the pictures in Figure 2.8B it is apparent that the neuropil has a grained appearance,
compared with high glutaraldehyde (Figure 2.8A). Thus, this newly developed method of
perfusion was employed for all of the mouse perfusions completed in this thesis.

2.6.2 Electronmicroscopy: further fixation for normal EM tissue examination
Tissue from transgenic animals was selected from the vibratomed sections for electron
microscopy (EM) when the ‘V’ shape of the dorsal hippocampus could clearly been seen in
the section. This area was chosen as the dorsal hippocampus has been shown associated with
spatial memory (Hock and Bunsey, 1998) and is an area that is severely affected in
Alzheimer’s disease. This tissue was then placed into phosphate buffered fixative containing
2% glutaraldehyde and 2% paraformaldehyde for at least 24 hours.

The hippocampus was then dissected out from the section and processed for EM by postfixing
in 1% osmium tetroxide for 1 hour and dehydrating through graded acetones before
embedding in Epon resin. Blocks were then hardened in an oven at 60°C for 24-48 hours.
Ultrathin sections of silver interference colour were cut on single slot grids coated with
Pioloform/carbon support film. Pairs of serial sections were mounted on the same slot grid and
then stained with uranyl acetate and lead citrate.
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Numerical synapse density was estimated in the middle part of the molecular layer of the
dentate gyrus using an unbiased disector method (Mayhew, 1992; Tiggs et al, 1996; Sterio,
1984). The physical disector differs from the optical disector in that a pair of serial sections a
known distance apart is needed for the estimation. The method relies upon the principle that if
a particle’s transect is seen in one section but not the next, then it is counted. The pair of
sections is known as the Took up’ and ‘reference’ sections. Thus the size of both of the pair of
sections used in this method needs to be roughly one third of the size of the object which is
being counted. In a similar way to the optical disector method, objects within a counting frame
are counted only when within its area and when not touching the forbidden lines (see Figure
2.9).

Reference section

Look up section

Figure 2.9: An illustration o f the disector counting rule. The left-hand section contains a 2D
counting frame and is known as the 'reference ' section. The right hand section is known as the
'look up ' section. For each o f the transects correctly sampled by the counting frame in the
reference section (a, b and c) a corresponding transect is sought in the look up section (the
dashed frame on the look up section is included to help the eye in this task and has nothing to
do with the counting rule). I f no corresponding transect is found anywhere in the look up
section (in this example transect a is missing, indicated by the asterisk) this particle is counted
in 3D. Note that although the transect from particle b that is seen in the look up section is
outside the dashed line this particle is not counted in 3D because it is still present in the look
up section. (Adaptedfrom Howard, 1998).
The middle molecular layer was chosen to estimate synaptic density as it belongs to one of the
single most vulnerable circuits in Alzheimer’s disease (Morrison and Hof, 1997) and synaptic
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Numerical synapse density was estimated in the middle part of the molecular layer of the
dentate gyrus using an unbiased disector method (Mayhew, 1992; Tiggs et al, 1996; Sterio,
1984). The physical disector differs from the optical disector in that a pair of serial sections a
known distance apart is needed for the estimation. The method relies upon the principle that if
a particle’s transect is seen in one section but not the next, then it is counted. The pair of
sections is known as the ‘look up’ and ‘reference’ sections. Thus the size of both of the pair of
sections used in this method needs to be roughly one third of the size of the object which is
being counted. In a similar way to the optical disector method, objects within a counting frame
are counted only when within its area and when not touching the forbidden lines (see Figure
2.9).
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Figure 2.9: An illustration o f the disector counting rule. The left-hand section contains a 2D
counting frame and is known as the 'reference ' section. The right hand section is known as the
‘look up' section. For each o f the transects correctly sampled by the counting frame in the
reference section (a, b and c) a corresponding transect is sought in the look up section (the
dashed frame on the look up section is included to help the eye in this task and has nothing to
do with the counting rule). I f no corresponding transect is found anywhere in the look up
section (in this example transect a is missing, indicated by the asterisk) this particle is counted
in 3D. Note that although the transect from particle b that is seen in the look up section is
outside the dashed line this particle is not counted in 3D because it is still present in the look
up section. (Adapted from Howard, 1998).
The middle molecular layer was chosen to estimate synaptic density as it belongs to one of the
single most vulnerable circuits in Alzheimer’s disease (Morrison and Hof, 1997) and synaptic
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loss has been shown to correlate most highly when compared to other pathological features
with the cognitive impairment seen in this neurodegenerative disease (Terry 1991). Twelve
pairs of digital images of the sections were acquired along the axis of the cell layer, from a
JEM 1010 electron microscope at a magnification of xl200 using a Kodak Megaplus digital
camera. Synapses were identified by the presence of both pre- and post-synaptic densities with
an associated vesicle cloud. The mean synaptic density per area was calculated using the
disector formula Nysyn = Q"syn/t.A where Q'syn is the total number of counted synapse profiles
that appear only in the nominated section, t is the thickness determined by the electron
scattering method (De Groot, 1988) and A is the area of the counting frame.

Apposition zone (AZ) mean area and total area were estimated using an in-house macro for
NIH image (Rusakov et al, 1998a; Rusakov and Kuuman, 1998b). AZs were identified at
synaptic sites by their characteristic neighboring post-synaptic density and considered to be
the membrane adjacent to this feature. All membrane profiles observed within each sampling
frame were outlined with binary lines using cursor editing tools and the background image
was cut off using gray level thresholding. The accumulated length of all curvilinear segments
shown were automatically measured in each image using an image analysis algorithm
developed ad hoc and stored in a file. This accumulated length was divided by the frame area
giving the profile length per unit section area, LA*. Then the value of Sv* was directly derived
from L a * (Underwood, 1970). Sv* = 4/tc (La *), LA *, LA * denotes the mean value of LA *
across the sample of planar sections. Roughly, 200 AZs were measured per animal to obtain a
result. AZ mean length was calculated by dividing the AZ total area by the animal’s synapse
density measurement. The apposition zone measurements are important parameters to
determine, because they provide information about the connectivity and efficacy of the
synapse population.
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2.7 Synapse to Neuron ratio

Following the acquisition of neuronal and synaptic densities, we were able to calculate the
number of synapses per neuron. This is vital as bias within density estimation is subject to the
volume of tissue within which the estimates are measured and factors such as shrinkage can
obscure a true result. Thus, it was necessary to estimate the amount of shrinkage that has
occurred within the tissue. This is especially important in this study as the two densities
obtained were from tissue processed in different ways, i.e. the neuronal density estimation was
carried out on sections of tissue which was perfused and then stained only, whereas the
synaptic density estimation tissue had been perfused, osmicated, dehydrated and then
embedded in epon. It would therefore be expected that the EM tissue would have incurred
more shrinkage. As we were analyzing different strains of mice it was considered that the
amount of shrinkage might alter depending on the line of mouse we were utilizing. The effect
of the removal or overexpression of the APP gene may have knock-on effects to alter neuropil
or cellular packing and the tissue’s ability to combat insult from processing. Therefore, when
the dentate gyrus measurements were being carried out on the slices ear-marked for neuronal
density estimation, the molecular layer was also measured and when synapse density was
being estimated, again the molecular layer was measured on the electron microscope. Thus, a
shrinkage factor could be calculated by dividing the two measurements, which was then
applied to the synapse density results. Once this was done it was possible to calculate the
synapse to neuron ratio by first ensuring that both densities were expressed as ‘per mm3 and
dividing the synapse density by the neuronal density to obtain the number of synapses per
neuron.
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Chapter 3

Amyloid Precursor Protein
Knockout mouse studies
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3.1 Introduction

APP processing gives rise to amyloid beta peptide, which accumulates in the plaques of both
sporadic and familial cases of AD (Seloke, 1996). Despite many proposed functions for APP
in vitro, the role of APP in vivo remains less well understood. The aim of this study was to
determine the effect of APP gene deletion on the structure of the CNS and in particular the
morphology of the dentate gyrus in the hippocampus. Data from in vitro studies have led to
several proposed functions of APP including a role in cell adhesion (Breen et al., 1991; Chen
& Yanker, 1991), growth promotion (Saitoh et al., 1989) and neurite outgrowth (Qui et al.,
1995) and it is therefore feasible that APP may play an important role in the generation and
maintenance of synaptic structures. The ages of 6 months and 10/12 months were chosen for
study as we were most interested to see how the result of a deletion of APP affected the
formative years of the mice considering it’s proposed roles in developmentmental processes.
Thus, key questions were to determine if any synaptic, neuronal or volumetric changes would
occur as a consequence of this deletion.

In order to gain some insight into the function of APP physiology of the normal brain, a line of
transgenic mice was utilised in which a targeted deletion of the APP gene was engineered. At
the behavioral level, our APP null mice exhibit no functional abnormalities in a test of spatial
learning in the Morris water maze (personal communication from Richard Anderson, GlaxoWelcome). Similarly, no abnormalities at the electrophysiological level were found, including
LTP. However, as this study will demonstrate these mice exhibit structural synaptic changes in
the dentate gyrus of the hippocampus as quantified by electron microscopy.
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3.2 Methods

3.2.1 Production of APP knockout mice.
Amyloid precursor protein (APP) knockout mice (KO) were generated by the insertion of a
target vector to the APP gene into HM-1 embryoblast stem cells generated (R. Neve, Harvard
Medical School, Belmont, MA). The APP targeted stem cell lines were injected into C57/B16
blastocytes that were then implanted into pseudopregnant mothers. A single chimera showing
stable germ-line transmission was then bred into a C57/B16 background and by appropriate
crossings, homozygous KO and wild type (wt) APP mutant mice were produced. The mice
were then backcrossed three times before they were sacrificed. All the mice used in this study
were bred at Glaxo-Wellcome, Stevenage, UK.

3.2.2 Selection of mice.
Six knockout and six wild type littermates (serving as controls) were taken, perfused and
processed as described in the previous methods chapter. Only male mice were used because
previous studies have shown that the influence of estrogen during the oestrous cycle can alter
the number of synapses in the hippocampus CA1 region (Woolley and McEwen, 1992).
Another study (Juraska et al., 1985) has shown that patterns of dendrite branching differ
between the sexes depending upon the region of brain examined and also a study by Loy and
Milner, points to the possibility that the hippocampus, a notoriously plastic area of the brain,
may be even more plastic in females. Therefore, it appears that generalizations concerning
plasticity cannot be made across the sexes or even across brain regions within a sex. This work
led us to believe that in an area like the dentate gyrus, we should be vigilant and consistently
only take male animals.
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3.2.3 Genotyping of transgenics
14% SDS-page western blot analysis of cortical homogenates obtained form APP KO tissues
was used to confirm the absence of APP in APP KO samples. Conversely, the presence of a
clear band of immunoreactivity at 100KD using the anti-mouse Ig-APP antibody (Mouse antiBeta-Amyloid peptide *PAD/Clone: AMY-33 Isotype: IgGl-kappa) confirmed the presence
of APP in wr tissues. All genotyping was carried out at Glaxo-Wellcome by Jill Richardson.

3.2.4 Stereological methods used.
After perfusion, brains were weighed and the parameters of brain volume and hippocampus
volume were estimated using the ‘Cavalieri’ method (see section 2.4). Then, the dentate gyrus
upper arm was mapped by making measurements of width, length and area. Neuronal density
was estimated using the ‘optical disector’ method and then using the measurements taken of
the dentate gyrus the total number of neurons was estimated. Synaptic density was estimated
in the middle molecular layer using a ‘physical disector’ (Sterio, 1984) and the mean and total
apposition zone measurements were done by the use of an in-house macro (Rusakov et al
1998a). All methods have been described in the previous chapter.

All results were analyzed using a two way ‘analysis of variance’ (ANOVA) statistical tests
and then deemed to be significant when p = < 0.05.
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3.3 Results

3.3.1 Brain and hippocampal volumes
APP null mice (KO) have a 10% and 12% smaller brain mass (wet weight) when compared to
age matched controls at 6 and 10-12 months respectively (see table 3.1), however, none of
these differences reach significance (p=0.15 and 0.4). Brain volume decreases by 27%
(p=0.007) with age in the control mice but this does not appear to happen in the KO animals.
There was also a parallel loss of volume in both the left and right hippocampi in the control
animals (p=0.04 and p=0.02 respectively). The KO animals had smaller brain volume at six
months (24% p=0.037) than the control animals but this volume appears to remain consistent
and there is no difference between animal groups at 10-12 months of age. However the
percentage volume of the brain taken up by the hippocampus does fall significantly with age
in the KO group (15% with p=0.019). This implies a loss of volume in the hippocampus that is
age dependent and that does not occur in the rest of the brain (see table 3.1 and figure 3.1).

