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Abstract

Alzheimer’s disease (AD) is an irreversible, progressive neurodegenerative disorder
that is commonly found in the elderly population. AD is characterized pathologically
by the deposition of amyloid plaques and neurofibrillary tangles in the brain. The
major component of amyloid plaque is the B-amyloid protein (AB), a 40-42 amino-
acid residue polypeptide that is generated from the B-amyloid precursor protein (APP)
by the B-site APP cleaving enzyme-1 (BACE1) and y-secretase. APP can also be
cleaved by a-secretase within the AB sequence to form sAPPa and C83, which thus

precludes formation of Ap.

Advances in AD research over the past three decades have not yet led to effective
treatments to prevent or cure AD. Therefore, an effective drug for the treatment of AD
is required. As oligomeric forms of AP are thought to be the major toxic species
which cause AD, therapeutic approaches are now targeting the production, clearance

or neurotoxicity of AB.

It has been reported that glycosaminoglycans (GAGs) such as heparin can influence
AP production by disrupting APP proteolytic processing. Studies have reported that
heparan sulfate and heparin can directly inhibit BACEL activity in vitro and thereby
decrease AP production in cell culture. Studies have also shown that heparin binds

close to the prodomain of the BACE1 zymogen (proBACEL) and that this binding



stimulates proBACE1 activity. However, heparin can also inhibit mature BACE1
activity by binding close to the active site domain of the mature protein. In contrast,
other groups have reported that heparin stimulates B-secretase cleavage of APP in a

cultured cell line.

As there are conflicting reports on the effect of GAGs on APP processing and AP
production, the effects of heparin or enoxaparin on APP processing was first
examined in primary cortical cells obtained from transgenic mice expressing human
APPggs with the Swedish familial AD mutant (Tg2576 mouse). The results showed
that heparin or enoxaparin (ENO) treatment can lower AR secretion from cortical cells
by decreasing BACE1 and thereby inhibiting [B-secretase processing of APP.
Additionally, treatment with heparin or enoxaparin decreased the a-secretase

ADAM10 and inhibited a-secretase processing of APP.

The development of GAG analogues which can be used for the treatment of AD will
require the identification of highly potent and specific compounds that have the ability
to cross the blood-brain barrier (BBB). Therefore, an aim of the studies in this thesis
was to examine the structure specificity (molecular size and sulfation degree) of
GAGs with the aim of identifying more potent and specific GAG-based compounds to
inhibit APP processing and AB production. The effects of various GAGs and sulfated
polysaccharides on APP processing were tested in primary cortical cells derived from
Tg2576 mice. The results showed that the effect of GAGs on APP processing was
both size- and sulfation-dependent. Mucosal heparins (MHs) with small sizes (5 kDa
and 3kDa) were less potent in reducing AP than high molecular weight MHs (6 kDa

and 12.5 kDa). 6-O-Sulfation was important for the effect on APP processing as



heparin lacking 6-O sulfate were less potent than native heparin. However, deletion of
carboxyl groups on MH had no significant effect on APP processing. These data
suggest that it might be possible to alter the structure of GAGs to achieve more potent

and specific inhibitors of APP processing that can cross the blood-brain barrier.

It has been reported that peripheral administration of ENO can reduce the level of AB
and the amyloid plague load in the brain of APP transgenic mice. However, the exact
mechanism of these effects has been unclear. Therefore, an aim of this study was to
examine whether the reduced amyloid plaque load reported to occur in the brains of
the APP transgenic mice treated with ENO was due to decreased APP processing to
AP caused by ENO treatment. ENO was peripherally injected to Tg2576 mice, and
the APP processing products and amyloid load in the brains of the mice were
examined. The study found that ENO treatment decreased the AB40/AB42 ratio in
cortex and increased the amyloid plagque load in both cortex and hippocampus, while
overall APP processing was not significantly influenced by ENO. The exact
mechanism of these effects remains unknown. These results suggest that the strategy

of using ENO for the treatment of AD may need further assessment.

As GAGs such as HS are widely expressed in the brain in the form of proteoglycans,
it is possible that the endogenous HS may also affect APP processing. Therefore, an
aim of the study was to examine the role of endogenous HS on APP processing and
AP production. To examine this, primary cortical cells derived from Tg2576 mice
were incubated with a drug or enzyme designed to degrade HS chains from

endogenous proteoglycans. The results showed that deletion of endogenous HS can



reduce the level of BACE1 and ADAM10 and thus inhibit APP processing through 3-
and a-secretase cleavage pathways similar to exogenous treatment of heparin. These
findings suggest that regulation of endogenous HS to inhibit APP processing to Af

could be a novel approach for the treatment of AD.

Based on these results, modification of structures of GAGs or sulfate polysaccharides
may achieve highly potent and specific BBB-permeable compounds which can inhibit
APP processing to AB. Moreover, regulation of endogenous HS can also affect APP
processing and AP production. Therefore, the studies reported in this thesis support
the view that GAG-based compounds can regulate the A production and strategies
based on administration of GAGs or the alteration of endogenous GAG metabolism

may have value for the treatment of AD.
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Chapter 1

Literature review and introduction



1.1 Alzheimer’s disease

Alzheimer’s disease (AD) is the most common neurodegenerative disease in the
elderly and is the major subtype of dementia. Currently, there are more than 20
million cases in the world and this is projected to increase to 42 million in 2020 [1].
About 2% of people aged between 65 and 69 years old suffer from AD [2]. Between
80 to 85 years of age, the prevalence dramatically increases to 25%-30% [2, 3].
Alzheimer’s disease can be described symptomatically in three stages. In the early or
mild stage, patients exhibit mild cognitive impairment (MCI) and have difficulty in
recalling recent memories or storing information [4-6]. Most patients with MCI have
mild behavioural and psychological symptoms including apathy, anxiety, delusion,
hallucinations, aggression, depression and mood change [3, 7-9]. Other signs are
problems with calculation, insight and judgment, but neurologic function in this stage
is usually normal [10]. In the moderate stages of AD, the percentage of patients with
behavioural and psychological symptoms increases [8]. Patients need assistance with
their daily life [11-13], and the frequency of sleep disturbance is increased [14]. In the
final stage of AD, patients only have fragments of memory and lose the ability to
control bodily functions [12, 15]. Patients with severe AD need full-time care and

assistance with their daily living [16].

1.2 Pathology of AD

AD was first described by Alois Alzheimer in 1906, and neurofibrillary changes and
deposition in the cortex were found after autopsy of a female patient [17]. AD is
characterized pathologically by the formation of intracellular neurofibrillary tangles

(NFTs) [18], extracellular deposition of amyloid plaques [19, 20] and the loss of
2



neurons and synapses in certain brain areas [21]. In addition, congophilic angiopathy

(cerebral amyloid angiopathy) is a common pathology.

1.2.1 Neurofibbrillary tangles (NFTs)

Neurofibrillary tangles (NFTs), one of the cardinal neuropathologic hallmarks of AD,
are made of paired helical filaments (PHF) [19, 22]. Studies show that the primary
constituent of PHF is abnormally misfolded and hyperphosphorylated microtubule-
associated protein tau [23-29]. Tau is encoded by a single gene located on the long
arm of chromosome 17 [30]. It has six isoforms produced by alternative mRNA
splicing, and all these isoforms has been found in NFTs [31-33]. Tau is highly
enriched in nerve cells and mostly located in axons [34]. Tau is also found in
dendrites and some subsets of glial cells [35-37]. Tau is a phosphoprotein and the
degree of the phosphorylation is important for its biological activity [38]. In human
brain, tau is the major microtubule-associated protein (MAP) [39-41] and is
functionally involved in assembling of tubulin into the microtubules and maintaining
its structure [39]. In the AD brain, all isoforms of tau are highly phosphorylated [42],
and the level of abnormally phosphorylated tau is significantly higher in AD than in
normal individuals [43, 44]. The level of normal tau in AD brain is similar to age-
matched control brains [43, 45]. A possible explanation is that the abnormally
hyperphosphorylated tau may be resistant to protease degradation and thus forms PHF
which eventually forms NFT [42, 46]. In addition, studies indicate that the
hyperphosphorylated form of tau loses the ability to promote assembly of tubulin into

microtubules and that it may and even cause microtubule disruption [47, 48].



In the brain of AD patient, NFTs generally show a common and predictable pattern of
distribution and progressive sequence, and can be distinguished into six stages. NFTs
start from the transentorhinal region of the cortex (stage I) and then develop into
entorhinal regions and CA1 regions of the hippocampus (stage Il). Subsequently,
NFTs accumulate in the limbic allocortex (stage 111) and then the amygdala, thalamus
and claustrum (stage 1V). Finally, NFTs spread to all isocortical regions (stage V) and
eventually affect the primary sensory, motor and visual areas (stage VI) [49, 50].
Several studies show that the extent and distribution of NFTs are correlated with the
severity and duration of AD [51-53], suggesting that NFTs may have an important
role in the progress of AD. In addition, it is important to note that NFTs are also
present in other diseases [54]. The reason why different diseases have the same

pathologic change is still unknown.

1.2.2 Amyloid plaque

Another pathological lesion of AD is the amyloid plaque. Amyloid plaque is
characterised by the accumulation and deposition of amyloid beta peptides (Ap)
including AB40 and AB42 [55-57], which are derived from the normal proteolysis of

-amyloid precursor protein (APP) [58].

Amyloid plaques can be classified into two general types: dense core plaques and
diffuse plaques. Studies show that the dense core plaques are usually associated with
dystrophic neurites, synaptic loss, neuron loss and activation of astrocytes and

microglia [59-63]. However, diffuse plagues, which are also commonly present in the



brains of elderly people without cognitive impairment, are not associated typically

with dystrophic neuritis and synapse loss [59, 64, 65].

Unlike NFTs, amyloid plaques mainly accumulate in the isocortex, and the
progression of spatiotemporal pattern is difficult to predict [50]. The progression of
amyloid plaques can be roughly classified into three stages [50]. In stage A, amyloid
deposits are firstly present in the isocortex and particularly in the basal portions of the
frontal, temporal and occipital lobe, but the hippocampus is not affected. In stage B,
all isocortex associated areas are affected and the hippocampus is only mildly
involved. The primary sensory areas and primary motor regions are still free of
amyloid deposits. Finally, in stage C, all isocortex regions are involved, but the
hippocampus shows similar patterns of amyloid deposits as in stage B. Moreover,
some regions outside the cerebral cortex, including the striatum, thalamus,

hypothalamus, subthalamic nucleus and red nucleus, also show amyloid plaques [50].

Clinicopathological studies show that the presence of amyloid plaques is not
associated with the severity and duration of AD [51, 66-68]. The deposition of AP
reaches a plateau early in the disease progress [53, 69], and recent studies demonstrate
that significant plaque deposition occurs prior to clinical decline. These findings
suggest that the presence of amyloid plaque alone may be not sufficient to induce

cognitive decline [70].

1.2.3 Cerebral amyloid angiopathy (CAA)

In AD, AB also tends to form deposits in the walls of cerebral and leptomeningeal

vessels (cerebral amyloid angiopathy). Cerebrovascular AP deposits are mainly



present in leptomeningeal and cortical arteries, and less frequently in veins, capillaries
and subcortical vessels [71]. The major component of vascular amyloid deposits is Ap
[72, 73]. Other proteins, such as apoE, are also found in cerebrovascular amyloid
deposits [74]. Moreover, studies indicate that AD individuals carrying apoE4 allele
have more severe CAA than AD patients lacking the apoE4 allele [75, 76], suggesting

an important role of apoE proteins in the development of CAA.