When the results for the measurements taken of the upper arm of the dentate gyrus (DO) are
examined, it can be seen that there is no change in DG upper arm length between groups.
There are differences in area but these changes are the result in alterations in upper arm width.
The older animals in both groups have a narrower upper arm (only significant for the control
group 26% p=0.02) and the upper arm is consistently narrower in the control group at both
ages although this result does not reach significance (see figure 3.2 and table 3.2)
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Table 3.1: Table o f the volumetric results fo r APP KO and wt mice at both 6 and 10/12
months o f age. Data are means ofn=6 animals in each group.
Brain volume
pm3

Right
hippocampal
volume
pm3

Left
hippocampal
volume
pm3

% of brain
volume
occupied by
hippocampus

Brain
weight
grams

6 months wt

356.6

12.69

12.7

7.23

0.408

sem

26.26

1.67

7.76

0.37

0.072

6 months ko

270.2

11.2

10.08

7.95

0.38

sem

60.76

0.73

0.37

0.33

0.003

10/12mnths wt

261.86

8.27

8.20

6.36

0.456

sem

70.06

0.40

0.72

0.62

0.076

10/12mnths ko

252.4

8.95

7.95

6.68

0.408

sem

79.72

0.71

0.67

0.26

0.040

Table 3.2: Table to show the morphology results o f the upper arm o f the dentate gyrus in APP
knock out and wild type transgenic mice at both 6 and 10/12 months o f age. n=6 in each
group.
Width
pm

Length
pm

Volume
pm3

6 months wt

94.95

719.9

686.3

sem

3.24

51.21

77.37

6 months ko

96.65

692.3

682.3

7.30

69.70

108.0

10/12mnths wt

70.51

709.9

499.2

sem

3.94

63.66

64.04

10/12mnths ko

79.78

671.5

536.0

sem

233

76.76

23.03

sem
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Figure 3.1: Gross morphological results fo r APP knockout mice (ko) and wild type (wt)
littermate controls at 6 and 10/12 months. Six and 10/12 months old groups both have an
n=6. Error bars designate sem. Significance is indicated by an adjoining line whenp=<0.05.
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3.3.2 Synaptic and neuronal morphology
Synapse density increases with age by 44.6% in the KO group of mice (p=0.04019) and when
these older animals were compared with their control group this difference is 40% (p=0.0095)
(see Table 3.3 and figure 3.3). This difference in synapse density is not seen between the
groups of mice at the six-month time point. There also appears to be no difference between the
wt mice as they age (see figures 3.3 and 3.4 and Table 3.3).

Total apposition zone (AZ) area significantly decreases with age in both the control, 49%
(p=0.031) and KO, 60% (p=0.0083) groups of mice. There does not appear to be a difference
in total AZ area between the different groups of mouse strain at either age (refer to table 3.3
and figure 3.3).

Table 3.3: Results o f APP ko and wt mouse morphometry fo r 6 and 10/12 month old age
groups. n=6 in all groups.
Neuron
density
mm MtT)

Total
neurons
(xVtn

pm

6months wt

5.386

37.7

1.91

sem

0.320

5.94

ômonths ko

5.215

sem

Synapse
density

Synapse
neuron

per AZ
(total)

AZ
(mean)

pm2/pm

pm2

4198.25

0.1137

0.037

0.31

573.06

0.011

0.005

35.5

1.86

3661.7

0.1104

0.029

0.234

5.32

0.73

446.57

0.027

0.003

10/12months wt

5.788

28.5

2.02

3547.4

0.0587

0.072

sem

0.334

3.03

0.37

637.33

0.009

0.039

10/12months ko

5.664

30.1

3.36

6003.2

0.045

0.0165

sem

0.4&7

1.99

0.39

699.02

0.010

0.003
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Figure 3.3: Synaptic and neuronal morphology o f APP-null mice (KO) and littermate control
(WT) at 6 months and 10/12 months, n=6 in all groups. Error bars indicate SEM. A significant
difference (p=<0.05) is indicated by an adjoining line when appropriate groups are compared
via ANOVA.
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c

D

Figure 3.4: Electron micrographs o f mouse neuropil within the middle molecular
layer o f the dentate gyrus, A) wild-type mouse at 6 months B) knockout mouse at 6
months C) wild-type mouse at 10112 months D) knockout mouse at 10112 months. Note
the increased number o f synapses (indicated by *) and the decrease in average size in
the knockout mice at 10/12 months. PSD-post synaptic density, Mito-mitochondria.
97

Mean AZ area per synapse decreases with age (p=0.039) only in the KO groups of mice. There
appears to be an increase in size with age in the control mice too but this result is not
significant. There is a significant difference between the KO mice and their control groups at
10/12 months of age as the AZ size is much smaller (77% p=0.014)(see Figures 3.3, 3.4 and
Table 3.3).

Neuron density remains fairly constant between groups of animals and although it appears to
increase slightly with age in both control and KO groups these results do not reach
significance (see figure 3.3 and table 3.3).

When results for total numbers of neurons in the upper arm of the DG are examined, no
significant changes can be seen either between the groups of mice or mice at the different ages
although there appears to be a slight fall in neuronal number. Therefore we were unable to find
any evidence of neuronal loss in these APP null mice (refer to table 3.3 and figure 3.3).

When the numbers of synapses per neuron were calculated, the results mirror those seen for
synapse density. There is an increase of 39% in the numbers of synapses per neuron (p=0.029)
in the KO mice with age and at the 10-12 month time point there are 41% more synapses per
neuron (p=0.029) when the KO and control mouse groups are compared (refer to figure 3.3
and table 3.3).

Results for synapse density, synapse to neuron ratio, AZ total and AZ mean area have been
transformed by a shrinkage factor to exclude any volumetric changes which may have been
incurred during tissue processing. Shrinkage factors were calculated for each individual
animal and ranged from 13 to 45%, with the older mice experiencing more tissue shrinkage.
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3.4 Discussion

As previously described, brain atrophy is a major pathological feature of AD (Mouton et al.,
1998) and can be seen to be region specific. Studies involving the exploitation of new
Magnetic resonance imaging (MRI) techniques have begun to tease out this progressive
pattern of atrophy and are enabling development of this technique as an early diagnostic tool
(DeLeon et al., 1997, Bohren et al., 1998). Taking this very definitive facet of the pathology of
AD (note the mice used in this study were not aged past 12 months and therefore we would
not be looking strictly at ageing effects on atrophy), we considered it important to look at the
influence of the APP gene on the production of brain changes and then determine if this was
region specific. The data show that although the weight of the mice at both age groups was
consistent, the brain volume decreased with age in the wt group but in the older KO group was
similar to the young KO group i.e. the KO mice have initially a lower brain volume. This
result was mirrored by those for the hippocampal volume. However, when the results for the
percentage of the brain volume taken up by hippocampus are examined, the KO mice appear
to have less brain volume occupied by the hippocampus as they age and this is not seen in the
wt mice. This may indicate that some brain change is occurring in the hippocampus in the KO
mice even though during maturation the whole brain volume appears to be stable. The finding
of a reduced brain volume in the young KO animals is interesting and may well be explained
by the importance of APP during development as it has been shown that APP contributes to
neuron viability, axonogenesis and arborization and also that 3APP secretary products
modulate axon growfh, dendritic branching and dendrite numbers (Perez et al., 1997). Studies
utilising APP null mice show that APP null mice have a lower body mass (Phinney et al.,
1999; Zheng et al., 1995), this fits with our own observation that the KO mice were
consistently smaller than the wt control group (results not shown). This reduction of brain
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volume in KO when compared to the wild type mice is interesting in light of the consistency
of the brain, volume between the two groups. This means that some element of the brain
although taking up less three-dimensional space has a higher density. Although levels of lipid
or water content may be the source of this incongruity, it is not clear why.

The results from the study of the dentate gyrus profile show that there is little change in this
structure with age or between the lines of mice. The change in area is a consequence of the
narrowing of the dentate arm with age. This narrowing may be as a result of a natural fall in
neurogenesis in the DG. The DG is one of the few areas in the adult brain that exhibits steady
neurogenesis and cell death (Eriksson et al., 1998). Thus, as the mice age, this homeostatic
balance may be tipped and the cells may not be so readily replaced. A growing body of
evidence shows that many factors have a regulatory effect on adult hippocampal neurogenesis
and these include: hormonal status, excitatory input, several growth factors and also age
(Kempermann et al., 1997).

The results for neuronal density in the dentate gyrus upper arm illustrate that there is no
difference between the mouse lines at either 6 or 10/12 months of age. There appears to be an
increase in neuron density with age in both groups. This result can be explained by the
decrease in volume in the dentate gyrus that is seen in both groups with age. Thus, it appears
that neuron number is static, but the volume within which they are contained is reduced. This
assumption is confirmed when the results for total neuron number are considered. These data
show that when volumetric measurements are considered the total number of neurons is
consistent across line of mouse but as both of the groups of animal age this number falls. As
this occurs in both the knockout and the wild type mice groups it could be assumed to be a
characteristic of ageing. In fact, it is known that some neurons are lost during ageing, although
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these mice are only middle aged, as their typical life span is around two years. Thus, one can
deduce the possibility that the loss of neurons is a consequence of a slowing of neurogenesis
(or an increase in cell death) in the dentate as these mice mature. Therefore, it may be
concluded that there is no abnormal loss of neurons in APP null mice, even though the
function of APP as a neuroprotectant has been well established and its removal has been
shown to increase the vulnerability of neurons to insults (Masliah et al, 1997).

The results for synapse density indicate that there is no difference in this parameter between
the lines of mice at 6 months. However, as the mice lines age, they diverge and the KO mice
appear to experience an increase in synapse density that is not apparent in the wt group. APP is
known to function as a cell adhesion molecule (Breen et al, 1991) and has been located at
synaptic sites (Shingematsu et al., 1992). This deletion of the APP gene would appear to be
affecting synapse morphology. This may be manifest in the adhesive qualities of the active
synaptic domain, influencing its strength and size. When the data for the synapse to neuron
ratio are examined these are seen to typify the pattern observed for synapse density. The
increase in the number of synapses per neuron in the 10/12 month old KO mouse group is
quite conspicuous. This measurement eliminates some of the problems incurred with density
measurements, as it is a ratio of densities, removing the influence of volume alterations.

The results of the AZ measurements support the function of APPs role in cell adhesion
(Schubert et al, 1989). They indicate that AZ total area, that is the total amount of synaptic
connectivity in the neuropil of these mice, does not differ between the groups of mice at either
age time point. However this AZ total area is seen to decrease with age in both groups and
therefore may be illustrative of a normal pattern of maturation. The mean AZ area in these
mice decreases with maturation in the KO mice (although this result is a trend and does not
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reach significance). However, in the older wt mice the AZ mean area increases greatly, in
agreement with the results of other studies where they have been able to demonstrate that with
age synaptic discs become larger and more complex (Adams, 1987; Vrensen and NunesCardozo, 1981). This result however, does not reach significance, and this may be due to the
amount of variation within the groups of mice or the small numbers of mice used. The
disparity from those findings in the KO mice could be attributed to the lack of APP at synaptic
sites. It is important to point out that the present study did not include the analysis separately
of perforated synapse profiles and is crucial in light of our result of smaller synapse size.
Perforated synapses are difficult to characterise with only a pair of sections and more
extensive serial sectioning is needed to definitively detect a perforated profile. Thus, with only
a pair of sections it is possible that perforated synapses would elicit the appearance of two
small independent synapse profiles and therefore the assumption of more, smaller synapses
could be an increase in the number of perforated synapses. It is these perforated synapses
(complex synapses) that have been shown to increase with age (Caverley and Jones, 1990) and
have been found to be crucial to the maintenance of memory in the hippocampus (Geinisman
et al, 1986). However preliminary studies on a series of EM sections from both lines of these
mice at 12 months indicate that this is unlikely (results not shown).

Together the synapse morphology results lead to the conclusion that synapses in the KO
mouse group, are smaller although more numerous, and that this is a characteristic of these
mice which develops with age.

Studies carried out using the same APP null mice have been unable to show a behavioural
(using the Morris water maze) or electrophysiological deficits (personal communication from
Richard Anderson and Roy Gray at Glaxo-Wellcome). This was unexpected as several studies
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have outlined the importance of APP in the process of memory formation (Huber et al., 1993,
Huber et al., 1997). However, recent studies from Phinney et al., 1999, were able to show a
learning impairment using the same behavioural paradigm. Differences between these results
may stem from variations in methodology. However, Phinney’s mice were older (aged 18
months) and a different background strain (B6129) than those tested by my colleagues. During
this study Phinney also looked at synaptic bouton number by the expression of synaptophysin
immunoreactivity at the light microscopic level, and were unable to find any loss in
comparison to their controls. This supports our data in which we also found no overall loss of
synapses or their total area of connectivity. These results together imply that the changes in
synaptic morphology observed in this study are compensatory mechanisms in order to
maintain adequate connectivity and thus maintain behavioural and electrophysiological
stability.

Another comprehensive study on APP-null mice by Seabrook et al., 1999, was able to
characterise a deficit in the formation of LTP in the CA1 region of the hippocampus, gliosis
and disruption of staining for the dendritic marker MAP2 and the presynaptic marker
synaptophysin. The dendritic and presynaptic markers were expressed not as a decrease in
levels but as a more diffuse pattern of staining. The disruption of MAP2 staining was
associated with a significant reduction in overall dendritic length and projection depth of
biocytin labelled CA1 neurons. Those results for dendritic and synaptic morphology tally with
the data here as we were also unable to find a loss in synapses, only changes in size and
distribution.

Other studies using APP null mice have been able to demonstrate deficits that were not
parameters measured in this set of experiments. Decreased locomotor activity and reactive
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gliosis was demonstrated at 14 weeks of age in a study by Zheng et ah, 1995. These changes
were interpreted as suggesting an impairment of neuronal function. A paper has supported this
work by Perez et ah, in which hippocampal neurons from APP null mice were cultured.
Diminished viability and retarded neurite development was seen in these neurons. In
particular, decreased dendritic length and the smaller branching fibres in the CA1 pyramidal
cell layer were demonstrated. All these findings support the growing body of evidence
illustrating APPs importance in the roles of development (Storey et ah, 1996) and cell
adhesion. However, we have been unable to find neuronal or synaptic loss despite this
evidence.

The lack of effect of APP gene deletion on behaviour, electrophysiology and its limited effect
on synaptic plasticity and CNS morphology is perhaps surprising given the amount of in vitro
and in vivo data outlining the obvious importance of APP in a wide range of biological
mechanisms. Recent studies however, have identified amyloid precursor like proteins (APLPs)
located on chromosome 19 of a mouse cDNA library and it has been suggested that these
proteins may compensate for the loss of APP (Wasco et ah, 1992). Both APLP1 and APLP2
have been identified in mouse and human and are expressed in the brain. APLP2 shares high
sequence homology with APP and is produced through the same secretary pathway (Slunt et
ah, 1994). It also exhibits a pattern of expression and distribution that overlaps that of APP
(Crain et ah, 1996). Both APLP1 and APLP2 have been found to be expressed in the neuritic
plaques of AD, implying a possible role for these molecules in AD (Crain et ah, 1996; Bayer
et ah, 1997). It is therefore feasible that APLP2 can compensate for APP. Functional evidence
to support this hypothesis can be derived from a study in which APLP2 KO mice were crossed
with APP KO mice (provided by Zheng and colleagues) to produce double knockout
transgenics (Von Koch et ah, 1997). Whilst the APLP2 KO mice were of normal size, fertile
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and healthy up to 22 months of age, 80% of the double KO mice died post partum. This
suggests that APLP2 and APP are required in postnatal development and can substitute for
each other in vivo. Certainly similar roles to APP for APLP2 have been outlined for the
processes of axiogenesis (Thinakaran et al., 1995) and neurite outgrowth (Mok et al., 1999)
and APLP1 has been identified at the postsynaptic density (Kim et al., 1995).

In conclusion, thus taking into account all of the above evidence it is reasonable to assume that
other members of the family of APLPs are compensating for the deletion of APP in our APP
null mice and thus the lack of the APP gene is only manifested in modest synaptic
morphological changes.
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Chapter 4

Morphological studies on
APP overexpressing
transgenic mice
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4.1 Introduction
The over production of Ap in families with mutations in the APP gene have been shown to
lead to AD (Czech et al., 2000). Although the role of Ap and APP in the production of AD
cellular pathology is not clearly understood, the ‘amyloid cascade’ hypothesis has been
presented as the key to understanding this neurodegenerative disease (Hardy and Higgins,
1992). Altered processing of APP can result in an increase in the amyloidogenic processing
of the AP protein which leads to amyloid pathology in the brain (Dawbum and Allen,
1995). Neuritic amyloid plaques are consistently associated with damage to neighbouring
neuronal processes (DNs) (Dickson, 1997) and an inflammatory response centred upon the
chronic activation of microglia and astrocytes (MacKenzie et al., 1995). However, it is the
increasing levels of amyloid load, as opposed to increases in counts of plaques, that have
been seen to correlate with cognitive impairment (Cummings et al., 1996).

Since these pathological features do not occur spontaneously in rodents (Finch and
Sapolsky, 1999), the application of transgenic technology has been used to try to reproduce
this aspect of pathology in the mouse brain (Duff, 1998). High overexpression of human
APP containing familial AD mutations have previously been demonstrated to show
significant amyloid plaque pathology in mice (Van Leuven, 2000). These observations
support the role for AP accumulation in the pathological progression of AD. However the
mouse models already produced do not fulfil all of the criteria necessary to reach a
satisfactory model for AD, possessing neither the neurofibrillary pathology central to the
progression of the disease, nor loss of neurons, save a single model (Calhoun et al., 1998).
Moreover, the synaptic pathological patterns characteristic of AD which have been closely
correlated with cognitive deficit in AD patients are incomplete (Masliah et al., 1993b;
Irizarry et al., 1997b). Different models have also attempted to characterise behavioural
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deficits in these models with varying degrees of success (Moran et ah, 1995; King et ah,
1999).

As this field of research continues to grow it becomes apparent that more work needs to be
completed to standardise these models, so that the ‘best’ mouse model can be identified.
Therefore using the overexpressing transgenic mouse produced at GlaxoWellcome, a full
characterisation of one mouse model was carried out. A significant age-related increase
was observed in the levels of total and individual species of A pl-40 and 1-42(43) in the
brains of transgenics as opposed to non-transgenic littermate controls. These mice also
show water maze deficits as early as 6 months of age (although not at two months). Plaque
and associated pathologies are observed by the 12-month time point and the burden
increases substantially, particularly in the cortex by 18 months (Jill Richardson, personal
communication, GlaxoWellcome).

A longitudinal morphological study to combine with these results was undertaken and mice
were investigated at four time points; 6, 12, 18 and 24 months. The parameters of neuronal
number and synapse morphology in the dentate gyrus were measured to ascertain the
influence of the overexpression of the APP gene on the transgenic mouse’s cellular
integrity. Also the appearance of some of the previously described features relating to the
increased load and deposition were studied at the electron microscope level.
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4.2 Methods
4.2.1 Tas 10 APP transgenic mouse production
Transgenic mice were produced by Glaxo-Wellcome, which overexpress an isoform of
APP. A Thy-1-APP transgene was generated by inserting the 695 act isoform of human
cDNA (APP695) harbouring the Swedish double familial mutation (K670N; M671L) into
a vector containing the murine Thy-1 gene. This insertion replaced the coding sequence of
Thy-1 gene allowing brain-specific expression of the transgene (Vidal et al., 1990). The 5’
end of the APP coding sequence is preceded by a blunted Hindlll site and a strong Kozak
translation initiation sequence. All modifications were made using standard cloning
methods and PCR-based site-directed mutagenesis. The Thy-1-APP gene fusion was
dissolved in TE (lOmM Tris, ImM EDTA, pH 8) to a final concentration of lOug/ml prior
to injection. Transgenic lines were generated by pro-nuclear micro-injection of this
fragment, after removal of backbone plasmid sequence, into fertilized oocytes from
c57bl/6xC3H mice.

4.2.2 Stereological methods used
Six overexpressor mice and 6 wild-type littermates (as controls) were used at 6, 12 and 24
months, but only 5 animals were used in both the overexpressor group and control group at
18 months of age throughout this study (only males were taken for all age groups). Once
the mice were perfused their brains were removed and processed as outlined in the
previous methods chapter. The brains were weighed and then brain volume (minus
cerebellum and occipital lobes) and hippocampal volume were estimated using the
‘Cavaleri’ method (see chapter 2). Parameters of the DG upper arm were then measured.
Neuronal density was estimated via the ‘Optical disector’ technique and then using the
measurements taken for the DG, total neuronal number in the upper arm of the DG was
calculated. Synapse density measurements were made in the middle molecular layer of the
dentate gyrus using the ‘Physical disector’ method. Mean and total apposition zone
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measurements were made utilising an in-house macro on NIH Image and the images
obtained to calculate synaptic density (Rusakov et al., 1998a). All stereological method
details have been fully explained in the methods chapter.

All results in this chapter were analysed using a two way ANOVA statistical test and also a
‘post-hoc’ test was used to test appropriate individual groups. Differences were deemed
significant when p = < 0.05.

4.2.3 Transgene expression analysis
APP transgene products were examined in progeny of transgenic founders sacrificed at 1-4
months of age. Protein abstracts from brains of transgenic and littermate controls were
prepared by homogenisation of half-brains in RIP A lysis buffer (50mM Tris pH8, 150mM
NaCl,

1% sodium deoxycholate, 1% Triton-X, protease inhibitors) followed by

centrifugation at 13000’rpm for 20’ (4°C). SDS was added to the supernatants to a final
concentration of 1% and equal amounts (20jLig) of protein fractionated using 8% SDSPAGE. Expression of APP was determined using the LN27 monoclonal anti-APP antibody
(Zymed). The overexpression of APP in the Tas 10 line is thought to be about 8 fold. All
transgene analysis was done at Glaxo-Welcome by Jill Richardson.
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4.3 Results
It is interesting to note the general observation that the Tas 10 mice were particularly
aggressive when handled. Another group working with APP overexpressing mice with
both London and double Swedish mutations have noted particularly aggressive behaviour
in their mice, which was alleviated with serotonergic agonists (Moechars et al., 1998).
They argue that the aggressive component observed in their mice, makes them potentially a
more complete model for the study of the complexity of aspects that constitutes human
AD.

Before the results for the morphological studies are considered it is important to view the
relative increase in Ap load levels that are seen within the Tas 10 mouse line, collected at
Glaxo-Welcome, so that the changes described below can be considered in parallel with
this information. See figure 4.1 below.
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Figure 4.1: Elisa data showing total Afi4 values expressed in pmol/g (+/- sem) in brain
samples from wt (A) and Tas 10 mice (B) over 24 months. Values are an average from 6
mice from each group and shown fo r hippocampus (HC), cortex and cerebellum.
Antibodies used were 4G8 (capture) and biotinylated 6E10 (reporter).
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4.3.1 Qualitative morphology at the electron microscopic level

4.3.1.1 Six months
Observations at the electron microscopic level highlight certain features from the sixmonth time point in Tas 10 transgenic mice throughout their ageing process. These features
are seen as the mice age, increasing in number and severity in the overexpressor mice.
These observations are collected from the study of 70nm sections of dentate gyrus and in
particular the molecular layer.

Lysosomal Activation
There is evidence for lysosomal activation within the neuropil of the overexpressor mice.
This presents itself as increased numbers of all kinds of lysosomes (subtype could be
established via immunolabelling) and an increase in deposits of lipids (see figure 4.2).
These deposits appear in the younger overexpressor animals and are especially abundant
near vessels (see figure 4.3b and c).

Glial Activation
Activation of glia is found throughout the neuropil in the form of astrocytic glia and
phagocytic microglia (see figure 4.4). The glia appear more numerous in the Tas 10 mice
compared with wt mice although no quantification was carried out and only their distinct
morphology (Mori and Leblond, 1969a, 1969b and 1970) was used to identify their
activated status.
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(C)

(I))

Figure 4.2: Selection o f inclusions seen in Tas 10 mice.
(A) Lysosomes and deposits o f lipid in a cell body o f a granule cell from the dentate
Gyrus (DG) at 6 months o f age.
(B) and (C) deposits o f lipid and lysosomes within cellular processes o f dendrites and
dendritic terminals at 6 months o f age.
(D) An example o f a membranous whorl seen in the neuropil o f the molecular layer o f
the DG.
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Figure 4.3: (A) A plaque in a Tas 10 mouse aged 18 months. There appears to be no
discrete core, only a diffuse AJ3 component. A huge DN presence is obvious with the
addition o f a glial cell (far left).
(B) and (C) Lysosomes and lipid deposits next to blood vessels seen in Tas 10 mice
aged 6 months. DN-dystrophic neurite.
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(B)

Figure 4.4: (A) Activated microglia (B) Astrocyte, in the neuropil o f the DG
molecular layer in Tas 10 mice aged 12 months.
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Membranous whorls
These are also seen throughout the neuropil (see figure 4.2d). They are an indication of the
initiation of some membranous degeneration/dysfunction (Neve et al., 1996).

Dystrophic Neurites
These are synaptic boutons undergoing reactive and neurodegenerative change (see figure
4.5 a-c). They contain degenerating mitochondria and multilaminar dense bodies. The
more developed dystrophic neurites are swollen and often larger and fuller, containing
multivesicular and multilaminar dense bodies, dense core vesicles and small clear vesicles.
These are also found throughout the neuropil in the molecular layer of the dentate gyrus.
However at this time point they appear to be fairly isolated and mostly small in size.

4.3.1.2 Twelve months
At this age the overexpressor mice have a larger proportion of disrupted neuropil, in
particular, surrounding blood vessels. At this location increased numbers of lipid deposits
can be seen together with an increase in glia, adjacent to the vessels. This increase in lipid
deposits is also seen within the remainder of the neuropil. There is also a further increase
of reactive microglia and astroglia indicating an inflammatory response perhaps indicating
the increase in Ap burden or even deposition. The other features described at six months
are also seen but at a higher frequency. Also, the number and size of dystrophic neurites
increase. As their numbers escalate they begin to appear in clusters (see figure 4.5d and e).
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(d)

(e)

Figure 4.5: (a)-(c)Examples o f forming dystrophic neurites (DN) in the neuropil
o f the molecular layer o f the DG in Tas 10 mice aged 6 months.
(d) and (e) more developed DNs in the neuropil o f the MML in Tas 10 mice aged
12 months. DN-dystrophic neurite.
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4.3.1.3 Eighteen months
At eighteen months dystrophic neurites in the overexpressor mouse are more extensive,
still showing the features of abundant multilaminar and multivesicular dense bodies, dense
core and small synaptic vesicles and still increasing in size, number and clustering
together. All the other features previously described for the younger mice are also present
within the neuropil.