Morphologically, there are two types of CAA in AD: CAA with capillary
involvement (CAA-type 1) and CAA lacking cortical capillary Ap deposition (CAA-
type 2) [76]. Topographically, CAA starts in the leptomeningeal or neocortical vessel,
and then expands into allocortical areas and the cerebellum, and finally subcortical
nuclei such as the thalamus, basal ganglia, white matter and brain stem [77]. In
addition, CAA is not specific to AD, other amyloidogenic proteins including
transthyretin, cystatin C, gelsolin and prion protein can also accumulate in the

cerebral blood vessels and form CAA in other diseases [78].

1.2.4 Synaptic loss

Synapse loss is believed to be the most reliable index of cognitive impairment in AD
[79]. Studies consistently report that there is a substantial loss of synapses in the
cortical and hippocampal region of AD patient during the disease progress [80-85].
Studies demonstrate that synaptic loss starts before tangle formation and neuronal loss
[86]. Moreover, synaptic loss may also occur during normal aging, and it has been
suggested that loss of synapses might be a consequence of normal aging that may

contribute to overall synapse loss in AD [87].



1.3 AP peptide

The deposition of amyloid plaques in the brain is the main pathologic hallmark of AD
[19, 20]. The major component of plaques is the B-amyloid protein (AB) [56, 57] that
is generated from amyloid precursor protein (APP) [58] by sequential cleavage of the
[-site APP cleaving enzyme-1 (BACE1) [88-91] and y-secretase complex [92] (Fig.
1.1). There are mainly two pathways involved in the proteolytic processing of APP.
APP is predominantly cleaved by o-secretase to form a soluble APP fragment
(SAPPa) and a membrane-bound fragment, C83. The cleavage site of a-secretase is
within the AP sequence [93, 94], so a-secretase cleavage precludes formation of Ap
[95]. C83 is then cleaved by y-secretase to generate p3 and the APP intracellular
domain (AICD). Alternatively, cleavage of APP by BACEL leads to the secretion of a
large APP N-terminal fragment (SAPPB) and also yields a C-terminally truncated
fragment (C99), which is subsequently cleaved by y-secretase to produce AP,
containing from 37-42 amino-acid residues, and also AICD. The major A species are
AB40 which contains 40-amino-acid residues and AB42 which contains an extra two
amino-acid residues at its C-terminus. AB42 is the primary component of the amyloid
plaques, and the two additional hydrophobic residues at the C-terminus makes Ap42

aggregate more readily compared to AB40 [96, 97].
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Fig. 1.1. Proteolytic processing of amyloid precursor protein (APP). APP can be
processed through two distinct pathways: the amyloidogenic pathway and the non-
amyloidogenic pathway. In the amyloidogenic pathway, APP is cleaved by - and y-
secretase to produce AP. However, in the non-amyloidogenic pathway, APP is
cleaved by a-secretases within the AB sequence which precludes the formation of Ap.



1.3.1 A aggregation

Theoretical and experimental studies show that AP contains a central hydrophobic
cluster from 17 to 21 of Ap and a completely hydrophobic C-terminal domain that
shows high propensity to aggregate and form a B-sheet structure. The N-terminal
sequence of AR is hydrophilic and can exist as a-helical or B-sheet conformation
depending on the environmental conditions [98]. Structural studies have reported that
AP mainly adopts an a-helical structure in organic solvents such as DMSO, while in
aqueous buffers or in water it primarily demonstrates a -sheet conformation [98].
The formation of amyloid fibril involves several steps and generates a range of AP
aggregates with different sizes and molecular weights. AB oligomers, including
dimers, trimers, or soluble higher molecular weight Ap oligomers, are soluble and
non-fibrillar Ap aggregates with size of approximately 5 nm in diameter [99]. The
precursor of full-length AB fibrils are termed protofibrils, which are linear Ap
aggregates approximately 4 to 11 nm in diameter and 20 to 200 nm in length [100,
101]. Another low molecular weight aggregated form of AB may be annular in
structure [102]. Compared with linear protofibrils, annular Ap is stable and cannot
further convert to AP fibrils in vitro [102]. The mature fibril has a size of

approximately 14 nm in diameter and a length ranging from nanometres to microns

[100].

The mechanism of AB aggregation to form amyloid fibrils is still poorly understood.
In vitro AP aggregation studies have proposed some models to describe the AP
aggregation process. Amyloid fibrils could be formed following a nucleation-

dependent polymerisation mechanism in which A monomers initially undergo a slow



nucleation phase (lag phase) to form AP oligomers that can serve as the “seed”. Once
the AB “nucleus” is formed, it will undergo a rapid fibril elongation progress by
adding AB monomer to the “seed” (growth phase). Finally, the A aggregate will
reach the steady state in which the AP aggregates and monomers are at equilibrium
[97]. AB monomers may also aggregate to AP fibrils via a template-dependent dock-
lock mechanism [103]. Initially, AR monomer may bind to pre-existing amyloid
fibrils or other templates in a reversible manner (“dock” phase). Subsequently, this
deposited AB may undergo a conformation transition and become irreversibly
associated with the amyloid fibril template in a time-dependent manner (“lock™ phase).
Finally, this irreversibly “locked” AB may serve as a new binding site for “docking”
the second AB monomer [103, 104]. This model suggests that AB fibril formation
may occur without the formation of an AP nucleus, and this theory is supported by the
observation that a cell-released factor can promote AB aggregation at physiological
AP concentrations, which is much less than critical concentration for forming Ap

nucleus [105].

1.3.2 Soluble Ag oligomer production and toxicity

Early studies suggested that the level of soluble AB oligomers is strongly correlated
with synaptic loss and the severity of AD [106, 107], while the level of insoluble Ap
or amyloid plaque presented in the brain is poorly associated with the cognitive
impairment of disease [106]. These findings indicate that the A oligomers may have
important roles in the development and progress of AD, and thus should attract more

attention in studies.
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AP dimer has been found in AD transgenic mouse models [108, 109]. In Tg2576 mice,
the AB dimers are highly located in lipid rafts and present before the amyloid plaques
are detectable [108]. In human studies, Ap dimer can only be detected in the brains of
patients with AD [108, 110], suggesting that AP dimer is strongly associated with AD
pathogenesis. Other studies show that Ap dimers extracted directly from the cerebral
cortex of subjects with AD can potently inhibit long-term potentiation (LTP), elevate
long-term depression (LTD) and decrease dendritic spine density in the normal rodent
hippocampus [110]. However, insoluble AP extractions from the cortex of AD
patients have no effect on LTP unless they are disassembled to Ap dimers, suggesting
that amyloid plaques may be relatively inactive but may act as a reservoir of AP
dimers [110]. More recently, studies show that AP dimers can induce
hyperphosphorylation of tau at AD-relevant epitopes in hippocampal neurons and also
cause disruption of the microtubule cytoskeleton and neuritic degeneration. Knocking
down endogenous tau fully prevents the AP dimer-induced neuritic change, while
overexpression of human tau can accelerate this process [111]. This finding firstly
demonstrates the relationship between the Ap and NFTSs, suggesting that NFTs may

be a downstream consequence of AB-induced toxicity.

AP trimers have also been extracted from the brain tissue of AD transgenic mice
(Tg2576) as early as the embryo stage, and trimers are stably expressed throughout
the life of the mice [112]. Animal studies demonstrate that Ap trimers can more
potently inhibit hippocampal LTP than AB dimers and tetramers [113]. In addition,
AP trimers have a strong effect on inducing cofilin dephosphorylation and the

formation of cofilin-actin rods within rat hippocampal neurons than other AP
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oligomer species [114]. These findings suggest that AB trimers could account for at

least a portion of the AP oligomer-induced neurotoxiciy.

Dodecamers of AP have a molecular weight of 56 kDa and have been termed AB*56
[112]. AB*56 was initially found to cause memory deficits in the Tg2576 mouse
model. A cognitive decline of Tg2576 mice has been observed at 6 months of age
when AB*56 is first detected, and administration of AB*56 purified from the brain of
Tg2576 mice can impair memory in young rats. These results suggest that AB*56 may
be an important neurotoxic form of AB [112]. Interestingly, other studies show that
longitudinal water-maze spatial training can improve learning performance and
reduce the level of AB*56 in transgenic AD mice [115]. These studies further support
the view that there may be a strong link between AB*56 and memory decline.
However, a recent study reported that the level of AB*56 is stable and is not
correlated with the memory deficits [116], suggesting that the relationship between

AB*56 and memory impairment are correlative rather than causative.

Recently, annular protofibrils (APFs), which are structurally and functionally distinct
amyloid oligomers, have been identified [102]. APFs have a pore-like structure with
the molecular weight over 90 kDa. They have a structure similar to bacterial pore-
forming toxins and thus have been proposed to alter permeability of the cell
membrane and exhibit cellular toxicity [117]. However, in vitro studies indicate that
APFs have less membrane-permeabilizing activity and toxicity compared with
prefibrillar oligomers [102]. Studies demonstrate that APFs are also present in both
AD transgenic mice and human brains [118, 119]. However, whether APFs have a

neurotoxic effect in vivo is still unclear.
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1.3.3 Af-induced calcium dysregulation

The neurotoxic effect of Ap was first reported approximately two decades ago, and
subsequent studies indicate that the oligomeric species of A, rather than AP fibrils,
contribute to most AB-induced neurotoxicity and are strongly correlated to the
cognitive decline of AD. However, the precise cellular or molecular mechanism
involved in AB-induced neurotoxicity is still unclear. Recently, evidence shows that
the dysregulation of calcium homeostasis may have a critical role in the pathogenesis

of AD.

Initially, several studies indicated that the concentration of calcium in the brain
increases with aging [120, 121]. However, the biochemical basis for this increase of
Ca®" is unclear. Subsequently, studies have also linked the dysregulation of Ca*
homeostasis to AD. Mattson and colleagues firstly reported that AB can disrupt
neuronal calcium homeostasis and thereby render neurons more vulnerable to
glutamate-induced excitotoxicity [122]. This effect was also observed in later studies
[123, 124]. However, the exact mechanism underlying the AB-induced dysregulation
of Ca”* homeostasis is still unknown, but several hypotheses are proposed to explain

these findings.

Several studies have suggested that AB can trigger Ca?* entry by binding to the
NMDA receptor [125], and that noncompetitive NMDA receptor antagonists can
block the AB-induced toxicity [126]. However, other groups demonstrate that A can
promote Ca?* uptake through the stimulation of L-type voltage-sensitive Ca?*
channels rather than NMDA channels in SH-SY5Y human neuroblastoma cells [127].

It has also been shown that AB can open L-type Ca** channels and induce the Ca2+
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influx and eventually activate acetylcholinesterase, which is involved in the
degradation of acetylcholine [128]. In addition, studies in rat hippocampal neurons
show that AB can also block voltage-gated fast-inactivating K* current and lead to

prolonged cell depolarization which thereby increases Ca** entry [129].

It has been demonstrated that AP oligomers can increase membrane permeability to
Ca®* [130], and other studies also suggest that AR may form calcium channels in the
bilayer membrane of the cell [131]. These findings raise the possibility that Ap may
form pores in the membrane to allow Ca?* entry. This hypothesis has been supported
by several studies [132-134]. However, recent in-vitro studies demonstrate that AP
oligomers could also increase membrane conductance by thinning the lipid membrane,
and studies have failed to observe artificial ion channels or pores [135, 136]. To date,
“AB Ca”* channels” have not been observed in vivo, thus this artificial pore

hypothesis still remains speculative.