Plaques
At 18 months, plaques can be seen by electron microscopy, they have been described
previously at the light microscope level at 12 months, with just one or two reported in the
hippocampus, while more could be seen in the frontal cortex (see figure 4.11). The plaques
were seen to consist of discrete developed dystrophic neurite bundles, these appear as
complex systems surrounding other elements of the plaque and are the intracellular
component of the plaques (see figures 4.6 and 4.7). An amyloid core is clearly visible,
consisting of aggregated fibrillar A(3 and varying in size. In some of the plaques a core is
the predominant feature, whereas in others there is only a minimal core with a much more
extensive dystrophic neurite system (see figure 4.3a). Often, a degenerating neuronal cell
body and sometimes microglia can be seen proximal to the plaque. This may indicate some
degree of toxicity within the region leading to the death of the neuronal cell body and an
extensive immunological response leading to the release of cytokines affecting the
remainder of the neuropil. In general, the frequency of the plaques is such that 2-3 are seen
in the hippocampus in a section that is only 70nm thick. There are a huge number of
components that constitute a plaque seen in AD and we can only speculate as to their
involvement in the production of our plaques in these mice.
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Figure 4.6: (A) An electronmicrograph o f a plaque seen in the neuropil o f the
molecular layer o f the DG in Tas 10 mice aged 18 months. The plaque has a
discrete fi-amyloid core and surrounding network o f DNs. Note there are also
two blood vessels associated with the plaque (top left). (B) A schematic diagram
o f the plaque in A, describing its features (DN - dystrophic neurite, BDN - bundles
o f dystrophic neurites, BV - blood vessels).
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(C)
Figure 4.7: Features o f the plaque seen in figure 4.5.
(A) Blood vessel and DNs
(B) DN networks surrounding the core taking up the majority o f the plaque
volume.
(C) Plaque core, composed o f aggregated fibrillary A/3.
DN-dystrophic neurite.
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4.3.1.4

Twenty-four months

As well as an increase in features previously described in early age groups, at 24 months
there is a marked increase in the number of plaques seen within the molecular layer of the
DG in the hippocampus. Instead of the few seen in electron micrographs throughout the
hippocampus, many are seen in the molecular layer alone. These plaques are of various
size and morphology.

Large complex plaques are obvious (see figure 4.8a) but also

smaller plaques with a less obvious amyloid core component (see figure 4.8b) are also
present together with large deposits of amyloid (see figure 4.8c). As well as these
extracellular deposits of amyloid large intracellular deposits can be seen within dystrophic
neurites (see figure 4.9).

The level of the activation of the glial response also appears to be greatly enhanced. Glia
can be seen adjacent to plaque cores (see figure 4.10a), perhaps taking on a phagocytic role
or secreting factors to heighten the immunological response. Further evidence for this
comes from the observation that glia can also been seen to contain phagocytic inclusions
(see figure 4.10b and c).
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Figure 4.8: All micrographs taken are o f Tas 10 mice at 24 months.
(A) A plaque with both amyloid and DN components.
(B) A plaque with only DN components, no discrete core o f amyloid is seen.
(C) A large deposit o f amyloid with only very immature DNs.
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Figure 4.9: DNs with intracellular fibrillar deposits which may be
aggregated Afi. Micrograph taken in Tas 10 mice aged 24 months in the
MML o f the DG.
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Figure 4.10: Micrographs taken in the MML o f Tas 10 mice aged 24 months.
(A) Glial cell next to a plaque core.
(B) Glial cell with large lipid and fibrillar material inclusions.
(C) Glia with inclusions o f fibrillar material next to a DN.
DN-dystrophic neurite.

Figure 4.11: Age dependent amyloid deposition in the hippocampus and cortex
o f Tas 10 transgenic mice. Coronal sections ofhemisected brain taken from
mice aged 6 ,1 2 ,1 8 and 24 months (A-D). Sections (A-C) were stained with
G28, section (D) with G30 and G33. Wild-type littermates lacked amyloid
plaques at all ages studied. Provided by Jill Richardson at Glaxo-Wellcome.
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4.3.2 Gross morphological results

Results from Figure 4.12 and table 4.1 show that brain weight changes little with age, until
the 24 month time point when brain weight of the Tas 10 group increases compared with
the same line at 6 (p=0.09) and 12 (p=0.04) months. Brain volume changes little also, until
24 months when it increases in the wt mouse group compared with the 18 month wt group
(p=0.039) and the Tas 10 aged matched group (p= 0.047). The right and left hippocampus
volume result mirror each other in that there is no real difference at any age between any
group until 24 months when the hippocampal volume in both the left (p=0.011) and right
(p=0.028) hippocampi of the Tas 10 mice are less compared to age matched controls. Thus,
the percentage of hippocampus (when subtracted from the rest of the brain) is fairly static
across the groups and none of the results reach statistical significance until 24 months. At
this age the Tas 10 mice have a lower % of brain occupied by hippocampus when
compared with the 24 month wt group (p=0.021) and Tas 10 mouse groups at 12 (p=0.033)
and 18 (p=0.009) months.

The data in Figure 4.13 and table 4.2 show that there is little change in the morphology of
the dentate gyrus upper arm either between line of mouse, or with advancing age. The only
apparent difference is that the width measurement of this cell layer in the overexpressor
mice at 24 months increases compared with the Tas 10 mice at 18 months (p=0.04). The
measurements taken for the length of each arm are very consistent although, at 24 months
the length of the Tas 10 mice is increased compared with the 6 (p=0.027) and 12 (p=0.028)
month Tas 10 mice. Thus, as expected, the area changes little between groups and only at
24 months does there appear to be difference between group, although this is not a
significant (at 24 months the difference between Tas 10 and wt groups p=0.07).
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Table 4.1: Mean volumetric results fo r APP Tas 10 overexpressor mice at 6, 12, 18 and 24
months of age and their respective control groups. N=6 fo r all groups except 18 months
when n=5 ( +/- sem, standard error o f the mean).
Brain
volume
pm3
6 months wt
sem
6 months ox
sem
12 months wt
sem
12 months ox
sem
18 months wt
sem
18 months ox
sem
24 months wt
sem
24 months ox
sem

247.33
73.43
244.76
73.73
249.52
72.39
236.38
6.43
237.12
73.93
235.65
3.23
287.17
3.37
264.15
3.32

Right
hippocampus
volume
pm3
10.98
0.43
10.63
1.10
10.37
7.78
9.936
7.2
10.01
0.66
11.45
0.37
13.12
0.86
10.12
0.30

Left
hippocampus
volume
pm3
10.31
0.33
10.62
0.93
10.97
7.77
9.93
0.38
10.62
1.02
11.52
0.33
13.17
0.836
9.77
0.67

% o f brain
volume
occupied by
hippocampus
8.61
0.33
8.67
0.68
8.6
0.90
8.5
0.87
8.83
0.82
9.6
0.37
9.12
0.34
7.51
0.24

Brain
weight
(grams)
0.45
0.073
0.411
0.016
0.416
0.015
0.426
0.004
0.424
0.013
0.42
0.011
0.45
0.007
0.47
0.006

Table 4.2: Morphology results o f the upper arm o f the dentate gyrus in APP Tas 10
overexpressor mice and their wild type litter mate controls at 6, 12, 18 and 24 months o f
age. (+/- sem, standard error o f the mean). N=6 fo r all groups except 18 months when
n=5.

6 months wt
sem
6 months ox
sem
12 months wt
sem
12 months ox
sem
18 months wt
sem
18 months ox
sem

Width
pm
69.88
4.04
69.3
2.94
72.85
4.48
73.43
3.79
78.96
6.72
65.33
3.93

Length
pm
766.97
23.30
716.26
3.07
736.05
33.96
716.82
23.76
728.09
703.32
730.10
23.79

Volume
pm3(xio+5)
596.685
40.42
573.486
40.44
605.401
43.73
653.558
61.12
591.733
93.96
588.00
31.34

24 months wt
sem
24 months ox
sem

86.36
3.33
81.60
3.03

800.24
79.22
811.44
24.78

815.00
67.23
670.00
37.37
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Figure 4.12: Gross morphological results (+/- sem) fo r Tas 10 mice (ox) and wild type
(wt) littermate controls at 6, 12, 18 and 24 months. Six, 12, and 24 months old groups n=6
whereas 18 month old groups n=5. Significant results are indicated by an adjoining arrow
when p=<0.05.
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Figure 4.13: Morphology o f the Dentate Gyrus upper arm fo r Tas 10 mice (ox) and wild
type (wt) littermate controls. Six, 12 and 24 month old groups n=6 whereas 18 month old
groups n=5. Significant results are indicated by an adjoining arrow whenp=<0.05 and
error bars indicate +/- sem.
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4.3.3 Neuronal and synaptic morphometry

From the results in table 4.3 and figure 4.14 showing neuronal morphology, it is clear that
there are some obvious differences between the overexpressor mice and the control mice.
For neuronal density, there is little difference between groups until 24 months when there
is a sharp increase in neuronal density in both wild type and Tas 10 groups. All age groups
are statistically different from the 24 month old wt (the p= 0.02 at 6, p= 0.001 at 12 and p=
0.002 at 18 months) and Tas 10 groups (p=0.03 at 6, p=0.009 at 12 and p=0.003 at 18
months), although there are no differences between mouse line at any age. This result may
appear strange but, as the mice age, they experience different shrinkage rates which distort
results, so that a small increase in density may appear huge and the true significance may
be masked. However, when all the volumetric changes that are occurring in this tissue are
taken into consideration and total numbers of neurons looked at, you can see a difference
of 10% at 6 months, 7% at 12 months, 18% at 18 months (p=0.054) and 22% at 24 months
(p=0.011) between mouse lines. There appears to be no statistical difference within the
same mouse line at any age, thus it appears that generally the Tas 10 mice have a smaller
number of total neurons than the wt controls initially and this is exacerbated with age.

When the data for the synapse to neuron ratio are examined (i.e. how many synapses there
are in the middle molecular layer per granule cell in the upper arm of the dentate gyrus),
there is a clear rise in the number of synapses per neuron at 12 months in the overexpressor
mice when compared to wild-type mice, which is maintained at 18 months and then falls
away at 24 months (see figure 4.14). At 12 months, this increase is 39% (p=0.069) and at
18 months, this difference is 21% (not significant). This difference in number of synapses
per neuron is not seen at 6 months of age between mouse groups, thus between six and 12
months the overexpressor mice are increasing their number of synapses, leading to an
increase of 41% (p=0.050). The fall in the number of synapses per neuron at 24 months is
seen in both the wt and Tas 10 mouse groups, although only in the Tas 10 mice line, are
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these differences significant (between 12 and 24 (p=0.004) and 18 and 24 months
(p=0.01)).

A similarly striking result can be seen at the 12 month time point when the results for
synapse density are compared in the Tas 10 and wt groups (32% p=0.07). An increase in
synapse density is seen between 6 months and 12 months in the overexpressor mice (36%
p=0.029) (See Figure 4.14 and 4.15). A similar but less pronounced increase in synapse
density between the mice groups is also seen at 18 months but this result is not significant
and by 24 months this pattern is even less obvious (see figures 4.14 and 4.16). Data for
synapse density are different from those for the synapse to neuron ratio and are constrained
by certain factors, this result assumes that there are no changes in volume between mouse
line, or during processing and treatment. This is not true and therefore more confidence can
be placed in the results for the number of synapses per neuron, because this result is
calculated from two densities in the same tissue and therefore obviates some of these
problems.

The results for the total apposition zone (AZ) area in the Tas 10 mice show that there is a
gradual increase in area during ageing which is equal to, or more than, that seen in the
control groups. There is no significant difference between the groups of mice at any age,
although there does appear to be more total AZ in the overexpressor mice at some of the
ages.

The results for mean AZ area show that the synapses are smaller in the Tas 10 mouse
groups with this result being most conspicuous at the 12-month time point. The decrease
in synapse average size (mean AZ) at 12 months is 30% (p=0.052). It is important to note
that this result is not apparent at 6 or 18 months and thus is within the same time frame as
the changes in synapse number. At 24 months the pattern changes completely and both the
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wt and Tas 10 mice appear to have an increase in mean AZ which appears to be even
greater in the Tas 10 mice. This result, although quite obvious, does not reach significance,
as there appears to be a large amount of variation within the groups.

Together, these results indicate that there are more synapses in the Tas 10 mice at 12
months than in controls and that they are smaller but as they age this changes and as the
Tas 10 mice lose synapses the remaining synapses become lager.

6 months wt

II!

Total
Neurons
WO+'j

3

Table 4.3: Results o f neuronal and synaptic morphometry fo r Tas 10 overexpressor (ox)
mice and wild-type control mice (wt) at 6, 12, 18 and 24 months o f age. ( +/-sem). N=6 fo r
all groups except 18 months when n=5.
Synapse
Density
pm3

Synapse
per
Neuron

AZ
AZ
(total)
(mean)
pm2/um3 pm2

39.10

2.3506

2.17

5549.87

0.031

0.0175

7.46

0.277

0.36

7374.37

0.003

0.0046

35.37

2.033

1.82

5136.06

0.036

0.0162

1.64

0.734

0.739

433.67

0.004

0.002

12 months wt

38.36

2.2108

1.94

5273.7

0.044

0.0228

sem

2.43

0.2303

0.223

337.73

0.007

0.0026

12 months ox

35.86

2.4656

2.87

8568.99

0.0438

0.0158

sem

4.74

0.3643

0.40

7333.92

0.002

0.0073

18 months wt

38.76

2.2778

2.35

6098.26

0.046

0.0197

sem

3.37

0.3363

0.27

629.32

0.0033

0.0017

18 months ox

31.89

1.8903

2.57

8284.89

0.0486

0.0175

sem

2.96

0.2473

0.37

1159.71

0.010

0.0026

24 months wt

43.67

5.39

2.11

3964.75

0.0515

0.026

sem

4.73

0.33

0.267

792.43

0.0007

0.003

24 months ox

34.47

5.17

2.294

2711.62

0.0543

0.0304

sem

2.47

0.33

0.433

663.9

0.0031

0.003

sem
6mnths ox
sem
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Figure 4.14: Neuronal and synaptic morphology results fo r Tas 10 mice (ox) and wild type
(wt) littermate control mice. Six and 12 months old groups n=6 whereas 18 month old
groups n=5. Error bars indicate SEM. A significant result (where p=<0.05) is indicated
via adjoining lines when appropriate groups are compared via ANOVA.
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Figure 4.15: Electron micrographs taken at a magnification o f 12,000 in the
MML o f the DG in transgenic mice. (A) wt and (B) Tas 10 mice at 6 months.
(C)wt and (D) Tas 10 at 12 months. Synapses are indicated by red stars.
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Figure 4.16: Electron micrographs taken at a magnification o f 12,000 in the
MML o f the DG in transgenic mice. (A) wt and (B) Tas 10 mice at 18 months.
(C)wt and (D) Tas 10 at 24 months. Synapses are indicated by red stars.
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(B)
Figure 4.17: Electron micrographs taken o f the upper arm o f the DG in
(A) wt and (B) Tas 10 mice at 24 months o f age. Note the appearance o f
glia in the Tas 10 mouse.GC-granule cell.
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4.4 Discussion
Because AD is a progressive neurodegenerative disease, Tas 10 transgenic mice were
utilised to ascertain evidence for the exhibition of the characteristic lesions of this disease
with age as a function of the overexpression of the APP gene. Therefore we searched for
evidence pointing to atrophy, neuronal loss and changes in synaptic morphology within
these mice. Qualitative changes were also seen, during sampling and during observations
of neuropil at the electron microscope level.

There is evidence for degeneration in Tas 10 mice as early as the 6-month time point from
observation at the electron microscopic level. This comes in the form of the appearance of
an increase in lysosomes and lipid deposits and the presence of membranous whorls. These
features along with some early dystrophic neurites indicate that changes in these mice have
already begun early within the mouse. This points to disruption of cellular systems before
any apparent changes in the aggregation and deposition of A(T Leakage of the lysosomal
system has been linked with cell death and it is known that there is an up-regulation of
lysosomal protease and numbers of lysosomes which have been implicated in cell
population vulnerability in AD (Cataldo et al., 1996).

These early changes are also interesting in light of the behavioural data obtained by my
colleagues outlining changes at this early time point (Personal communication from Jill
Richardson, Glaxo-Welcome,). This shows that the mice develop a behavioural deficit in
the hidden platform Morris water maze at 6 months which is not evident at 2 months.
These results, along with our data, suggest that very little time elapses in these Tas 10 mice
before they become challenged and their cellular systems are compromised.

It is interesting to note that in the younger animals many of these initial features are present
in the vicinity to blood vessels. This implies that the source of insult may stem from this
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feature. Thus, one might speculate that some Ap is either collecting or originating from
this region. This is interesting in light of the cerebral angiopathy associated with families
with the double Swedish mutation and other familial AD mutations (Czech et al., 2000)
and a recent suggestion that a source of Ap is found within monocytes in meningeal
vasculature in sporadic AD (Jung et al., 1999).

Evidence for immunological activation comes from the presence of numerous astroglia and
activated microglia within the neuropil of the Tas 10 mice. The appearance of increased
numbers of glia is apparent as early as 6 months and escalates as the mice age.
Quantification with immunolabelling would confirm this observation. Microglia in
particular are known to participate in the progression of AD, releasing factors to further
stimulate the immunological response (Unger 1998), phagocytosing debris, maybe even
AP (Frackowiak et al., 1992) and influencing the formation of plaques (MacKenszie et al.,
1995). In fact, in our model we were able to see microglia associated with plaques and
phagocytosing debris. To test if these microglia were enhancing the immune response by
releasing or stimulating cytokines further immunolabelling experiments would be
necessary.

The development of dystrophic neurites is seen from 6 months of age in the Tas 10 mice
but at no time are these features seen in the wild-type littermate controls. The dystrophic
neurites begin small and are sparsely distributed in the younger animals. As they age, they
become larger, more swollen and form networks within plaques. The dystrophic neurites
contain debris from the dendrites and constitute dysfunctional units. These DNs are a
prominent feature in AD (Dickson 1997; Su et al., 1998b) and have been described in
many of the other APP overexpressing transgenic mouse models (Masliah et al., 1995b;
Sturchler-Pierrat et al., 1997; Hsiao et al., 1996). The production of these features could
arise via two mechanisms 1) an insult to the cell from which they belong (Einstein et al.,
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1994) or 2) from local insult which may later affect the cell from which they originate (Su
et al., 1998b). Our model would lead us to believe the latter as we

were

unable to fin

evidence for ominous sign of serious cell body insult.

As the Tas 10 mice age, the DN networks become more complex, are often associated with
a central deposit or core of aggregated Ap and exhibit the features of senile plaques.
Plaques in Tas 10 mice can be seen as early as 12 months of age at the light level, but are
relatively infrequent especially in the hippocampus (Personal communication from Jill
Richardson at Glaxo-Wellcome, UK). By eighteen months a few plaques can be seen in the
hippocampus by electron microscopy and by 24 months the numbers have expanded so
that several are seen in the molecular layer alone. Plaques are paramount to the progression
of AD and their production along with accompanying pathological features was the main
target of the Tas 10 mouse production.

Other groups working on APP overexpressing transgenic mice have been able

to

characterise the production of plaques as a product of ageing. They have been able to
describe different plaque types and the involvement of other ‘classic’ plaque elements,
such as microglia (Masliah et al., 1995b; Frautschy et al., 1998). However, no other group
has carried out a longitudinal study in which the features of plaque progression and
development have been systematically observed as the mice age. The most comprehensive
study completed utilised the Games mouse at 8 and 12 months. That study fully described
the features of plaques seen in the Games model at 8 and 12 months and concludes that the
plaques mimic those seen in AD and many of the other associated complex subcellular
degenerative changes (Masliah et al., 1995b).

Therefore, it was deemed important to observe which type of plaques were produced in the
Tas 10 mice and how they developed with age to try to ascertain the sequence of events in
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their production. At 24 months, plaques, which are comprised of large DN networks and an
amyloid core can be seen, however, plaques with a less obvious core are also apparent
along with an increase in the number of A(3 extracellular deposits and intracellular deposits
within neurites. These kinds of plaques are not seen at earlier ages, thus, it may be
concluded that the development of plaques begins with the development of DNs, which
then form networks, as surrounding neurites become affected. It is plausible that amyloid
collects in this area, as the surrounding processes are no longer able to cope with its
removal and, once a threshold is reached, the amyloid aggregates into fibrillar deposits.
Therefore the question remaining is: what is the trigger for the initiation of the production
of DNs? This may in fact be A(3 itself, due to either a switch in processing to the
amyloidogenic pathway, as is believed to occur in AD (Dickson 1997), or, as here, the
large increase in Ap load as the consequence of a harboured mutation. The possibility of
another unknown initiating factor cannot be ignored and it has been shown that in monkey
cortex glial and synaptic responses precede plaque formation (Martin et al., 1994).
However, it has been proposed that plaques may be produced by the subsequent combined
effect of increases in amyloid leading to synaptic and axonal injury followed by cycles of
neuritic sprouting and degeneration (Masliah et al., 1993a).

The results for the volumetric measurements in the Tas 10 mice show that there is a
difference between mouse brain volume and both hippocampal volumes at 24 months only.
This suggests that there is a small age dependent level of atrophy in these mice compared
with age matched, wild-type control mice. Also, there is a marked decrease in the
percentage of brain occupied by the hippocampus show that at 24 months. This indicates
that although there is atrophy in Tas 10 mice at the 24-month time point in both the brain
and hippocampus, the level of atrophy in the hippocampus is considerably greater. Brain
atrophy and in particular hippocampal atrophy are predominant features of AD and are
indicative of levels of neuronal and synaptic loss, and other neuropathological lesions.
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Indeed, methods of quantifying hippocampal atrophy are being proposed as methods to
yield an early diagnosis of the disease (DeteledoMorrell et al., 1997; DeLeon et al., 1997)
and have been correlated with cognitive decline (Mouton et al., 1998). Thus, in Tas 10
mice the level of atrophy in the hippocampus may indicate more changes in this region in
terms of neuronal loss, myelin degeneration and general loss of neuropil due to the
increase in lesions such as amyloid deposits and plaques and synaptic loss.

From the results for the morphometric measurements of the dentate gyrus it is not apparent
that the hippocampal atrophy seen at 24 months in Tas 10 mice stems from this region
alone. There is little change in the morphology of the dentate gyrus upper arm either
between line of mice or with age. The volume of the DG upper arm is smaller in the Tas 10
mice although this does not reach significance (p=0.07). Thus, it could be assumed that the
level of atrophy in the hippocampus may in fact stem from changes occurring in other
regions of the hippocampus that are known to be more severely affected in AD, like CA1
(West et al., 1994).

More evidence for the loss of hippocampal atrophy stemming from other regions than the
DG comes from the data on neuronal numbers. The results for neuronal density within the
middle molecular layer of the DG show little change until 24 months when there is a
marked increase in the density in both groups of mice. This is surprising but can be
explained when the small changes in volume are taken into consideration together with the
fact that a huge amount of processing shrinkage is seen at this age group in both lines of
mice (results not shown).

A difference can be seen in the numbers of total neurons between the wt and Tas 10 mice
at all ages studied which reaches significance at 24 months (p=0.011). The neuronal
number, in the Tas 10 mice is lower at all ages and is evident even when levels of A|3 load
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are low. Thus questions of ‘what causes the decreased levels of neurons in the Tas 10
mice’ and ‘why are neurons not being lost despite the ever increasing AP load and
deposition’ are most intriguing. We were unable to find evidence for loss of neurons in
these Tas 10 mice and believe that there is no age dependent necrosis in this region. The
characteristic features of apoptosis were examined in the Tas 10 mice at the electron
microscope level to confirm this and no differences between the mouse lines were seen at
24 months (see figure 4.16). Other mouse models of AD utilising transgenic technology
substantiate our results in that they have been unable to characterise cell loss in their
models (Irizarry et al., 1997a, Games et al., 1995) with the exception of Calhoun et al.,
1998, who describes loss in CAT

The loss of CA1 neurons in AD has been well documented (Davies et al., 1992; West et
al., 2000), thus in future it would be useful to look at the numbers of neurons in this region
to see if a) our model was comparable to that where loss is already characterised and also
b) to see if loss here could be accountable for atrophy seen in the hippocampus.

It is worth noting that there has been a study in which no neuronal loss was seen in the
neocortex of AD and reduced cortical thickness blamed for the resultant atrophy along
with the presence of multiple cortical plaques (Regeur et al., 1994). However, this
contravenes the generally accepted patterns of neuronal loss and maybe due to the fact that
Regeur and colleagues examined a different region of the cortex affected in AD, whereas
most groups have studied hippocampal and entorhinal regions (Braak and Braak, 1998;
West et al., 1994; Gomez-Isla et al., 1996).

As already described, plaques are seen in Tas 10 mice and the numbers escalate as the
mice age so that a high frequency occurs in the molecular layer of 24 month old mice.
Much work has been done on the influence of plaques on the surrounding cell population
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and its associated toxicity. Some studies describe a limited affect on cell layers (Salehi et
al., 1998), whereas others describe an association of neuronal injury with amyloid plaque
formation (Sheng et al., 1998). However, in the Tas 10 mice no obvious association of cell
loss and plaques are apparent, as there is no cell loss with age. Plaques within or adjacent
to the granule cell layer, affect the cells in a manner which appears purely via a
displacement basis.

The results for synapse density indicate a significant increase in this parameter at 12
months in the Tas 10 mice. This increase then declines as the mice age. The results for
synapse per neuron ratio mirror this result showing a large increase in the number of
synapses in the middle molecular layer of the dentate gyrus per granule cell at the twelve
month time point which is partially maintained at 18 months and then which falls away at
24 months such that there is a significant decrease in numbers. Both the results for synapse
density and synapse per neuron for the wild-type mice are fairly constant with age.

Synapse numbers are known to decrease in AD in the hippocampus (Bertoni-Freddari et
al., 1996a; Holner et al., 1992) and this appears to be most severe in the molecular layer
(Lassaman et al., 1993). However, as damage begins to take affect there is a period of
aberrant dendritic sprouting which may be indicative of cell compensation in order to
survive insults and this is associated with increases in cytoskeletal proteins (Masliah,
1992).

Other groups studying APP overexpressing transgenic mice have investigated the
possibility of synapse loss in their models and have had varying results. Using the
overexpressing mouse APP751, Masliah et al., 1993, showed a 15 % increase in synapse
density in the frontal cortex. Another study led by Mucke using both an APP751 and
APP695 overexpressing mouse, found an increase in synaptophysin and GAP-43 in the
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hippocampus which supports the role of APP in the maintenance and formation of
synapses in vivo (Mucke et al., 1994). However, in the Hsiao mouse, there was a loss of
synaptophysin in the dentate gyrus (Irizarry et al., 1997b) and in the Games mouse
synaptic loss occurred in the hippocampus (Games et al., 1995). Thus it appears that the
overexpression of APP alone leads to synaptotrophic effects but when this is coupled to the
increased production of A(3 via the inclusion of a mutation in the APP isoform or the
altering of APP processing, the result is more complex. Thus it is not clear whether the
combination of these two opposing forces is sufficient to lead to synapse loss in a pattern
similar to that seen in AD.

From the results of the Tas 10 mice studied here, it appears that the increase in synapse
density at 12 months could be a compensatory mechanism for the insult caused by an
increase in amyloid load on the neuronal population. This is a mechanism seen in early
AD, when an initial increase in dendritic sprouting and cytoskeletal proteins occurs
(Masliah et al., 1992). This may lead to disruption of neural connectivity and consequently
further dementia (Masliah et al., 1993a). The result of a fall in the number of synapses at
24 months may represent a further stage in which the cells are no longer able to try to
compensate for the ever increasing insult and thus these important connections are lost. It
would be interesting to look at the entorhinal cortex for insult and neuronal loss at both of
these time points as it is the neurons here that form synapses with those of the DG (Hyman
et al., 1987a). The entorhinal cortex is known to be one of the first areas affected during
AD (Hyman, 1984) and its influence here on the molecular layer is of paramount
importance (Geddes et al., 1985).