Ca’?* can influence AD progression by affecting APP processing and Ap production.
Recent evidence shows that a polymorphism of the calcium homeostasis modulator 1
(CALHML1) gene may be associated with risk of AD [137]. This polymorphism of
CALHM1 can elevate the AB levels by altering Ca** permeability and cytosolic Ca?*
levels [137]. Recent studies also link familial AD mutations in presenilins to Ca**
homeostasis [138]. Studies show that presenilins can regulate Ca®* homeostasis via
the inositol 1,4,5-trisphosphate (IP3) receptor Ca’* release channel [139], while other
studies demonstrate AD-related mutations of presenilin can reduce the activity of the
sarco ER Ca”" ATPase (SERCA) pump, which is involved in the maintenance of the

level of cytosolic Ca** [140]. Importantly, regulation of 1P receptors or SERCA can
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affect the AB production [139, 140], suggesting that ER Ca’** homeostasis may have

important roles in the AP generation and familial AD.

1.3.4 Physiological functions of Ag

AP can be produced during normal cellular metabolism in vivo [92, 141], indicating
that rather than only being a cause of neurotoxicity, Ap may have its own biological
function at physiological concentrations in vivo. Several in-vitro studies report that
ApB may have neuroprotective and neurotrophic effects at low concentrations [142-
144]. AP can also promote the proliferation and differentiation of primary neural
progenitor cells derived from rat E18 cerebral cortex [145]. Several studies indicate
that AB may have a role in the regulation of synaptic activity [146]. Evidence shows
that elevation of neuronal activity in hippocampal slices overexpressing APP can
increase the production of AB, and AP can also selectively depress excitatory synaptic
transmission onto neurons and thereby decrease the neuronal activity [146]. These
observations thus suggest a role of Ap in a negative feedback to control the neuronal
activity, and disruption of this feedback system could contribute to disease
progression in AD. This hypothesis is supported by a recent study that reports that
stimulation of NMDA receptors, which increase neuronal activity, can increase the
expression of APP and promote AP production [147]. These findings imply that AP

may have important physiological functions in the brain.
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1.4 Biology of amyloid precursor protein (APP)

In 1987, several groups used oligonucleotide probes corresponding to the amino acid
sequence of AP to isolate and sequence complementary DNA clones that encode the
APP sequence, and mapped the APP gene to the long arm of human chromosome 21
[55, 58, 148, 149]. These findings suggest a genetic relationship between AD and
Down syndrome, and explain why individuals with trisomy 21 also develop AD-like
pathology. However, further studies have shown that familial Alzheimer’s disease
(FAD) doesn’t result from the genetic defect causing increased gene dosage of APP

[150, 151].

The human APP gene has at least 18 exons [152, 153]. Because of the alternative
splicing of exons, APP mRNA encodes several isoforms ranging from 365 (APP365)
to 770 (APP770) amino acid residues [154, 155]. APP365 and APP563 encode the
secreted form of APP without the A domain [154, 156]. The three major isoforms of
mammalian APP are APP695, APP751 and APP770. Compared with APP695,
APP751 has a 168-nucleotide insert which introduce a 56 amino-acid Kunitz protease
inhibitor (KPI) domain into the extracellular domain and also converts val289 into an
isoleucine [155, 157, 158]. APP770 is identical to APP751 but has another 57
nucleotide inert which adds a 19 amino-acid OX-2 domain to the C-terminal of insert
of APP751 [159]. These mammalian APP isoforms are expressed in both brain and
peripheral tissues. In brain, APP695 normally expresses in neurons and is the primary
source of APP in the brain, whereas APP751 and APP770 are mainly expressed in

glial cells [160].
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1.4.1 Structure of APP

APP is a large type | transmembrane glycoprotein containing a cytoplasmic C-
terminal domain and a large N-terminal ectodomain [161]. The structure of APP is
organized into multiple distinct functional domains (Fig. 1.2). The extracellular
domain of APP is divided into the E1 and E2 domains [162]. The E1 domain is
stretched from the N-terminal signal peptide region and is followed by a cysteine-rich
region. The cysteine-rich region can be further divided onto a number of subdomains,
including a heparin-binding or growth-factor-like domain (HBD or GFLD) [163, 164],
a small copper-binding domain (CuBD) [165] and a zinc-binding domain (ZnBD)
[166]. Between the E1 and E2 domain is a highly acidic domain which is rich in
glutamate and aspartate residues. In some APP mRNA split isoforms, the acidic
domain is followed by the KPI domain [167]. The KPI domain may be formed
adjacent to a 19-residue sequence which is homologous to the OX2 antigen (OX2

domain). The OX2 domain is only present in APP770 isoform [159].

The remainder of the extracellular domain of APP is often termed the “carbohydrate
domain” (CHD), which containing two potential N-glycosylation sites. The CHD can
be divided into two subdomains. The first domain of CHD is the E2 domain or central
APP domain (CAPPD). NMR and crystal structures of the E2 domain reveal that it is
composed of six a-helices which fold together as a coiled-coil substructure [168, 169].
The E2 domain contains a pentapeptide, RERMS, which may participate in APP
dimerization and may relate to a role of APP in cell-cell adhesion. There is also a
highly conserved heparin-binding site (HBD2) in the E2 domain [163], which is
believed to mediate the binding of APP to the extracellular matrix (ECM) (e.g.

collagen and laminin) [170, 171]. The E2 domain is followed by an unstructured
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sequence called the random coil (RC) region which does not form a standard
secondary structure of protein [172]. The RC contains the - and o-secretase cleavage

sites.

The ectodomain of APP is followed by a transmembrane (TM) domain [58, 161],
which contains the y-secretase cleavage site. This site is located approximately in the
middle of the TM domain [173]. The AB sequence contains the last 29 C-terminal

amino acids of the CHD and the first 11-13 amino acids of the TM domain.

The cytoplasmic domain of APP contains the APP intracellular domain (AICD)
peptide sequence, which is derived from the y-secretase cleavage. Most of the
identified APP binding partners interact with the AICD [174]. The YENPTY motif
present in the AICD is conserved in all APP homologues, and this sequence is also

important for the clathrin-mediated endocytosis of APP [175].

APP homologues have been identified in several species, including C. elegans (APL-
1) [162], Drosophila (APPL) [176], Zebrafish (APPa) [177], and Xenopus lavevis
(APP-A) [178]. Two APP homologues, APP-like protein 1 (APLP1) and APP-like
protein 2 (APLP2) have been found in mammals [149, 179, 180]. These APP
homologues have several conserved motifs in their sequence, including the E1, E2
domain and AICD. Importantly, the AB sequence is not conserved and is only present
in the APP sequence. Drosophila APPL and APLPL1 are exclusively expressed in the
nervous system [181, 182], while mammalian APP and APLP2 are not only highly

abundant in the brain but also ubiquitously expressed outside of the brain [181, 183].
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Fig. 1.2. Schematic illustration of domain structure of APP and its homologues. HBD,
heparin-binding domain; MBD, metal-binding domain including copper-binding
domain (CuBD) and zinc-binding domain (ZnBD); Ac, acidic domain; KPI, Kunitz
protease inhibitor domain; OX2, immunoregulatory OX-2 antigen domain; HBD2,

heparin-binding domain 2; RC, random coil; CHD, carbohydrate domain.
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1.4.2 Functions of APP

1.4.2.1 Cell adhesion

Studies have indicated that members of the APP family may participate in cell
adhesion [184]. The E1 and E2 domain in the extracellular sequence of APP have
been shown to interact with extracellular matrix proteins (e.g. collagen 1 and laminin)
[170, 171] and heparin [163, 185, 186]. This property of APP suggests a role of APP
in cell-matrix adhesion. Structural and functional studies also indicate that the E1 and
E2 domain of APP are involved in cell-cell adhesion. X-ray crystallography analysis
reveals that E2 domain of APP can form antiparallel dimers [169]. This implies that
APP has a function in homophilic interaction and transcellular adhesion. Studies also
show that heparin can bind to the E1 and E2 domain of APP and induce APP-APP
dimerisation [187-189]. Further studies suggest that APP can form homodimers and
heterodimers with APLP1 and APLP2 mainly via the conserved E1 region of APP

[189].

Recently, studies demonstrate that the GxxxG motifs within APP transmembrane
sequence provide another dimerisation site of APP [190, 191]. Mutagenesis of the
glycine residues in GxxxG motif leads to a weaker dimerisation strength and causes a
reduction in AP production, but increases AB38 and shorter AB species [190, 191]. As
[-secretase cleavage of APP is not inhibited by mutation of the GxxxG motif. This
suggests that y-secretase cleavage of APP may be influenced by the APP dimerisation

[190, 191].

The “RHDS” tetrapeptide sequence near the extralumenal region of APP, at the

beginning of the AP sequence, is also reported to promote cell adhesion in an

20



integrin-like manner [192]. Interestingly, APP colocalises with integrins on the
surface of axons and at the sites of cell adhesion, suggesting that APP may either

interact with integrins or has similar mechanism to promote cell adhesion [193, 194].

1.4.2.2 Role as a cell surface receptor

APP was initially predicted to function as a cell-surface receptor [58]. The similarity
in structure and proteolytic processing between APP and notch, which is a cell-
surface receptor involved in cell signaling, suggests that APP could also act as cell-
surface receptor [195]. APP is reported to act as a G-protein coupled receptor by
specially activating G, in a ligand-dependent and ligand-specific manner [196].
Further studies show that APP can serve as a cell-surface receptor in cells and activate
serine/theonine kinase (especially the MAPK pathway) [197]. Recently, F-spondin
has been found to bind to the E2 domain of APP as well as APLP1 and APLP2, and
this binding inhibits B-secretase cleavage of APP and thus could regulate APP
processing [198]. The binding of F-spondin is also reported to promote neuronal
survival by the activation of intracellular signaling pathways involving
phosphorylation of Dab-1 and Akt and up-regulation of anti-apoptotic Bcl-2 family
members [199]. There is evidence that reelin, an extracellular protein, can interact
with the E1 domain of APP, leading to inhibition of Ap production and promotion of
neurite outgrowth [200, 201]. Nogo-66 receptor can interact with APP at a site close
to the BACE1-cleavage site of APP. The binding of the Nogo-66 receptor to APP can
reduce AP production and knockout of the Nogo-66 receptor can lead to AP
accumulation in an APP transgenic mouse model [202]. Netrin-1, a multifunctional

guidance and trophic factor, can bind to APP at the beginning of the A} sequence and
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modulate APP signaling by triggering APP intracellular domain-dependent gene
transcription. Interestingly, the binding of netrin-1 to APP also suppresses Af
production in brain slices from AD transgenic mice and AP levels are elevated when
netrin-1 expression is decreased [203]. In addition, another study suggests that SAPPa
can serve as a physiologically relevant ligand of APP. The binding of neuroprotective
SAPPa to APP can disrupt APP homodimerisation and is necessary for the protection

of neuroblastoma cells against starvation-induced cell death [204].

1.4.2.3 Role in neurite outgrowth, synaptogenesis and neuroprotection

Several lines of evidence suggest a neurotrophic role for APP both in vitro and in vivo.
Structurally, the N-terminal heparin-binding domain of APP is vaguely similar to
cysteine-rich growth factors, suggesting that this region of APP could function as a
growth factor in vivo [164]. Mice lacking APP, APLP1 and APLP2 have severe
abnormalities in brain development, suggesting that APP family members have some

roles in brain development [205].