The results for synapse morphology substantiate the supposition that the initial changes
occurring at 12 months are compensatory, whilst those seen at 24 months are a
consequence of insurmountable insult. The amount of AZ total area does not change
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significantly with age or between lines, although there is a trend for it to generally increase
with age in both groups. The AZ mean area result shows that at 12 months there is a
significant difference in size between the two mouse lines. The Tas 10 mice have a smaller
AZ, which along with the density result means this age group has more but smaller
synapses, fitting with the idea of dendritic sprouting. As the mice age, this changes and the
AZ enlarges in both lines of mice. The increase in AZ size in the older mice fits well with
what is seen during ageing, as the increase in synapse size with age is well-documented
(Flood et al., 1987; Adams 1987; Bertoni-Freddari et al., 1996b) and typifies the pattern
seen in AD where synapses are less numerous and larger even whencompared to aged
controls (Scheff et al., 1990; Scheff and Price, 1998).

As the loss of synapses in AD is additive to that seen in normal ageing and differences are
mainly of a quantitative manner, it is difficult to suggest mechanisms for possible
culpability. The increase in AP is the obvious trigger, although the mode of action of this
molecule to exert its toxicity are heterogeneous (Lorenzo

et al.,2000; Behl,1997;

Holscher, 1998; Su et al., 1998a; Yan et al., 1996).

The results for this series of experiments leads to two main unanswered problems:
(1) There is an increase in synapse density seen in the Tas 10 mice at 12 months which is
not comparable to the behavioural and electrophysiological deficit seen by our
collaborators?
(2) Why does the increased Ap load with age, and thus its toxicity, not lead to a severe
deficit in neuronal number and synapse density?

The fact that there is a behavioural and electophysiological deficit and no synapse loss at
12 months in the Tas 10 mice might be suggested to be due to a deficit in synaptic efficacy
in these mice. This could take the form of a decrease in the quantal release of
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neurotransmitter from the synapse or a decrease in the number of functional receptors
within the synapse. It may also stem from the possibility that aberrant dendritic sprouting
in hippocampus has led to alterations in connectivity and dysfunction.

The initial inability of A(3 to cause sufficient insult to be detectable via the parameters
measured here may be a consequence of the huge amounts of APP present throughout the
whole of the brain tissue. The ability of APP to function as a neuroprotectant/neurotrophin
(Small, 1998; Storey et al., 1996) and synaptic modulator (Torroja et al., 1999; Schubert et
al., 1991a) is well established and thus these effects may over-ride any initial neurotoxicity
experienced due to levels of A(3. However, as the mice age this counter-balance of the
function of APP and A(3 are tipped so that the toxicity of A(3 out-weighs some of the
protective affect of APP. Thus, although a huge abnormal amount of amyloid is present
within the brains of the mice, an equal effect, as would be expected in an AD patient, may
not be seen due to residual effects incurred from the overexpression of the APP molecule.
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Chapter 5

Immunocytochemistry of
lonotrophic Glutamate
receptors in Tas 10 mice
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5.1 Introduction
Glutamate is the principal excitatory neurotransmitter in the CNS, estimated to be released
at up to half of the synapses in the brain (Farber et al., 1998). Two major classes of
glutamate receptors, metabotrophic and ionotrophic, have been identified. Metabotrophic
glutamate receptors (mGluR) are coupled to the formation of multiple second messengers
via the activation of phospholipase enzymes (Schoeep and Conn, 1993). The ionotrophic
family of receptors includes three well studied receptors whose nomenclature has been
determined by the agonists to which they are differentially sensitive: N-methlyl-D-asparate
(NMDA), amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) and kainic acid
(KA). Of the three, the NMDA receptor has been most extensively studied and is the most
frequently implicated in CNS diseases (Olney et al., 1990).

NMDA receptors are widely distributed in the brain (Moriyoshi et al., 1997) and are
essential for the induction of major forms of long-term potentiation (LTP) and long-term
depression (LTD) (Nicolle et al., 1999; Bear et al., 1994). The enhancement of NMDA
receptor function in the forebrain improves learning and memory (Tang et al., 1999),
demonstrating its crucial role in these processes. Evidence from experiments on the
knockout NMDA receptor sub-unit 1 (NMDA R l) mice support this role in learning and
memory. They have confirmed that NMDA CA1 receptor activity is critical in
hippocampal-dependent non-spatial memory although is not essential for experience
induced synaptic structural changes (Rampon et al., 2000). Also, blockade of NMDA
receptors in the prefrontal cortex has been shown to impair spatial working memory (Aura
and Riekkinen 1999).

Excitotoxicity appears to be mediated by over-stimulation of ionotrophic glutamate
receptors of the NMDA subtype, although non-NMDA ionotrophic glutamate receptors
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may also mediate neurotoxicity, especially after prolonged activation. The mechanism of
NMDA receptor-associated neurotoxicity is thought to be related to sustained elevation of
intracellular calcium, entering the neuronal cell through the NMDA receptor channel, that
in turn activates a cascade of events resulting in neuronal death (Lipton and Rosenberg
1994). A further mechanism of excitotoxicity has been proposed involving the NMDA
receptor in which the hypoactivity and dis-inhibition of these receptors via the loss of
GAB A intemeurons leads to the correct conditions for this phenomenon (Olney et al.,
1998).

Non-NMDA ionotrophic glutamate receptors are composed of a number of four sub-units
(named GluR 1^1) whose calcium permeability is variable. Studies have shown that the
permeability of GluRl and GluR3 is substantial, however when expressed with GluR2, the
receptor channels have little or no calcium permeability (Hume et al., 1991). This is
important with respect to excitotoxic damage, which has the potential to be initiated via
calcium influx through these receptors (Hollmann et al., 1991).

APP metabolism has been shown to be differentially regulated by stimulation of various
metabotrophic receptor subtypes (Valerio et al., 1995) and it has been demonstrated that
metabotrophic glutamate receptor agonists initiate signal transduction events regulating
APP processing so that non-amyloidogenic products result (Lee et al., 1995). Secreted APP
(sAPP) has also been shown to suppress NMDA currents, mediated by cGMP, without
affecting currents induced by AMPA/kainate receptors (Furukawa and Mattson, 1998).
Modulation of NMDA receptor function by sAPP may be a mechanism by which sAPP
normally mediates synaptic plasticity and this interaction may also be the key to the
function of APP in synaptogenesis, neurite outgrowth and neuroprotection. It has also been
postulated that sAPP may prevent toxicity associated with stimulation of glutamate

receptors by stabilizing intracellular calcium ion levels through a mechanism that involves
activation of potassium ion channels (Li et al., 1997).

Plasticity of neurotransmitter number or distribution is a key component of the
compensatory neuronal response to denervation and changes in afferent activity (Klein et
al., 1989). Perforant path resection leads to the transportation of mRNA for NMDA Rl
into dendrites post-synaptically (Gazzaley et al., 1997). This suggests that, in the middle
molecular layer, NMDA R l mRNA may increase post-synaptically if lesions are produced
from damage to the entorhinal cortex in AD, supporting the hypothesis that increases in the
concentration of this receptor may facilitate some rescue of function.

The results of research quantifying changes in the number and binding of NMDA receptors
in AD have been wide-ranging. Despite previous data showing decreases in NMDA
receptors in AD which are thought to underpin deficits in cognition in these individuals, a
recent study hints that an increase in NMDA receptor activation can be seen in AD (Brown
et al., 1997). Another study has outlined wide inter-subject variability in NMDA receptor
binding in AD which is not related to age, sex, or post-mortem delay and any loss of
NMDA binding characterized did not correlate with numbers of plaques or tangles (Dias et
al., 1992). Thus the situation to whether or not AD patients experience NMDA receptor
fluctuations during the pathogenesis of the disease and the associated functional
significance of this needs further clarification.

Immunolabelling for APP and GluR2/3 has been able to illustrate a depletion in levels of
these molecules in AD in the entorhinal cortex and hippocampus (Thoms et al., 1997).
More specifically decreases in the level of GluR2/3 in layers II and III of the entorhinal
cortex have been seen in AD, which interestingly were not seen to correlate with the level
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of tangles (Yasuda et al., 1995). This has led to the hypothesis that the decrease in specific
glutamate receptor sub-units may contribute to the vulnerability of neurons in the
entorhinal cortex via mechanisms involving calcium conductance through AMPA-selective
channels. In contrast to the decrease seen in the EC, studies have shown an increase in
GluRl and 2/3 subunits in AD hippocampus (Dconomovic et al., 1995; Geddes et al., 1992;
Geddes and Cotman, 1986). This supports the presence of hippocampal plasticity even in
severe AD cases and suggests a critical role for AMP A receptor subunits in the
maintenance of function in response to damage in the EC.

From the previous chapter, it is clear that there is no loss in synapses at the younger ages in
the Tas 10 mice although behavioral and electrophysiological deficits have been described
(personal communication from Glaxo-Wellcome). As discussed, this deficit may stem from
a number of factors that lead to synapses functioning in a ‘sub-optimum’ fashion. One
explanation for this status would be a loss in receptors. As changes in glutamate receptors
have been described in Alzheimer’s disease, it was decided that a study of receptor density
at the synapse should be undertaken in the Tas 10 mice at an age group where deficit had
been illustrated.

The highest concentration of NMDA and AMP A binding sites is found in the hippocampus
in the rat, whereas the hippocampus contains only moderate levels of metabotrophic
glutamate receptors (Dewar et al., 1991), thus it was decided that a study of these receptors
would help to answer some of our questions. The receptor sub-unit 1 for NMDA receptors
was chosen to label these receptors as it has been found to label NMDA receptors well (Xu
et al., 1997b; Decavel and Curras, 1997; Hopkins and Oster-Granite, 1998).
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Non-NMDA receptors (including AMPA) are composed of varying sub-units. GluR2/3labelled neurons are densely distributed throughout the granule cell layer (Ikonomovic et
al., 1995) and are involved in the regulation of calcium influx (Hollman et al., 1991), thus
we decided that the 2/3 sub-unit would be the most interesting unit to label.
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5.2 Methods
5.2.1

Electron microscopy immunocytochemistry

Post-embedding immunogold electron microscopy was performed on ultrathin sections cut
from blocks of freeze substituted HM20 embedded tissue. Tas 10 mice and wt controls
were studied at 12 months only and this involved using 6 Tas 10 mice and 5 wt mice (one
had to be omitted due to poor tissue preservation). This tissue was obtained via perfusion
as described in the methods chapter and processed as described in section 2.5. Sections of
dark gold interference colour were cut and collected on carbon/pioloform-coated nickel
slots.

The immunogold labeling was initiated the same day as sections were cut to maintain
maximum antigenicity. This was done using a method utilizing a series of blobs of solution
(all 20pl). Slots were floated face down onto the blobs in such a manner that only the side
to which the section was attached was in contact with liquid.

Firstly, the slots were placed onto a blob of micro-filtered 10% normal goat serum in
PBSA for 30 minutes to block non-specific antigen binding (see Appendix for recipes).
The slots were then transferred to a solution of 0.5% bovine serum albumen (BSA) (Sigma
A7030) and 5% normal goat serum (NGS) (Sigma) in PBSA for 5 minutes, three times.
The slots were then placed onto blobs of rabbit anti-AMP A sub-unit 2/3 primary antibody
solution (Chemicon, UK) at a 1:100 dilution in 0.5% BSA and 5% NGS in PBSA and
placed into the dark fridge overnight.

The slots were then washed three times for five minutes in a fresh solution of 0.5% BSA
and 5% NGS in PBSA. The slots were then transferred onto a solution of a 1:100 dilution
of goat anti-rabbit IgG conjugated to 5nm gold particles (British Biocell International, UK)
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diluted in 0.5% BSA and 5% NGS in PBSA for two hours at room temperature. The slots
were then washed three times for five minutes in 0.5% BSA and 5% NGS in PBSA. Slots
were then floated on drops of a 1:100 solution of goat anti-rabbit NMDA receptor sub-unit
1(NMDA R l) primary antibody diluted in 0.5% BSA and 5% NGS in PBSA overnight in
the fridge.

The slots were then washed three times on drops of 0.5% BSA and 5% NGS in PBSA for
five minutes. They were then placed onto drops of a solution of 1:100 goat anti-rabbit IgG
conjugated to 15nm gold particles for two hours at room temperature. The slots were then
washed three times in 0.5% BSA and 5% NGS in PBSA for five minutes. Slots were then
transferred onto an aqueous solution of 2% glutaraldehyde for 2 minutes to prevent the loss
of gold particles during staining and then washed again three times in 0.5% BSA and 5%
NGS in PBSA. Each slot was then stream washed for five minutes in double distilled water
and then air-dried. Slots were then stained with uranyl acetate and lead citrate.

The specificity of the reaction was assessed in two ways. Firstly, the dilution of 1:100 for
the primary antibodies in a solution of 5% NGS, after an initial blocking of non-specific
binding with a solution of 10% NGS, was determined after several pilot experiments. This
was done to determine the dilution at which there was minimal labeling in the lumen of
vessels after incubation with both primary and secondary antibodies. Secondly, control
slots were incubated with either, no primary anti-AMPA 2/3 antibody, no primary antiNMDA R l, or neither. All slots were then processed in parallel throughout the remainder
of the reaction.
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5.2.2 Quantification of immunolabelling
10 micrographs per animal were acquired along the axis of the granule cell layer within the
middle molecular layer of the dentate gyrus. These were acquired using a JEM 1010
electron microscope at a magnification of x 15000. Prints of the negatives were produced
and used to quantify the level of labeling.