After synthesis, APP can be rapidly transported to synaptic terminals [206-209], and
APP mRNA and APP expression is progressively increased during the differentiation
of brain cells when neurite outgrowth and synaptogenesis is maximal, suggesting that
APP may be involved in synaptogenesis [210, 211]. In APP/APLP2 double knockout
mice, synaptic vesicle density and active zone size are dramatically reduced, further
supporting the idea that APP family proteins have important roles in regulating the

formation and function of synapses [212, 213].
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In addition, during traumatic brain injury (TBI), the expression of APP is elevated
both in mammalian and Drosophila brain [214-216]. SAPPa treatment can reduce
neuronal cell loss and axonal injury after TBI, and may antagonise dendritic

degeneration and neuron death induced by proteasomal stress [217, 218].

The effect of APP on neurite outgrowth probably involves its cell adhesion properties.
In particular, the binding of APP to HSPG in the extracellular matrix may stimulate
the effects of APP on neurite outgrowth, and a peptide homologous to the heparin
binding region of APP can block APP-induced neurite outgrowth [186]. When APP-
transfected CHO cells are used as a substrate for the growth of rat hippocampal
neurons, the increased surface APP on the CHO cells stimulates short-term neuronal

adhesion and longer-term neurite outgrowth [219].

Several lines of evidence suggest that the a-secretase cleaved form of APP, sAPPa
also has important roles in neurite outgrowth. One of the earliest lines of evidence that
soluble APP is important for cell growth came from the observation that an antisense
APP construct can slow the growth of neuroblasts and that this growth retardation
could be rescued by treatment with secreted sAPPa [220]. Subsequently, a
pentapeptide motif “RERMS” in the E2 region of APP was reported to be responsible
to promoting neurite outgrowth in vitro [221, 222]. Indeed, moderate overexpression
of APP in mice, infusion of either an RERMS peptide or SAPPa into adult rat brain,
or increasing SAPPa generation in vivo by overexpression of a-secretase (ADAM10)
can increase synaptic density and memory retention [223-226]. However, it has been
suggested that both soluble and cell-associated APP can contribute to neurite
outgrowth in a complex manner [194, 227, 228]. Studies show that the APP-deficient

neurons have shorter axons at 1 day in vitro (DIV) but longer axons after 3 DIV
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compared to wild-type neurons. This implies that cell-associated APP may primarily
contribute to the onset of axon formation [228]. Young-Pearse et al., [194] reported
that deletion of APP, APLP1 or APLP2 or addition of SAPPa can promote neurite
outgrowth in primary neuronal cells. However, sAPPa cannot stimulate neurite
outgrowth in the absence of APP. These results suggest that SAPPo may inhibit the

activity cell surface APP.

It should be noted that APP/APLP1/APLP2 triple knockout embryonic stem (ES) cell-
derived neurons can form neurites and active excitatory synapses equally well
compared to neurons derived from wild-type embryonic stem cells [229], a result
which seems to be contradictory to this idea. Thus, it is still difficult to reconcile these

findings into the neurotropic functions of APP.

1.4.2.4 Interaction of APP with adaptor proteins

The YENPTY motif of the intracellular domain of APP (AICD) has been shown to
interact with many adaptor proteins possessing a phosphotyrosine binding domain
(PTB) domain[230]. Considering that all APP family proteins contain a YENPTY
sequence at the C-terminal tail, it is likely that all APP homologues may bind to

similar adaptors and function in signal transduction and gene regulation.

FE65 was the first protein to be identified as an APP binding partner[231]. FE65
contains two PID/PTB domains and can bind to the YENPTY motif in a tyrosine
phosphorylation independent manner [232]. The interaction of FE65 with APP may
disrupt APP trafficking and processing [233, 234]. Studies show that overexpression

of FE65 may increase translocation of APP to the plasma membrane and elevate the
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secretion of both sAPPa and AP [233]. However, in a study by Ando at el. (2001),
expression of FE65 was found to suppress the maturation of APP and reduce AR
production. This study also suggested that the phosphorylation of APP at the thr668
position of APP695 may lead to a conformation change in AICD, which contains the
YENPTY sequence and therefore diminishes the interaction of APP and FE65 [234].
APP may form a complex with FE65 and the histone acetyltransferase Tip60 and the
interaction may have a function in gene expression [235]. The downstream targets of
the APP/FE65/Tip65 complex may include KAIL1 [236] [237], neprilysin [238],
GSK3p [237, 239, 240], EGFR [241], LRP1 [242], APP and BACE1 [237] and P53

[243-245].

X11 family proteins, also called Munc-18-interacting proteins (Mints), are also known
to bind to the YENPTY motif of APP [230]. The X11 family has three members
including X11a/Mintl, X11p/X11L/Mint2 and X11y/X11L2/Mint3, and all of them
are reported to bind to APP [230, 246]. Studies have shown that the binding of X11
proteins to APP can affect APP trafficking and reduce the production of AB [247,
248]. In support of these findings, studies by Lee et al. (2003 and 2004) showed that
overexpression of X11 can retard AB production and amyloid deposition in the brain
of APP transgenic mice [249, 250]. In mice lacking X11 and X11L, there is a
significant increase in B-secretase cleavage of APP and accumulation of A in the
brain [251, 252]. Importantly, knock-out of X11 and X11L shifts APP into lipid rafts,
suggesting a possible mechanism whereby X11 could stabilise APP. This would
inhibit its translocation into lipid rafts where it could be cleaved by BACEL, and thus

reduce AP production [252].
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JNK-interacting proteins (JIPs), including JIP-1a, JIP-1b and JIP2, are reported to
interact with the YENPTY motif of APP through a PTB domain [253, 254]. Further
studies show that JIP-1b but not JIP-1a and JIP2 stabilises immature APP and inhibits
APP processing, thus reducing the generation of AB. This finding indicates that JIP-
1b could directly bind to APP rather than to JNK and then activate the JNK signalling
cascade [255]. It has been known that JNK can potently phosphorylate APP at thr668,
suggesting that JIP-1b may act as a scaffold protein and link JNK to APP, thus
enhancing the phosphorylation of APP [256]. In addition, JIP-1 is reported to be

involved in the normal axonal transportation of APP [257, 258].

Shc (Src homology collagen-like) A and Shc C, which contain a PTB domain, can
bind to the YENPTY motif of APP in vitro and in vivo when APP is phosphorylated
at tyr682. The phosphorylation at thr668 of APP also regulates the interaction of Shc
A and APP, as mutation of tyr668 reduced this interaction [259]. It has been further
demonstrated that knockdown of Shc C leads to a reduction of AB and the level of
BACEL1, but silencing of Shc A has no effect on APP processing [260]. In human
brain, C99 may form a complex with Shc along with growth factor receptor-bound
protein 2 (Grb2). Interestingly both Shc and Grb2 are increased in the AD brain [261].
Subsequent studies have revealed that Grb2 can bind directly to tyr682
phosphorylated APP via its Src homology 2 region [262], and may play a role in the
trafficking of APP and AICD [263]. In addition, studies show that Grb2 interacts with

APP and PS1 and modulates the centrosomal mitotic activity of ERK1, 2 [264].

Disabled-1 (Dabl) protein, which is important in the development of nervous system,
is reported to bind to all three APP family members [265, 266]. Expression of Dabl

can alter APP trafficking since the level of APP is increased on the cell surface. Dabl
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can also affect APP cleavage and decrease the production of Ap [200]. Further studies
have revealed that Fyn, a Src family-tyrosine kinase, can induce the phosphorylation
of APP at tyr682 and facilitate interactions between APP and Dabl, and regulate the
effect of Dab1 on APP trafficking and processing [267]. Recently, studies show that
Fyn regulates the interaction of APP and Dabl and modulates the targeting of APP

and Dabl to lipid rafts [268].

Numb, another PTB containing endocytic adaptor protein, has been shown to bind to
the C-terminal YENPTY motif of APP, and has an effect on APP trafficking and
processing in an isoform-dependent manner [269, 270]. There is evidence that the
expression of Numb isoforms are elevated in both AD brain and APP transgenic mice

compared with controls, suggesting a role for Numb in AD progression [271].

PAT1 (protein interacting with APP tail 1) has also been shown to interact with the C-
terminus of APP and may be involved in the translocation of APP [272]. PAT1a, a
homologue of PAT, is reported to bind to all three APP family proteins, and promote
the processing of APP and APLPs [273]. In addition, PAT1 may bind to the Jcasp
domain of APP and cause the accumulation of APP and APLP2 at the cell surface,

thereby triggering a cell death signal [274].

1.4.2.5 Non-neuronal function of APP

APP and its homologues also have physiological functions outside the nervous system.
Previously, the APP containing KPI domain has been reported to play a role in the
regulation of blood coagulation [275, 276]. APP can be released by activated platelets

and acts as a potent inhibitor of factor Xla [277, 278]. Studies in APP/APLP2 null
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mice suggest functions of APP family proteins in insulin and glucose homeostasis
[279]. Moreover, APP is highly expressed in adipose tissue and up-regulated in
obesity, and its expression levels correlate with insulin resistance and adipocyte
cytokine expression levels [280]. In addition, studies indicate that there is an up-
regulation of APP in various cancers. Further studies reveal that APP may be
associated with tumor growth as knockdown of APP results in inhibition of tumor cell

growth [281].

1.4.3 Proteolytic processing of APP

1.4.3.1 APP trafficking and processing

During the transition of APP from the endoplasmic reticulum (ER) to the plasma
membrane through the constitutive secretory pathway, APP undergoes N-
glycosylation and O-glycosylation [282]. The further addition of sulfate and
phosphate in the late Golgi compartment and on the cell surface increases the
molecular mass of APP. APP can be proteolytically processed at the cell surface by a
set of a-secretases and release sSAPPo [94]. Activation of protein kinase C can
increase SAPPa secretion, because protein kinase C is involved in the formation and
release of secretory vesicles from the trans-Golgi network, activation of PKC
increases the transport of APP to the cell surface [283]. After arriving at the cell
surface, APP can be quickly internalised within minutes. This is achieved by the
YENPTY motif at the intracellular region of APP. Mutation of the YENPTY motif
can block the internalisation of APP and decrease AP formation [284]. After

internalisation of APP into the cytoplasm, APP is delivered to late endosome and a
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fraction of the APP pool will be recycled back to cell surface. Internalised APP can

also be delivered to lysosomes for degradation.

BACEL1 is mainly localised in the late Golgi/TGN membrane and endosomes where
APP can be cleaved during the endocytic/recycling step [285]. Studies show that the
y-secretase complex is present and has activity in multiple compartments including
endoplasmic reticulum/intermediate compartment (ER/IC) [286], late Golgi/TGN
[287, 288], endosomes [289] and plasma membrane [290, 291]. In non-neuronal and
neuroblastoma cells, AB is mainly generated in the TGN and endosomes during the
trafficking of APP through the secretory and recycling pathways. In neurons, APP
undergoes axonal transportation to nerve terminals by means of a fast anterograde
component, and may be processed to A at those sites [207, 292]. Later studies show
that the axonal transportation of APP may be mediated by direct binding of APP to
the kinesin light chain subunit of kinesin-1 [293]. However, this conclusion is

controversial and thus further investigation may be required [294].

1.4.3.2 APP processing secretases

1.4.3.2.1 o-Secretase cleavage

The a-secretase pathway is the primary route of APP processing and involves
cleavage in the AB sequence on the C- terminal side of the residue 16 of full AB
sequence [93, 94]. a-Secretase cleavage of APP releases a ~100 kDa soluble N-
terminal APP fragment (SAPPo) and generates an 83-residue membrane-bound
fragment (C83) that has a molecular weight of ~9 kDa [95]. Thus, the a-sSecretase

cleavage of APP can preclude the generation of intact A. Evidence shows that a-
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secretase is a membrane-binding protein [94, 295], and can cleave APP at the cell
surface [94, 296]. However, other studies indicate that a-secretase cleavage of APP is

also observed in intracellular compartments such as the Golgi apparatus [282, 297-

299].

Tumor necrosis factor-a. converting enzyme (TACE or ADAM17) is a type | integral
membrane protein, which belongs to the disintergrin and metalloproteinase (ADAM)
family [300, 301], and has been identified as a a-secretase [302]. ADAM17-knockout
mice show decreased production of SAPPa, and inhibition of TACE could affect APP
secretion and AP formation [302]. ADAM10 and metalloprotease disintegrin
cysteine-rich protein 9 (MDC9)/ADAMY, another two members of ADAM family,
also have been identified as a-secretases [303, 304]. Overexpression of ADAM10 in
cells or in mice results in a significant increase in a-secretase cleavage of APP [303,
305]. Co-expression of ADAM9 and APP in COS cells leads to an increase of SAPPa
production, but ADAM9 has no effect on secretion of SAPPa when the a-secretase
cleavage site in APP sequence is mutated [304]. However, deletion of both ADAM9
and ADAML17 in cells or in mice does not lead to significant reduction in sAPPa,
indicating that ADAM9 and ADAM17 may be involved in regulated a-secretase

cleavage of APP rather than constitutive cleavage of APP [306, 307].

1.4.3.2.2 p-Secretase cleavage

In the amyloidogenic pathway, APP is firstly cleaved by p-secretase at the N-terminus
of AB to release SAPPf and to form a membrane-bound 99-residue C-terminal

fragment of APP called C99. The AB amino acid sequence begins at the aspl residue
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of AB [308]. In HEK293 cells, however, there is a minority of Ap that starts at val3
and glull [92]. In contrast, glull species are mainly found in rat primary neuron
culture [309]. Inhibitor studies show that val3 species of AP are generated by a
different protease whereas glull seem to be produced in parallel with aspl ApB by the

[-secretase [91, 309, 310].

In 1999 and 2000, a transmembrane aspartic protease was reported to have all known
characteristics of B-secretase. This protease is now known as BACE1 (beta-site APP-
cleaving enzyme). BACEL is mainly expressed in the brain and plays the major role
in B-secretase activity [88-90, 311, 312]. A homologue, BACEZ2, is widely expressed
in peripheral tissue and can cleave APP within the AB sequence [313]. However
BACE2 is not the B-secretase because knockout of BACE2 does not abolish the

production of ApB [314].

Full-length pre-pro-BACE1 has 501 amino residues and contains a signal peptide
domain (residue 1-21) and a pro-domain (residue 22-45). A furin-like proprotein
convertase is responsible for removing this prodomain and forming the mature
BACEL in the Golgi apparatus [315, 316]. BACEL has two aspartic protease active
site motifs which have optimal activity in acidic environments and mutation of either
of these two residues inactivates the enzyme [312, 317]. Studies demonstrate that both
the expression and enzymatic activity of BACEL1 is elevated in AD patients [318, 319].
In BACE1 knockout mice, the deletion of BACELl appears to cause no major
phenotypic difference with the wide-type mice but significantly, BACE1 knockout
block the production of AR and sAPPJ [320, 321]. However, further precise studies
show BACEL-null mice have abnormalities in cognitive, emotional, myelination and

synaptic functions, and may have sensorimotor impairments, spatial memory deficits
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and displayed seizures [322-326]. Knockout of BACEL blocks the production of AB
and abolishes the formation of amyloid plaques in APP transgenic mice [321, 327].
This result indicates that BACE1 is the main p-secretase which initiates AP
generation, and drugs targeting BACE1 may have therapeutic potential for the

treatment of AD.

1.4.3.2.3 y-Secretase cleavage

After B- and a-secretase cleavage of APP, C99 and C83 can be cleaved by y-secretase.
The y-secretase is a protein complex containing anterior pharynx-defective 1 (APH-1),
nicastrin, presenilins (PS1 or PS2), presenilin enhancer 2 (PSENEN) [328]. The PSs

are believed to be responsible for the main y-secretase activity [329, 330].

PSs are multi-transmembrane proteins and synthesized as a ~50 kDa holoprotein.
Subsequently, PS undergoes endoproteolytic cleavage and generates a ~30 kDa N-
terminal fragment and a ~20 kDa C-terminal fragment. This cleavage forms the
mature and active PS heterodimer [331-334]. Mutation of either transmembrane
aspartates or deletion of PSs can inhibit Ap secretion and increase the C99 and C83
production [329, 335, 336]. Additionally, recent studies showed that mitochondria-
associated membrane (MAM), which is involved in lipid metabolism and calcium
homeostasis, is the predominant subcellular location for PS1 and PS2. The finding of
localization of PS1 and PS2 in MAM may help reconcile the disparate hypotheses
regarding the pathogenesis of Alzheimer disease, such as how mitochondrial

oxidative damage is associated with abnormal APP processing [337].
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Nicastrin is a type 1 membrane protein with a large ectodomain. Missense mutation of
nicastrin causes a strong increase in ApB secretion, and deletion of certain domains or
downregulation of nicastrin can significantly reduce AP secretion [338, 339].
Nicastrin plays an important role in y-secretase complex assembly and is required in
the interaction between the y-secretase complex and APP [340]. Nicastrin may not be
a catalytic component in the y-secretase complex. Instead, it may act as a receptor for

the substrates of the y-secretase complex [341].

APH-1 protein has two homologous forms (APH-1a and APH-1b) [342]. APH-1b is
not involved in y-secretase activity [343]. Deletion of APH-1 results in a decrease of
levels of PS [343, 344], but overexpression of APH-1 can cause accumulation of PSs
[345], suggesting that APH-1 has important function in the assembly, maturation and

maintenance of y-secretase complex [346, 347].

PSENEN has 101 amino acid residues containing two transmembrane domains [342].
PS, APH-1 and nicastin can form a trimeric sub-complex in the cell, indicating that
PSENEN may be the final protein binding to the y-secretase complex [348]. In
addition, PSENEN is required for the endoproteolysis and maturation of PSs [349].
Downregulation of PSENEN using RNA interference reduces the level of PS1 and

leads to the accumulation of PS holoprotein [345, 350].

The y-secretase complex is formed in sequential steps. APH-1 firstly forms a stable
subcomplex with the immature form of nicastin [348, 351]. Subsequently, the PS
holoprotein is added into the complex to form a trimeric subcomplex. The addition of
PSENEN leads to the maturation of nicastrin and PS, and finally activates y-secretase
complex [348]. In addition, recent evidence demonstrates that PS1 exhibits y-

secretase activity that is independent of other components of the complex [352].
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1.5 Genetics and risk factors for AD

Mutations of APP and presenilins are causes of early-onset AD [353]. In late-onset
AD, apolipoprotein E4 (apoE4) and other genotypes are known to increase the risk of
AD [354]. In addition to these genetic factors, age is also a risk factor and the
prevalence of AD doubles approximately every 5 years after the age of 60 in the
normal population [355]. In addition, education, diet, physical activity, smoking,
alcohol, and drugs are also reported to be associated with the development of AD

[355, 356].

1.5.1 Early onset AD (familial AD)

1.5.1.1 APP mutations

Mutations in the APP gene can cause early onset familial AD (FAD) [357], providing
support for the view that APP and A are essential in the pathogenesis of AD. Several
mutations have been found within the gene encoding APP [358]. A double mutation at
codons 670 and 671 of APP770 transcript in Swedish kindred alters the lysine and
methionine amino acid residue to asparagine and leucine, respectively close to the N-
terminus of AP [359]. Cells expressing APP with this Swedish mutation produce
approximately 6-fold more AP than cells expressing normal APP [360]. The
substitution of leucine for methionine is sufficient to cause this increase in Ap and
thus implying that this mutation increase sensitivity of beta cleavage site to the -

secretase [361, 362].
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Mutation at position 692 of APP770 (near the a-secretase cleavage site) converts an
alanine to glycine. This mutation strongly decreases cleavage of APP by a-secretase
and leads to a significant increase in AB production [358, 363]. Three mutations at
codon 717 convert the valine to isoleucine [364, 365], phenylalanine [366], or glycine
[367]. These mutations shift the cleavage of APP to the longer forms of AP such as

AB42 and AB43 which could form amyloid fibrils more readily than AB40 [97, 368].

In 1997, a mutation was reported at codon 717 in the APP gene in which an isoleucine
residue is substituted by a valine. This mutation increases the generation of longer
forms of AP containing 42 or 43 amino acid residues (Ap42/43) [357]. In addition,
another mutation which converts the leucine to proline at the position of 723 of
APP770 found in an Australian pedigree, also leads to marked increase in AB42/43

[369].

One early-onset AD mutation has been found in an Italian family which has a
mutation at codon 715 of the APP770 gene. Interestingly, this mutation dramatically
reduces AB40 release but has no effect on AB42 production in HEK293 cells. This
implies that the ratio of AB42 to total Ap may be more critical for the development of

AD than the total amount of Ap production [370].

In summary, all FAD-causing APP mutations cluster at or adjacent to the a-, B- or y-
secretase cleavage site. All of these mutations are found to increase the production of
AP42/43 or to increase the ratio of AB42/43 to total AB. These findings indicate that
long AB products may contribute more to the pathology of AD than shorter Ap

products (i.e. Ap40).
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1.5.1.2 Presenilin mutations

The APP mutations only account for a fraction of the cases of FAD, suggesting that
there are other loci associated with FAD. Linkage studies showed a FAD locus on
chromosome 14 [371]. Subsequently, presenilin 1 (PS1) was identified as the gene on
chromosome 14 responsible for the disease [372]. Presenilin 2 (PS2), a homologue of
PS1, located on chromosome 1, was identified as another gene causing FAD soon
after [373-376]. Compared with PS1, mutations in PS2 are relatively rare [376]. So far,
approximately 200 different PS1 mutations and over 20 PS2 mutations have been

identified [377].

PS-associated mutations have been reported to increase the ratio of AB42/AB40,
which is a critical factor in the tendency of AP aggregation [378-380], suggesting that
PSs may influence the y-secretase cleavage of APP. As no FAD-causing mutations
have been identified in other y-secretase substrates except APP, this suggests that the

alteration of APP processing by mutations in PS is important for the development of

AD.

In parallel with the identification of PSs as y-secretases, AD-related PS mutations
have been found to cause reduced y-secretase activity with several different substrates
[381-383], leading to a ‘loss of function’ hypothesis of the y-secretase. This
hypothesis is controversial, because the AD-associated mutations in PSs cause an
increase in the ratio of AB42/40 which would suggest a ‘gain of function’ of -
secretase. However, recently, a model has been proposed to reconcile this paradox of
‘loss’ and ‘gain’ of y-secretase function. Initially, y-secretase cleaves APP in at least
two positions. One is y-site cleavage of APP and produces AP peptides ranging from

39 to 43 amino acids. Another is e-site cleavage of APP which releases a long AP
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(AB49) and a short AICD (AICD50). [173, 384]. Recent evidence indicates that the e-
site cleavage of APP occurs before y-site cleavage. The initial cleavage at the e-site
generates AP48/49 which still contains the active site and is subsequently cleaved
every three residues upstream until the y-sites [385-388]. This hypothesis is supported
by the identification of AICD sequence after y-secretase cleavage, which shows that
only two species of AICD, AICD50 and AICD51 (corresponding to AB49 and A 48,
respectively) are detected. These suggest that e-site cleavage is an early event in the y-
secretase cleavage of APP [388]. The model of successive y-secretase cleavage of
APP explains the ‘loss’ and ‘gain’ function of mutated PSs. FAD-mutations in PSs
reduce the catalytic efficiency of the y-secretase complex, and lead to proportionally
more production of AB42 before it is further cleaved to shorter ABs. Thus, a loss of
function (reduced catalytic activity) could lead to a gain of function (increased

AB42/40 ratio) of y-secretase.