This was done by firstly identifying the number of synapses present in the micrograph via
the presence of both pre- and post-synaptic elements. Then it was noted if gold labeling
was present at this synaptic site and thus synapses were counted as either unlabelled (i.e.
no gold present) or labeled with either 5nm, 15nm gold, or both. Therefore four categories
of synapse were obtained, those, which contained (1) no labeled NMDA R l, or (2) GluR
2/3 sub-unit containing receptors and those which contained (3) one or (4) both of the
receptors and thus the percentage of synapses in each category could be calculated. During
quantification the number of gold particles of both sizes per synapse were also counted and
then using the measurement obtained in earlier experiments giving us the average size of
the synapse in this region for the mouse in question (see chapter 4). Thus the level of label
per unit area of synapse could be calculated.

5.2.3 Statistics
All the results were tested for statistical differences using a two way ANOVA and deemed
significant only when p = < 0.05.
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5.3 Results
The results for the percentage of synapses labelled for either NMDA R l or GluR 2/3 fail to
show any significant differences between wt and Tas 10 mice (see table 5.1, figure 5.1 and
figure 5.3 and 5.4). Nor are there differences between the wild type and Tas 10 mice when
the results for the percentage of synapses labelled with both are considered.

Table 5.1: Quantification o f immunogold labeling o f NMDA R l and GluR 2/3 in synapses
o f the middle molecular layer o f the dentate gyurs o f the hippocampus in Tas 10 mice and
age matched littermate controls at 12 months o f age expressed as a percentage o f the total
number o f synapses seen. n=6 fo r Tas 10 and n=5 fo r wt mice.

29.4
47.05
44.8
32.7
43.3
28.3
28.9
39.5
19.6
28.6
30.2
38.23
3.022767 3.641209

11.7
6.8
11.6
3.9
12.5
9.3
1.50598

41.12
60.3
45
56.6
58.9
52.384
3.488823

11.7
15.5
16.6
27.6
39.3
22.14
4.508002

76.5
77.5
71.6
68.4
48.2
68.44
4.761059

9.09
2 Tas10
9.52
4 Tas10
19.7
6 Tas10
8 Tas 10
8.9
9.8
10
Tas10
14.6
12
Tas10
AV
11.935
1.78038
sem

50.9
60.3
38.03
62.8
43.1

21.82
20.6
22.5
21.8
16.6

69.1
69.8
57.7
69.2
73.5

40
30.16
45.1
28.2
47.05

29.1
39.7
12.7
41
26.5

59.5

34.8

50.56

25.84

24.7

52.43833
4.148124

23.02
2.510246

64.97667
3.612664

1 wf
3 wt
5 wt
7 wt
11 wt
AV
sent

28.95
36.05833
3.737483 4.277519

It is interesting to note that in both lines of mice there is consistently a higher percentage of
synapses labelled for GluR 2/3 than NMDA R l. The results of the percentage of synapses
not labelled for either of the sub-units show that the Tas 10 mice have slightly more
synapses in this category, although this result again does not reach significance due to the
large amount of variability.
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Figure 5.1: The percentage o f synapses labelled in the middle molecular layer with gold
particles fo r NMDA R l and GluR2/3 in Tas 10 and wild-type mice. Error bars indicate +/sem. N=6 fo r Tas 10 and n=5 fo r wt mice.

The results gleaned from counting the labelling for each sub-unit per synapse, (i.e. an
indication of how many receptors there are per synapse) show that there are no significant
differences between the level of labelling for either sub-unit for either mouse line (see table
5.2). However, there is slightly more label per synapse in the wild-type mouse for the GluR
2/3 sub-unit.

When the size of the synapse is taken into consideration, a measurement of the number of
gold particles of both types, per area of synapse can be calculated. The results for this
parameter show that there are no significant differences between the groups of mice
despite the difference in synapse AZ mean area (see chapter 4). However, although there
are no statistical differences between the groups, the Tas 10 mice have more label per area
of AZ for both sub-types and for the NMDA R l sub-unit this is not far from a level of
significance (p=0.09) (see figure 5.2, figure 5.3, figure 5.4 and table 5.2).
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Table 5.2: Results fo r the average number o f gold particles per synapse and fo r the
amount o f label per apposition zone area in the molecular layer in Tas 10 mice and
controls at 12 months o f age. n=6 fo r Tas 10 and n=5 fo r wt mice.

1 wt
3 wt
5 wt
7 wt
11 wf
AV
sem

1.43
1.46
1.296
1.186
1.48
1.3704
0.050252

1.62
2.06
1.88
1.6
1.74
1.78
0.076942

59.58
81.1
56.35
84.7
47.74
65.894
6.466561

67.5
114.4
81.74
114.3
56.13
86.814
10.68972

2 Tas 10
4 Tas 10
6 Tas 10
8 Tas 10
10 Tas 10
12 Tas 10
AV
sem

1.36
1.21
1.37
1.35
1.25
1.42
1.326667
0.032523

1.5
1.52
1.34
1.54
1.35
1.82
1.511667
0.071106

80
121
85.6
90
52.08
101.43
88.35167
9.367727

88.23
152
83.37
102.3
56.25
130
102.025
14.04023

wild-type

B

T a s 10

&

I
I
1
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P = 0.09

'o

NMDAR1

GluR 2/3

Figure 5.2: The number o f gold particles per area o f apposition zone o f synapse fo r both
NMDA R l and GluR 2/3 receptor subunits in Tas 10 and wild-type control mice. Error
bars indicate +/- sem. N=6 fo r Tas 10 and n=5 fo r wt mice.
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Extremely low particle densities were seen on sections treated with no primary antibody in
both groups (see figure 5.5) and virtually no gold particles were seen on the HM20 resin
devoid of tissue, such as vessel lumen. This confirmed that the experimental conditions
chosen lead to a minimal amount of background label within the synapse and thus
quantification did not require any subtraction of background levels.
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Figure 5.3: (A) GluR 213 labelled synapse in a Tas 10 mouse. (B) GluR 2/3 labelled
synapse in a wt mouse. (C) NMDA R l labelled synapse in a Tas 10 mouse.
(D) NMDA R l labelled synapse in wt mouse. Immunogold label is indicated by arrows.
Mito-mitochondria, PSD-post synaptic density.
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Figure 5.4: (A and B) synapses labelled fo r both NMD A R1 (large balls) and GluR 213
(small balls), A is pictured from a Tas 10 mouse and B, is a wt mouse.
(C and D) unlabelled synapses in Tas 10 and wt mice respectively. Mito-mitochondria,
PSD-post synaptic density.
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Figure 5 .5 : (A) Control showing label only GluR 2/3 as the primary NMD A R1 antibody
step was omitted. (B) Control showing only label for NMD A R l, GluR 2/3 primary
antibody step omitted. (C) Control showing no label as both primary antibodies omitted.
Mito-mitochondria.
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5.4 Discussion

Because behavioral and electrophysiological deficits have been described in Tas 10 mice at
young ages when no loss of synapses occurs, a study of the numbers of ionotrophic
glutamate receptors was undertaken. It is important first to consider the validity of the
results and some technical issues. Firstly, as described in the results section, the level of
background was very low, which meant that the number of particles accidentally counted
at synaptic sites was insignificant to alter the results. Secondly, it was important to look at
the results and consider the extent of variability between animals within the results. In this
set of experiments this appears to be low as seen by the values obtained for sem in tables
5.1 and 5.2. Along with the fact that all of the sections were treated simultaneously to
ensure maximal condition similarity this helps give credence to the data obtained.

No significant changes were noted for either NMDA R l or GluR2/3 sub-unit containing
receptors when Tas 10 and wild-type littermate controls were compared at 12 months of
age. However, some trends were noted when the different lines of mice were compared
which may represent early stages of changes within these mice, that could develop further
with aging. The results show that there are more synapses, although this is not significant,
not labelled for either of the receptor sub-units in the Tas 10 mice. These synapses
represent alternate populations that may specifically contain metabotrophic receptors or are
GABAergic inhibitory synapses. An increase in inhibition in these mice may lead to a
damping down of the glutamate receptors and thus a decrease in activity.

When the result for the amount of label for the receptor sub-units are considered, the
findings are intriguing. They suggest that there may be more GluR 2/3 receptors in the
wild-type mice than the Tas 10 mice at this age group. However, when one takes into
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consideration the relative synaptic size, this result reverses and it appears that the Tas 10
mice may have more of both types of receptors containing these sub-units per area of AZ.
This result nears significance for the NMDA R l sub-unit containing receptors. If this is a
true difference it could be indicative of a response in the molecular layer to changes in the
entorhinal cortex.

The lack of significant differences in data for this series of experiments is interesting in as
much as they apparently fail to shed light on the mechanisms at work leading to the deficits
described. However, it is remarkable that although the Tas 10 mice have a much smaller
average AZ mean area at this time point they do not experience a loss in the numbers of
receptors in this area. This implies that the assumed compensatory response which is
manifest in these mice as an increase in synapse number and a decrease in the synapse size
(see previous chapter), does not affect the number of receptors and therefore we could
surmise this is a sound compensatory response.

This leads to the question ‘what is the compensation in response to’ and as assumed in the
previous chapter this may be due to changes in the entorhinal cortex leading to a sprouting
response. The literature on the changes in glutamate receptors in AD is somewhat
contradictory. However, it has generally been shown that no changes in NMDA receptors
are seen in the hippocampus, although studies are generally undertaken at post-mortem and
at the end stages of the disease (Geddes and Cotman, 1986; Wakabayashi et al., 1999).
There is little change in NMDA R l synapse levels in the Tas 10 mice, and little change in
AD, therefore it is somewhat surprising that behavioral and electrophysiological deficits
are .seen in the Tas 10 mice given the close links of these receptors with both spatial
memory and LTP (Aura and Riekkinen, 1999). This implies that although numbers of
receptors are maintained, their efficacy may in some way be reduced.

The Tas 10 mice overexpress large amounts of APP throughout their life span and it has
been shown that sAPP is able to indirectly surpress NMDA currents (Fukukawa and
Mattson, 1998). Along with glutamate acting via the NMDA receptor, APP regulates
neurite outgrowth and synaptogenesis (Mattson et al., 1988): Thus, it could be
hypothesized that the overexpression of large amounts of APP could lead to a situation
where there is stimulation of neurite outgrowth and synaptogenesis, but also a reduction in
NMDA receptor currents. APP is thought to affect NMDA receptor currents via the
production of cGMP (Fukukawa and Mattson, 1998) that, via a cGMP dependent kinase,
leads to a decrease in intracellular calcium ion concentration (Barritt, 1992). This could
lead to a decrease in NMDA receptor influence in post-synaptic cell stimulation, which
manifests as cognitive deficits. Evidence in support of this role for APP comes from
another APP overexpressing transgenic mouse which exhibited increased numbers of presynaptic terminals in the neocortex (Masliah et al., 1994b). However, it has been shown
that intra-ventricular administration of APP antibodies to adult rats results in an
impairment of performance on learning and memory tasks (Esch et al., 1990) and that
exposure of hippocampal slices to APP alters the frequency-dependence of long-term
depression and enhances LTP (Ishida et al., 1997). It may be suggested that incorrect
rewiring might also occur in response to sprouting in this region and leads to the loss of
important connections during the restructuring process (Masliah et al., 1993b).

Studies have shown that a decrease in non-NMDA ionotrophic receptors is seen in the
hippocampus and entorhinal cortex during AD (Wakabayashi et al, 1999; Yasuda et al.,
1995). It has been suggested that GluR 2/3, like APP may also have a role as a
neuroprotectant (Thoms et al., 1997), perhaps as a function of its impermeability to
calcium ions (Hollmann et al., 1991). Thus any loss of receptors containing this sub-unit
during AD would obviously be detrimental to neuronal populations. However no loss
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could be seen per area of AZ in these receptors which with the result of no loss of neurons
in these mice (see results in chapter 4) may provide some support for this function. Loss of
these receptors have been correlated with a loss of APP immunoreactivity in AD (Thoms
et al., 1997) and as this is not the case in the Tas 10 mice given the large overexpression of
this molecule it may not be surprising that no neuronal loss is seen in this region. A study
by Geddes and Cotman suggests that an increase in KA receptors is seen in the dentate
gyrus in patients with early AD and that this is indicative of a sprouting response to lesions
in the entorhinal cortex in these patients (Geddes and Cotaman, 1986). Our results show a
slight increase in the number of GluR 2/3 label per AZ area in the Tas 10 mice which if it
eventually proves significant, along with the synaptic changes already seen at this age (see
previous chapter), would further support our suspicions of sprouting in this region.
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Chapter 6

Summary and Future
Directions
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6.1 Summary

The main aims of this thesis were to elucidate the effects of both the deletion and
overexpression of the APP gene on the morphology of the dentate gyrus in transgenic
mice. It was thought that by using these mice we would be able to uncover further
information about the function of APP and as a result of its overexpression add to the
knowledge of the sequence of events consequential on an increase in Afl load in this region
of the mouse brain. We could then perhaps draw parallels between the mechanisms at work
within this mouse model and those seen during the pathogenesis of AD.

The result of the experiments carried out on the APP knockout mice support a role for APP
in development, cell adhesion and synaptogenesis. Changes in brain weight and the
percentage of the brain occupied by the hippocampus were seen as early as 10/12 months
in the knockout mice. In addition, an increase in the number of synapses per neuron and a
decrease in the average apposition zone mean area were shown in MML of the DG.
Changes in the parameters measured were characterized by subtle alterations only (at least
in mice up to 10/12 months of age), not the extensive destruction as would be expected on
the basis of literature pointing to the importance of APP in a number of crucial roles in
development. Thus, it was concluded likely that an overlap of function between APP and
the other members of its family was occurring within these mice.