1.5.2 Late onset AD (sporadic AD)

Late onset AD (LOAD) accounts for more than 95% of all AD cases and has an age
of onset of at least 60-65 years old. The only gene that has been consistently found to
be associated with LOAD is the apolipoprotein E (ApoE) gene [389-394]. However,
other genes are also reported to be risk factors for the development of AD. The top
four ranked genes which are associated with the risk of AD at the time of writing are
reviewed and discussed below (for a complete list of the risk factors causing LOAD,

see http://www.alzgene.org/TopResults.asp ).
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1.5.2.1 ApoE

The human apoE gene is located on chromosome 19 and contains 4 exons which
encode a 299 amino acid (34 kDa) glycoprotein [395]. ApoE is expressed in several
organs, with the highest expression in liver, followed by the central nervous system
(CNS). In the brain, apoE is mainly synthesised and released by astrocytes and
microglia and it transports cholesterol and other lipids to neurons through low-density
lipoprotein receptors (LDLRs) [396, 397]. Neurons also express apoE at very low
levels under certain physiological and pathological conditions [398-402]. ApoE is
polymorphic and has three major isoforms: apoE2, apoE3 and apoE4. These three
ApoE isoforms differ from each other by one or two amino acids at position 112
and/or 158: apoE2 (cys112, cys158), apoE3 (cysl112, argl58) and apoE4 (argll2,
argl158). The most common apoE isoform is apoE3 followed by apoE4 and apoE2
[395]. These differences between apoE isoforms lead to different protein structure,

lipid and receptor binding [403].

In general, apoE functions as a ligand for receptor-mediated endocytosis of
lipoprotein particles. ApoE regulates transport, distribution and metabolism of lipids
through apoE receptors [395, 404]. In the brain, apoE is the major apolipoprotein.
ApoE-containing lipoprotein particles deliver lipids (e.g. cholesterol) and may be
involved in supporting synaptogenesis and maintaining synaptic integrity [405]. In
addition, apoE3, but not other apoE isoforms, may be involved in the stimulation of

neurite outgrowth and synaptic plasticity [406-410].

In the early 1990s, apoE was identified as a major risk factor for AD [411, 412].
Subsequent studies showed that having one or two copies of the apoE4 allele

increases the risk of AD by approximately 3- or 12-fold, respectively, compared to
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individuals with no apoE4 alleles [413, 414]. It is important to note that while apoE4
allele increases the risk of AD, the apoE2 allele is associated with lower risk for
developing AD [415-417]. However, apoE4 is not necessary and sufficient for
development of AD [416-420], suggesting that other genes or risk factors may also
contribute to increased risk of AD. In addition, although apoE isoforms are associated
with increased risk and with onset age of AD, there is controversy over whether apoE
alters the rate of cognitive decline of AD after disease onset [421, 422]. Some
observations suggest that apoE4 may only have an influence at the early stage of the
AD disease process [423, 424]. Further studies may be required to demonstrate a clear

relationship between apoE and the rate of cognitive decline of AD.

In human studies, evidence indicates that apoE is associated with AP deposition in the
brain. Early on, apoE was co-localised with amyloid plaques in the brain [74, 425],
and subsequent studies investigating the relationship between amyloid plaques and
apoE suggested that there was a positive correlation between amyloid plaque burden
and the number of apoE4 alleles [426, 427]. A recent study shows that fibrillar AB
burden in cognitively normal people is increased by the apoE4 gene dose [428],
supporting the theory that apoE may accelerate amyloid plaque formation and that
apoE carriers have more amyloid deposits although they are still cognitively normal.
However, other studies also show conflicting results [429-431]. In addition, it is still
unclear whether the protective role of apoE2 is mediated by reduced amyloid plaque
formation [428] or whether some other mechanism, which is independent of the

formation of AD pathology, is involved [432].

Whereas evidence from human studies suggest that apoE isoforms may have

important roles in Ap deposition in the brain, the relationship between apoE isoforms
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and AP aggregation has also been examined in mouse models expressing human apoE
isoforms. Early studies showed that APP transgenic mice lacking murine apoE have
fewer amyloid deposits, cerebral amyloid angiopathy (CAA) and microhemorrhages
also have a different anatomical distribution of amyloid plaques compared with the
normal APP transgenic mice [433-436]. Furthermore, compared with APP transgenic
mice lacking apoE or with murine apoE, the expression of human apoE delays
amyloid plaque formation in an isoform-dependent manner (E4>E3>E2) [437, 438],
suggesting that apoE isoforms may differently modulate the risk and pathology of AD.
Further investigation of the mechanisms underlying the apoE-induced alteration in Ap

pathology will be important for understanding the pathogenesis of AD.

From genetic and neuropathological studies in human and mouse models, it has been
suggested that apoE and AP may physically interact. Initial studies reported that lipid-
free apoE can form SDS-stable complexes with synthetic Af, and that apoE4 can bind
to AB more rapidly than apoE3 [439, 440]. Residues 244-272 of apoE and residues
12-28 of AP are required for this interaction [440, 441]. However, further studies
have revealed that lipid-associated apoE isolated from apoE transfected cell lines can
also form a SDS-stable complex with A, and that this follows in the order apoE2 >
apoE3 > apoE4 [442-445], suggesting that the lipidation status of apoE influences its
ability to interact with AB. Since the binding affinity between each of the apoE
isoforms and AP correlates inversely with the risk of developing AD, this suggests
that apoE isoforms may be involved in the binding and clearance of AB out of the

CNS in vivo.

In addition to the studies of apoE and A binding, the role of apoE isoforms on AR

aggregation has also been examined in vitro. Studies demonstrated that apoE can
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promote AP aggregation in an isoform-dependent manner (E4 > E3 > E2) [446-448].
This is consistent with the increased amyloid plaque burden in both humans and mice
carrying the apoE4 allele. However, other studies report that apoE can act as an
amyloid nucleation inhibitor and they demonstrate that apoE inhibits A
fibrillogenesis in vitro [449-452]. These conflicting findings may be due to
differences in the preparation of the apoE (lipid free or lipid-bound) or Ap (AB40,
APB42 or aggregation status of AB). Thus, further experiments should be carefully
prepared and performed for a better understanding the effect of apoE isoforms on Ap
aggregation. Moreover, it is interesting to note that several studies report that
knockout of ATP-binding cassette transporter A1 (ABCAL), which is a cholesterol
transporter involved in the lipidation of apoE, promotes amyloid plaque formation in
APP transgenic mice without affecting APP processing to AP [453-455]. However,
overexpression of ABCAL in APP transgenic mice inhibits AB deposition in the brain

[456]. Taken together, lipid status of apoE may be critical for amyloidogenesis of AD.

It is believed that impaired AP clearance may be an important cause of LOAD [457].
There is evidence that apoE influences A clearance in the brain [458]. This could be
achieved through two possible pathways. ApoE could form a complex with Ap and
modulate the uptake and metabolism of AB by cells through receptor-mediated
endocytosis. In vitro studies show that apoE isoforms could enhance the
internalisation of AP [459-462]. In vivo studies also support this view and
demonstrate that apoE promotes the proteolytic degradation of A by proteases (e.g.
neprilysin) in an isoform- and lipidation-dependent manner [463]. ApoE may
alternatively play important roles in Ap efflux across the blood brain barrier (BBB).

Recent studies demonstrate that apoE can couple with Ap and slow AP transport from
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brain to blood compared to AP alone [464, 465], and that apoE2-AB and apoE3-Ap
complex efflux is faster than that of the apoE4-AB complex [458]. However, the
opposite results have also been reported [466]. Further investigation may be required
to demonstrate the precise role of apoE in AP clearance in vivo, For instance, how

and by what mechanism apoE isoforms modulate Ap clearance to different extents.

Many studies have studied the effect of apoE on APP processing and Ap production
in culture systems. It has been reported that apoE can increase Af production in an
isoform-dependent manner when co-transfected with APP in cells [467, 468], while
early studies showed that apoE has no effect on APP processing to Ap or that it may
even reduce AP production [469, 470]. These conflicting findings suggest that more
work is needed to illustrate the role of apoE isoforms on APP processing and Ap

production.

Although many studies focus on the effect of apoE isoforms on Ap-associated AD
pathogenesis, other studies have provided evidence that apoE may be involved in Ap-
independent AD pathogenesis. ApoE can be cleaved by a chymotrypsin-like serine
protease and thereby generate a C-terminal-truncated form [471]. This C-terminal-
truncated-from of apoE could directly induce neurotoxicity both in vitro and in vivo
[471-473]. ApoE also has important roles in the phosphorylation and aggregation of
tau in an isoform-dependent manner. Expression of either apoE4 or C-terminal
truncated apoE4 leads to increased phosphorylation of tau and elevated tangle-like
filaments in the brains of transgenic mice [471, 474]. Moreover, studies also suggest
that apoE is isoform-dependently associated with the reduced glucose metabolism in
AD brain, mitochondrial dysfunction in vitro and neuroinflammation in vitro and in

vivo [472, 475-477].
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In summary, apokE is associated with more than half of late-onset AD cases [419], and
is believed to be a causative factor in AD pathogenesis. ApoE isoforms have multiple
and diverse effects on AD pathology. Further investigation may be required for
understanding the exact mechanism of how apoE isoforms participate in the progress
of AD, and for developing therapeutic approaches for the treatment of AD based on

apoE targets.

1.5.2.2 Clusterin (apoJ)

Clusterin or apoJ is another apolipoprotein that is also associated with LOAD [478].
The clusterin gene is located on chromosome 8 and encodes the 449-amino-acid
clusterin precursor protein. Mature clustrein consists of approximately 80 kDa
glycosylated heterodimers containing o- and B-subunits linked by five disulfide
bridges [479, 480]. Clusterin is expressed in almost all mammal tissues with the
highest expression in brain than other tissues [481]. In brain, clusterin is mainly
synthesised and secreted by astrocytes and neurons but not by microglia [482]. The
primary function of clusterin is as a chaperone molecule, acting mainly in the
extracellular space [481]. It also presents as a marker in responding to injuries and

stress [483-485].

Initially, it was reported that the level of clusterin was elevated in the hippocampus of
the AD patients [478]. Subsequent studies have confirmed this increase [486-488].
Moreover, clusterin is also found to co-localise with amyloid plaques but not with
neurofibrillary tangles in the AD brain [488-490]. Recent studies demonstrate that the
level of clusterin is also significantly increased in cerebrospinal fluid (CSF) of AD

patients [491, 492]. In addition, plasma clusterin level is higher in AD patients
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compared with non-AD individuals [493]. Subsequent studies have demonstrated that
plasma clusterin levels are significantly associated with baseline prevalence and with
severity of AD, but not with incidence of AD, suggesting that clusterin could be used

as a potential biomarker of the presence, severity and risk of AD [494, 495].