Experiments utilizing the APP overexpressing mouse model enabled characterization of
several changes that appeared to be age dependent. The Tas 10 mouse showed a lower
number of neurons within the dentate gyrus compared with controls at all ages fluctuations
in the number of synapses within the MML and hippocampal atrophy. This model also
showed the development of A0 deposits and plaques within the hippocampus and other
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signs of the degenerative processes seen during AD. We were unable to find evidence for
neuronal loss in the DG and decreases in the number of synapses were only seen when the
mice reached 24 months. The behavioral and electrophysiological deficits described by my
colleagues at Glaxo-Wellcome did not correlate with loss of synapses or changes in
ionotrophic glutamate receptors (at least measured by immunocytochemistry). It was
concluded from these experiments that the Tas 10 mice develop age dependent
impairments which were resultant of an increase in the load of A|3 and its subsequent
associated pathological features.

A question which under-pins nearly all AD research is one of event sequence, what
happens first, which features lead to others and what is the key trigger? These questions
should be taken into account when discussing the results from this series of experiments,
so that they can be considered in light of what is already known about the progression of
AD pathogenesis. The amyloid cascade was widely accepted as the most plausible
hypothesis to answer these questions, with the deposition of A|3 being the central feature of
AD leading to the initiation of the other lesions. This theory has been fiercely debated as
many other studies have shown results that are not in support of this hypothesis. It has been
shown that the relationship between plaques and tangles is not a clear one and that their
spatial pattern does not support the theory that deposition of A|3 leads to the formation of
PHFs (Armstrong et al., 1993). No correlation has been seen between plaques and synapse
loss or neurodegeneration (Neve and Robakis, 1998) and a study by Masliah et al., 1991,
suggests that synaptic alterations occur before amyloid deposition and it is thus likely that
another aspect of AD pathology such as the accumulation of filaments or tangles is the
underlying causative agent.
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Our results do not appear to support the amyloid cascade as the primary cause of AD
pathogenesis as we do not see any neuronal loss or neurofibrillary pathology associated
with the increase in Ap. However, synaptic alteration is seen after the accumulation of Ap.
Although when initially viewed this result could be seen to support the amyloid hypothesis,
this pattern is not seen in AD and thus champions the idea that the sequence of events in
Tas 10 mice is not an identical scenario to that seen during AD.

The pathology seen in transgenic mice with familial mutations of the APP gene does not
mimic that seen in families with this mutation. This may be due to species differences or
due to life span influences on the cellular milieu. In fact, as no model possesses all the
features of AD, however, these models do not support the amyloid cascade hypothesis as
the essential mechanism, as clearly some other factors are at work to produce the missing
traits.

An alternative view has been suggested which states that cytoskeletal abnormalities lead to
alterations in golgi apparatus which then affects protein processes and axonal flow leading
to a loss in synapses and neurons and ultimately to dementia (Terry, 1996). These studies
have also shown that dystrophic neurites develop before the formation of plaques. A
similar pattern is also seen in our model and thus, in the Tas 10 mice, it appears that
according to this new suggested sequence of events, the events in mice may enter the
proposed cascade further on and thus do not produce the cytoskeletal elements normally
apparent in AD pathology.

Compared with the other APP overexpressing mice currently used in research, Tas 10 mice
are similar in terms of the development of the pathological features of AD (Games et al.,
1995; Sturchler-Pierrat et al., 1997; Hsiao et al., 1996), as judged from the longitudinal

study. Thus, the Tas 10 mice will provide a valuable model to study aspects of diseases
associated with amyloidosis. However, in the other models no neuronal loss or
neurofibrillary pathology have been seen (at least at the ages studied) and thus they do not
fulfil the criteria for a complete AD model per se.

6.2 Future directions

Several experiments could be carried out to further clarify the present results and answer
new questions that have arisen, they are described below. These were not undertaken due
either to time or tissue availability constraints.

6.2.1 W hen are the first ch an g es se e n in the Tas 10 mice?
Alterations seen within the neuropil of Tas 10 mice via electron microscopy occur as early
at 6 months of age. Thus, the time point of initial changes within these mice is sometime
before 6 months. As behavioural changes are also seen in these mice at 6 months and are
not apparent at two months of age, it would be interesting to determine the point when
changes can first be described.

6.2.2 Is there neuronal loss in EC and CA1?
As the cells from the entorhinal cortex synapse with those of the dentate gyrus via the
perforant path in the middle molecular layer (Hyman et al., 1987b), any change seen in the
MML may stem from this region. In light of the changes seen in the MML in the Tas 10
mice at 12, 18 and 24 months, a study of the cellular integrity of the entorhinal cortex may
help to explain our findings. This could take the form of cell counts or staining for a
marker of cell death.
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Because cell loss in CA1 has been described in another APP overexpressing transgenic
mouse (Calhoun et al., 1998) it would be important to see if this was the case for the Tas
10 model. Moreover, since loss of neurons in CA1 has been demonstrated in AD (West et
al., 1994) it could be considered to be a more likely place to find cell loss in the Tas 10
mice as loss in the DG has not been illustrated.

6.2.3 GAP 43 a s a m easu re of sprouting at 12 m onths in the Tas 10 mice
Many of the results in the series of experiments carried out on Tas 10 mice point to
changes in the molecular layer which may be a consequence of sprouting in this region in
response to damage in the entorhinal cortex. Staining with growth associated protein 43
(GAP-43) would go some way to confirm or disprove these suspicions as it has been
shown to be a good inductor/marker of reactive synaptogenesis (Aigner et al., 1995;
Benowitz et al., 1990). Other workers studying APP overexpressing mice have used GAP43 to confirm sprouting within their models in this region and have concluded that the
neurotoxic properties of A(3 are sufficient to trigger this response (Phinney et al., 1999).

6.2.4. Characteristics of the plaques
A huge variety of experiments could be carried out to determine more about the
constituents of the plaques seen in the Tas 10 mice. Immunocytochemistry could determine
immune molecules and other proteins associated with the plaques. This may also help to
characterise the sub-types of plaque described in the results as being either separate entities
or a progression of the pathological process.

6.2.5 Experim ents to quantify num bers of glia
Both the numbers of astrocytes and microglia appeared to increase in the Tas 10 mice
when compared with control mice. It would be possible to quantify these cells with
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immunocytochemistry labelling for glial fibrillary acidic protein and ricinus commmunis
agglutin-1 (for astrocytes and microglia respectively) (Unger, 1998; MacKenzie et al.,
1995). These experiments may also help to unravel some of the interactions between these
cells and the formation of plaques.

6.2.6 Distribution of AP and APP
It would be important to look at the distribution of both AP and APP within the tissue of
Tas 10 mice. As the load of Ap increases within these mice it would be intriguing to see
where this protein first accumulates, i.e. around vessels, before it forms fibrillar deposits
visible by electron microscopy. Also as expression of APP is consistent throughout the life
span of these mice it may be interesting to look at the location of this molecule as the mice
become more compromised with age and lesion development.

6.2.7 Are th ere are any ch an g es in the serotonergic system ?
As it was observed that the Tas 10 mice were aggressive, it would be therefore interesting
to see if this was due to deficits centred within the serotonergic system. These experiments
could take the form of the investigation of numbers of serotonergic neurons or the amount
of neurotransmitter present at synaptic sites. This behaviour has been an observation in
studies on other APP transgenic mice and when investigated inhibition of this behaviour
was seen with serotonergic agonists (Moechars et al., 1998). This may add to the validity
of the Tas 10 mice as a good AD model, because although the work described in this thesis
has largely considered the glutamergic elements alone, AD is a multi-neurotransmitter
system affected neurodegeneradve disease.
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Chapter 8

Appendix
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Rinsing saline solution for perfusion
0.9% sodium chloride solution
For 100ml, Add 0.9g NaCl to 100ml of distilled water.

0.1M Phosphate buffer (PB) pH 7.4
Prepare stock solution of 0.2M PB
For 100ml, Add 0.497g of N aH iPC ^.^O to 2.328g of NazHPO# in 100ml of distilled
water.
Add equal amount of distilled water to 0.2M PB to obtain 0.1M PB

Fixative solution for EM

2% paraformaldehyde and 2% glutaraldehyde in 0.1M phosphate buffer pH 7.4
For 100ml add 2g paraformaldehyde to 35ml distilled water and 0.5ml of approx. (fresh)
1M NaOH and heat to 60°C.
When cool add 8ml of EM grade 25% glutaraldehyde.
Make up to 50ml with distilled water and then make up to 100ml with 0.2M phosphate
buffer pH 7.4.
Filter before use in animals.

4% paraformaldehyde and 0.05% glutaraldehyde and 0.2% picric acid in 0.1M
phosphate buffer pH 7.4
For 100ml add 4g paraformaldehyde to 35ml of distilled water and 0.5ml of approx.
(fresh) 1M NaOH and heat to 60°C.
Cool and add 200pl of EM grade 25% glutaraldehyde.
Add 200pl of picric acid and make up to 50ml with distilled water.
Make up to 100ml with 0.2M phosphate buffer pH 7.4 and filter before use in animals.

Staining solution for volume estimation using Cavalieri's method.
0.01% Toluidene blue solution
For 100ml, Add 0.01g of Toluidene blue powder to 100ml of 0.1M PB.
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Resin for tissue embedding

Epon resin (medium hardness)
For 38ml, warm to 60°C for at least 10 minutes:
Glass cylinder
Mixing container (plastic disposable bottle)
Stock bottles of Epon resin (Agar 100), DDSA and MNA
Pour 20ml of Agar 100 resin (24g) into cylinder, add 16ml of DDSA (16g) and 8ml of
MNA (10g) and pour into mixing container. Mix by rotating gently by hand for 1-2
minutes, then place on the rotator rod for 10 minutes.
Add 1.3ml of BDMA accelerator (3%). Mix as before for 1-2 minutes by hand, then place
on the rotator for 10 minutes.

Tissue post-fixation, dehydration and embedding for electron microscopy

Post-fixation of fixed tissue:
Buffer wash
Post-fixation in 1% Osmium tetroxide
Buffer wash

2x 10 mins
1 hour
10 min

Dehydration and infiltration in resin
Both are performed with a Lynx microscopy tissue processor:
1. 30% acetone
10 min
20°C
2. 50% acetone
20 min
20°C
3. 70% acetone
20 min
20°C
4. 90% acetone
20 min
20°C
5. 100% acetone
20 min
20°C
6. 100% acetone
20 min
20°C
7. 100% acetone (molecular sieve)
20 min
20°C
8.50:50 EpomAcetone (mol. Sieve)
3 hours
20°C
9. 60:40 Epon: Acetone (mol. Sieve)
3 hours
20°C
10. 70:30 EpomAcetone (mol. Sieve)
3 hours
20°C
20°C
11. 80:20 Epon: Acetone (mol. Sieve)
16 hours
12. Epon
6 hours
20°C

agitation
agitation
agitation
agitation
agitation
agitation
agitation
agitation
agitation
agitation
agitation
agitation

Embedding
Embed in fresh Epon resin in polythene capsules with paper labels with codes written in
pencil.
Polymerisation
Polymerise at 60°C for 24-48 hours in the oven.
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Preparation of solution for support films for ultrathin sections
1.5% pioloform in Analar chloroform
Add 100ml of a n a l a r chloroform to 1.5 g of pioloform
Leave overnight to dissolve
Adjust concentration with analar chloroform to obtain films of silver-gold interference
colour.

EM staining of ultrathin sections in Epon and HM20 resins
Staining is performed in LKB ultrastainer with Lecia commercial stains:

Epon embedded sections
Wetting step
Ultrastain 1: Uranyl acetate
Ultrastain 2: Lead citrate
Wash step in de-ionised water

50mins
lOmins

35°C
20°C

30mins
7mins

20 °C
20°C

HM20 embedded sections
Wetting step
Ultrastain 1: Uranyl acetate
Ultrastain 2: Lead citrate
Wash step in de-ionised water

Staining solution for confocal microscopv
Add 25pi of propidium iodide solution and make up to 50ml with 0.2M phosphate buffer.

Embedding for freeze substitution protocols

HM20 preparation
To make 20ml, weigh; 2.98grm of Crosslinker D, 17.02gm of Monomer E and O.lOgm of
initialur C.
Mix crosslinker and monomer E then add initiator and dissolve.
Degas using water pump.
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Glycerol solutions for freeze substitution
To make 100ml of 10% mix 50ml 0.2M PBS, 10ml glycerol and 40ml of distilled water.
20% mix 50 ml 0.2M PBS with 20ml glycerol and 30ml of distilled water.
30% mix 50ml 0.2M PBS with 30ml glycerol and 20ml of distilled water.
100ml of triethanone solution at 2.321g per 100ml of 0.1M PBS.

Solutions for post-embedding immunocvtochemistrv

Buffer for immunocytochemistry - PBSA pH 7.4
For 1 litre
Weigh: 8g NaCl, 0.2g KC1,1.15g of Na^HPO^, 0.2g of KH 2PO 4,
Add to 1 litre of distilled water
Check pH is 7.4.

Blocking and antibody dilution solution: 0.5% bovine serum albumen, 5% normal
goat serum and PBSA
Add 0.01g bovine serum albumen and 100pi of normal goat serum to 20ml of PBSA
dissolve for at least two hours.
Microfilter before use
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