Clusterin can interact with AB both in vitro and in vivo [496, 497]. Later studies
demonstrate that clusterin can also block the aggregation of AP [498, 499].
Interestingly, the effect of clusterin on AP aggregation is dependent on the ratio of
clusterin and AB. When a high molar excess (10-fold) of ApB is presented, clusterin
can promote AP aggregation [500, 501]. These findings indicate that clusterin could
be an important factor in A fibrillogenesis. Knockout of clusterin in APP transgenic
mice did not affect either the onset of AP deposition or the level of brain Ap
deposition compared to controls. However, knockout of clusterin significantly reduces
fibrillar amyloid deposits and also decreases neuritic dystrophy associated with
amyloid plaques [502]. This suggests that clusterin could influence amyloid plaque
formation and neuritic toxicity in vivo. However, whether this occurs in human AD

patients is unclear.

Similar to apoE, clusterin can also affect Ap clearance by promoting AB uptake by
cells. Studies show that aggregated AP can increase the level of clusterin and then
induce the endocytic uptake of AP aggregates to astrocytes [503]. Alternatively,
clusterin may form a complex with Ap and then increase AP clearance from brain via

megalin [464, 504].

In summary, clusterin has multiple potential roles in AD pathogenesis. Further studies

are clearly required to demonstrate the exact role of clusterin in AD. Moreover,
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clusterin is also an important marker in response to the pathology of AD. However,
further investigation is needed to examine whether clusterin can be used as a reliable

biomarker of AD.

1.5.2.3 Bridging integrator 1 (BIN1)

The BIN1 gene is located on chromosome 2 and encodes several isoforms by alternate
MRNA splicing in a cell type-specific manner [505-507]. Initially, BIN1 was reported
to interact with the Myc oncoprotein and act as a putative tumor suppressor [508].
Subsequent studies showed that BIN1 is also associated with receptor-mediated
endocytosis [509, 510], and that mutations in BIN1 disrupt its interaction with
dynamin 2 which is involved in cell endocytosis [511]. However, BIN1-null mice do
not have endocytosis defects, although they do have abnormal localization of the
postsynaptic proteins, altered synaptic physiology and behavioural defects [512],

indicating that BIN1 may act redundantly with other proteins in cell endocytosis.

In 2009, a genome-wide association study (GWAS) of AD revealed that BIN1 is
associated with LOAD [513] and this finding was soon confirmed by another AD
GWAS study in 2010 [514]. In 2011, several other GWAS studies reported the
association of BIN1 with the risk of AD in different datasets [515-519]. Later studies
have demonstrated that BIN1 is not associated with the levels of AB and

phosphorylated tau in CSF [520].

It is unclear how BIN1 is associated with AD pathogenesis. The YENTPY motif of
APP is important for the clathrin-mediated APP endocytosis [175, 285], and deletion

or mutation of this motif can reduce AP secretion [284, 285]. As BIN1 has an
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important role in cell endocytosis [509, 510], it is possible that BIN1 may have effects
on AB production and/or clearance. Moreover, while clathrin, dynamin and PICALM,
which are involved in clathrin-mediated endocytosis, are up-regulated in APP
transgenic mice, the level of BINL1 is unchanged. In addition, it is interesting to note
that treatment of AP causes impaired synaptic vesicle endocytosis and also leads to
accumulation of BIN1 on cell surface [521]. Taken together, the role of BIN1 in AD
progression is largely unexplored, further investigations are needed for understanding

how BIN1 is associated with the risk of AD.

1.5.2.4 ATP-binding cassette transporter A7 (ABCAT7)

ABCAY7 belongs to the ATP-binding cassette (ABC) family of proteins and has the
highest homology to ABCAL. The ABCA7 gene is located on chromosome 19 and
encodes a 2146 amino-acid protein [522]. The ABCA7 gene is widely expressed in
different species [522]. In humans, ABCA7Y is highly expressed in the thymus,
immune and hematopoietic tissues and brain [522, 523]. In situ hybridization studies
show that ABCAY is highly expressed in mouse hippocampal neurons [524]. ABCA7
is also expressed in human brain with the highest expression in microglia and neurons

[525].

The role of ABCA7 in lipid transport is still not entirely clear. Some studies indicate
that ABCAT7 can promote the efflux of both cholesterol and phospholipids [523, 526,
527], while others reported that ABCA7 only promotes phospholipid efflux but not
cholesterol to apolipoprotein A-I [528, 529]. Moreover, knockout of ABCA7 in mice
does not cause defects in cholesterol and phospholipid efflux, suggesting that lipid

transport may not be the primary function of ABCA7 [524]. Recently, studies suggest
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a role of ABCA7 in the phagocytosis of apoptotic cell debris [530, 531]. As human
microglia express the highest level of ABCA7 [525, 532], it is possible that ABCA7

also has important functions in phagocytosis of microglia in the brain.

In 2011, two GWAS of AD provide compelling evidence that ABCA7 is a
susceptibility locus for AD [533, 534], and a later study also observed the association
of ABCA7 with the risk of AD in an independent population [535]. It is unclear how
ABCAY7 is associated with the risk of AD. It has been hypothesised that ABCA7 may
be associated with AP production, clearance of AP deposits, Ap-induced
inflammation and AB-induced neurotoxicity. However, further studies are required to

explore the roles of ABCA7 in the development of AD.

1.6 Mouse models of AD

Mouse models are widely used to study the pathogenesis of AD. Mice can selectively
express proteins which are associated with AD (e.g. APP, tau, presenilin) and for this
reason they can develop many features of AD [536]. APP transgenic mouse models
have been valuable tools in AD research and have contributed to the development of
potential therapeutic agents for the treatment of AD. APP transgenic mice also
provide an important avenue for pathophysiology studies [537]. In addition, mouse
models have also been used to investigate the function of APP family proteins and
their proteolytic fragments. Many transgenic mouse models have been developed
during the last two decades. However, none of them fully mimic the pathology of AD.
APP transgenic mice can develop AP deposits and memory loss but fail to replicate

the neurofibrillary tangles and neuron loss seen in the human disease [538]. Here, the
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major transgenic mouse models used in the AD research are summarised. For a more
comprehensive list of AD mouse models, see http://www.alzforum. org/res/com/tra/

default.asp.

1.6.1 Transgenic mouse models of AD

In 1995, the PDAPP mouse line was generated [539]. PDAPP mice overexpress a
human APP gene encoding the familial AD version of the protein containing a single
mutation in which a valine is replaced by phenylalanine at residue 717 (Indiana
mutation). The transgene contained a splicing cassette which allows for expression of
three major isoforms of APP [539]. PDAPP mice have approximately a 5-fold
increase in APP expression compared to wild-type mouse APP. The level of AB is
dramatically increased in the cerebral cortex and hippocampus of PDAPP mice.
Amyloid deposit formation begins between 6 and 9 months of age in the hippocampus,
corpus callosum and cerebral cortex and increases progressively with age [539].
PDAPP mice also develop other AD-like features, including dystrophic neuritic
components, gliosis and loss of synaptic density [539]. However, no neurofibrillary
tangles are observed [539, 540]. Behavioural tests demonstrate that PDAPP mice
show cognitive deficits in learning and memory in an age- or plaque-dependent
manner [541, 542]. For example, PDAPP mice present with deficits in visuospatial

learning, sleep-wake states, thermoregulation and motor activity [543].

The Tg2576 mouse is one of the most widely used APP transgenic models and has
been well studied [544]. Tg2576 mice overexpress the human APP695 isoform with
the Swedish double mutation (K670N and M671L) and use the hamster prion protein
promoter on a C57BL/6 < SJL background [545]. Tg2576 mice show a rapid increase
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in AB levels with age and start forming amyloid plaque from approximately 8 months
of age [545, 546]. In addition to AB deposits, Tg2576 mice also recapitulate AB-
induced microglial activation [547], oxidative stress [548, 549] and dystrophic
neurites [550]. Tg2576 mice develop memory deficits and behavioural alterations,
which are believed to be associated with the elevation of AP levels [545]. However,
Tg2576 mice have no significant loss of neurons [550] and do not show

neurofibrillary tangle pathology.

As mutations in presenilin are associated with FAD, mouse models overexpressing
mutated presenilin have also been developed. Although presenilin transgenic mice
show an increase in AB levels [551], no amyloid plaques are observed in these mice
[379, 551]. Subsequently, double transgenic mice were developed that express both an
APP and a presenilin transgene (APP/PS1 mice). Several different APP/PS1 mice
have been developed by crossing APP transgenic mice with mice expressing mutated
presenilin [552]. Mutations in presenilin lead to an increase in AB42 production and
thus facilitate amyloid deposition. One of the most widely used APP/PS1 mouse lines
has been created by crossing the Tg2576 mice with mice expressing presenilin with a
M146L mutation [552]. This mouse line shows a 41% increase of Ap42 before the
amyloid deposits are present and the mice develop amyloid plaques at a very early age
(approximately 2 to 3 months) [552, 553]. Generally, these APP/PS1 double
transgenic mice show an early onset of AD-associated pathologies, including
dystrophic synapses, hyperphosphorylated tau, gliosis and increased microglia activity
[554]. Moreover, APP/PS1 mice also develop cognitive deficits at a very early age

[555, 556].
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The accumulation of hyperphosphorylated tau is an important feature of AD.
Although the mutations in APP or presenilin result in amyloid plaque and
neurofibrillary tangles in humans, and although APP transgenic mice have the ability
to develop AP deposits in the brain, it is unclear why the APP transgenic mice fail to
produce neurofibrillary tangles. It is possible that the presence of Ap is not sufficient
to induce tau-related pathologies in APP transgenic mice. Thus, it is important to
understand the relationship between amyloid plaque and neurofibrillary tangles in AD
progression. Initially, a number of single transgenic mice expressing wild-type human
tau or mutant microtubule-associated protein tau (MAPT) were generated. These tau
transgenic mice can produce neurofibrillary tangles and neuron loss in the brain, and
also develop motor and behavioural deficits [557, 558]. It is interesting to note that in
an inducible tau transgenic mouse model, suppression of mutant tau expression can
rescue cognitive deficits and neuron loss even though neurofibrillary tangles continue
to accumulate, suggesting that neurofibrillary tangles are not the primary determinant
of the cause cognitive deficits and neuron loss [558]. Recently, transgenic mice
expressing both APP and tau protein were generated by crossing Tg2576 mice with
mice expressing mutant tau. Interestingly, these mice develop increased
neurofibrillary tangles compared to tau transgenic mice, indicating that AR may be
involved in the development of neurofibrillary tangles [559, 560]. The association of
AP in tau pathology is also supported by a triple transgenic mouse model which
expresses mutant APP, presenilin and tau. This mouse line develops both AB and tau
pathologies. However, the development of AB deposits happens earlier than the tangle
pathology [561]. This is consistent with the amyloid cascade hypothesis that tau
pathology is a downstream effect of AB production or deposits in AD. In summary,

tau transgenic mice enable researchers to examine the role of tau pathology in AD or
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other neurodegenerative disease. Moreover, the overexpression of tau in mice does
not lead to AP deposits, suggesting that the amyloid plaque is not a downstream
symptom of tau pathology. However, it is still possible that AB and tau may have a

reciprocal relationship the development of AD.

Mice overexpressing various APP proteolytic products (AB, C99, sAPPa and sAPPf3)
have also been generated for studying the toxic effects of these fragments or their
functions in vivo. The overexpression of AB40 and AB42 in mouse in the absence of
full length APP expression supports the view that AB42 is essential for amyloid
plaque formation. While mice expressing high levels of AB40 alone fail to develop
overt amyloid plaques, mice expressing AB42 can produce amyloid pathology [562].
The observation of neurotoxic effects of C99 in vitro has led to the generation of mice
overexpressing C99 [563, 564]. C99 transgenic mice develop some neuropathological
features vaguely resembling AD [565]. In addition, studies demonstrate that
overexpression of C99 causes increased levels of A in the plasma even though there
are no amyloid plaques developed in the brain [566]. Mice overexpressing SAPPa
have also been created for the investigation of the trophic effects of SAPPa in vivo.
The sAPPa knock-in mouse indicates that the expression of sAPPa can partially
rescue deficits caused by the knockout of APP, suggesting that SAPPa may be
sufficient to mimic the physiological functions of APP [567, 568]. Recently, studies
show that a cleavage product of SAPPf can bind to death receptor 6 and induce axon
pruning and neuron death in vitro. A mouse line expressing SAPPP has been
generated for the investigation of the role of SAPPJ in vivo, in the absence APP and
SAPPa [569]. The results indicate that SAPPJ is highly stable and is not normally

cleaved in vivo. Moreover the expression of SAPP[ does not rescue the lethality and
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neuromuscular synapse defects caused by the knockout of both APP and APLP2 [569],

suggesting a distinct functional role of SAPP and sAPPa. in vivo.

1.6.2 APP knockout mice

In order to investigate the normal physiological function of APP family proteins, a
number of APP or APLP1/2 knockout mice have been created. Initially, the APP
single knockout mice were developed for exploring the functions of APP in vivo. APP
knockout mice are viable and fertile but have reduced body and brain weight [570,
571]. They also suffer from increased frequency and severity of callosal agenesis and
hippocampal commissure defects [571, 572]. These findings are consistent with the
view that APP has an important role in neurite outgrowth or/and stem cell
differentiation [186, 573]. APP knockout mice also demonstrate up-regulated levels of
cholesterol, sphingolipid and copper in the brain [574, 575], and also show
hyperinsulinaemia and decreased plasma glucose [279]. In addition, APP null mice
have enhanced seizures [576], decreased locomotor activity and forelimb grip strength
[570], suggesting a role for APP in neuronal and muscular function. However, no
hippocampal neuron or synaptic bouton loss is observed in APP-null mice [577].
Behaviour studies show that APP knockout mice demonstrate learning and spatial
memory defects which are possibly associated with impaired formation of long-term
potentiation (LTP) [577-579]. The function of APLP1 and APLP2 in vivo has also
been investigated by generating APLP1- or APLP2-null mice. Compared with APP
knockout mice, no abnormalities are detected or observed in APLP1 or APLP2

knockout mice, and only APLP1-null mice have mild postnatal growth deficits [580,
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581]. These findings suggest that there may be a functional redundancy within the

APP family proteins.

In order to investigate the potential functional redundancies of APP family proteins,
mice with combined knockout of APP family proteins have been created and
examined. APP/APLP2 or APLP1/APLP2 double knockout mice are lethal shortly
after birth [580, 581]. However, APP/APLP1 double knockout mice are viable and
without compensatory elevation of APLP2 [581]. Moreover, APP/APLP1/APLP2
triple knockout mice are postnatally lethal. These results strongly suggest that there is
a functional redundancy between APLP2 and the other two APP family members

[581].

In summary, APP/APLP1/2 knockout mice provide a new avenue for the study of the
function of APP. These loss-of-function studies indicate that APP and its homologues
have essential functions in the development of both the peripheral and central nervous
system. However, it is not clear whether the functions of APP homologues are
mediated by the full-length proteins or by their proteolytic products. Thus, further
investigation may be needed to examine the functions of proteolytic products of APP

family members.

1.7 Current and prospective AD therapies

Currently, there is no treatment that can slow or stop the progression of AD. During
last two decades, the U.S. Food and Drug Administration (FDA) has approved five
drugs for improving the symptoms of AD [582]. However, none of these drugs is able

to alter the underlying causes of AD, and despite marginal symptomatic improvement,
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these drugs are only effective in a subpopulation of patients. Therefore, development
of therapeutic agents for AD treatment is a vital task for current research. Here, the

current and prospective therapeutic approaches for AD are reviewed.

1.7.1 Current therapeutic approaches of AD

1.7.1.1 Acetylcholinesterase (AChE) inhibitors

Initially, post-mortem studies showed that there is a loss of cholinergic neurons in the
basal forebrain of AD patients [21, 583, 584]. Further studies of brain tissues from
AD patients showed a reduction in choline acetyltransferase in the neocortex [585].
The finding of a cholinergic dysfunction led to the development of the “cholinergic
hypothesis of geriatric memory dysfunction” [586]. The cholinergic hypothesis
suggests that the loss of cholinergic neurons leads to dysfunction of cholinergic
transmission in the brain and ultimately this dysfunction causes cognitive decline in
AD individuals [586]. The cholinergic hypothesis provides a rationale for developing

AChE inhibitors for AD treatment.

Acetylcholine is a neurotransmitter that can be rapidly degraded by AChE after its
release into the synaptic cleft [587]. Inhibition of AChE causes an increase of
acetylcholine level in the synaptic cleft and thus enhances cholinergic transmission
and ameliorates cholinergic dysfunction in AD patients [588]. AChE inhibitors,
including tacrine, donepezil, rivastigmine and galantamine, were the first compounds
approved by FDA for treatment of AD [582]. All these four AChE inhibitors are
approved for treatment of mild to moderate AD, as studies report that donepezil,

rivastigmine and galantamine can effectively improve the cognitive symptoms at an
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early stage of disease [589-593]. However, there are potentially some major side
effects related to the gastrointestinal system [594]. Moreover, tacrine is now rarely
used in clinical for the treatment of AD because of its unconfirmed efficacy and side
effects [595-597]. Although AChE inhibitors may improve the cognitive symptoms in
AD patients, the efficacy of these drugs decreases as AD progresses [594]. In addition,
donepezil is reported to inhibit AB-induced toxicity in vitro, suggesting that donepezil
may not only increase cholinergic transmission but also is protective to neurons in the

treatment of AD.

1.7.1.2 Memantine

Excessive activation of NMDA receptors can cause influx of Ca** and lead to
excitotoxicity and neuronal cell death [598]. In AD, N-methyl-D-aspartate (NMDA)
receptor-mediated excitotoxicity may mediate neuron death in the brain [122, 599].
NMDA receptors are also known to play a role in synaptic plasticity which is altered
in AD [600, 601]. Thus, it seems logical to use NMDA receptor antagonists for the

treatment of AD.

Memantine, which was initially used in the treatment of Parkinson’s disease, is the
only NMDA receptor antagonist approved by FDA for the treatment of moderate to
severe AD [602, 603]. Memantine is a non-competitive NMDA receptor antagonist
and interacts with the NMDA receptors with moderate affinity at therapeutic
concentrations [604]. Several studies indicate that memantine is well tolerated by
patients and that it can improve cognitive function in patients with moderate to severe
AD [603, 605]. In addition, memantine can be used in conjunction with the AChE

inhibitor, donepezil, without adverse drug interaction, and this combination therapy
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can significantly ameliorate the course of AD [603]. Interestingly, a recent study
showed that AD triple transgenic mice treated with memantine have improved
cognition, reduced AP deposition and decreased hyperphosphorylated tau, indicating
that memantine may have multi-targets and could modify disease progress in vivo

[606].

1.7.2 Prospective therapeutic strategies in AD

In recent years, a number of compounds acting on different mechanisms have been
developed with the aim of modifying disease progression. Some of these compounds
have reached the late stage of clinical trials in human and raise hope in the treatment
of AD in the near future. These compounds can be simply divided into several

different classes as reviewed below (Table 1.1).

1.7.2.1 AB aggregation inhibitors

One of the hallmarks of AD is the presence of amyloid plaques in the brain, thus
targeting AP aggregation may have therapeutic potential for the treatment of AD. A
number of endogenous molecules have been reported to inhibit AB aggregation,
including apoE [446-448], apoJ [498, 499], transthyretin (TTR) [607], the receptor
associated protein (RAP) [608], proteoglycans (PGs) and glycosaminoglycans (GAGS)
[609-612], phospholipids [613, 614], and metal ions [615, 616]. Targeting the
interaction between these molecules and AP to inhibit AB aggregation may have
therapeutic benefits for the treatment of AD. Synthetic compounds are also reported

to influence aggregation of Ap. For instance, tramiprosate (Alzhemed®), a
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glycosaminoglycan mimetic, can bind to soluble AP and thereby inhibit its
aggregation in vitro and in vivo [617]. In clinical trials, the initial phase Il studies
showed that administration of tramiprosate was well tolerated and could decrease CSF
AB42 level, and also stabilise cognitive function [618]. However, the phase IlI

clinical trials were discontinued in 2008 because of lack of efficacy.

It is important to note that it is still unclear which species of AP aggregate contribute
to AB-induced toxicity. Recently, evidence suggests that the soluble oligomeric form
of AB is responsible for Ap-associated neurotoxicity [619-622]. Thus, AP aggregation
inhibitors could inhibit the formation of ApB fibril but may elevate the formation of

oligomeric AP species, which may be more toxic in vivo.
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Table 1.1 Selected Alzheimer's disease drug development programs

Drug name

Description

Company

Phase

Tramiprosate/
Alzhemed ™

AN1792/
AIP 001

ACC-001

AAB-001/
bapineuzumab

CTS-21166

r-Flurbiprofen/
tarenflurbil

LY450139/
semagacestat

Glycosaminoglycan mimetic,
AP antagonist,
inhibits the aggregation of AB

Synthetic aggregated Ap42,
active immunization

Humanized monoclonal anti-Ap
antibody,
active immunization

Humanized monoclonal anti-Ap
antibody,
passive immunization

[3-Secretase inhibitor

y-Secretase modulator

y-Secretase inhibitor

Alzhemed (QU)

Elan
Pharmaceuticals

Elan Wyeth

Elan Wyeth

CoMentis

Myriad
Pharmaceuticals Inc.

Eli Lilly

Discontinued

Discontinued

Phase 11

Phase 111

Phase |
complete

Discontinued

Discontinued
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1.7.2.2 AB immunotherapy

Since AP plays a central role in AD pathogenesis, several types of A immunotherapy
for the treatment of AD are under investigation. There are two different types of

AP immunotherapy: active immunotherapy and passive immunotherapy.

Active immunotherapy is achieved by immunising with synthetic intact AB or
synthetic Ap fragments conjugated to a carrier protein, to induce an immune response
to AB. In some pioneering studies, APP transgenic mice immunised with AB have
fewer amyloid plaques, less neuritic dystrophy, astrogliosis and improved cognitive
function [623, 624]. The first clinical trials of A immunotherapy using human
aggregated AP42 (AN1792) as the antigen found the treatment to be well tolerated
and to elicit a positive antibody response in more than half of the patients [625].
However, this immunotherapy was terminated in phase Il clinical trials due to the
occurrence of meningoencephalitis in treated patients [625, 626]. This side effect of
AB immunotherapy was possibly due to a T-cell mediated autoimmune response
[627]. Subsequently, another active immunotherapy treatment with fragments
conjugated with a carrier protein has been developed. Some AB fragments only have
the B-cell epitopes and thus avoid AB-induced T-cell response [628, 629]. ACC-001
is an AB(1-6) fragment linked to a carrier protein. It has been found to be well
tolerated and to increase AP clearance in CNS in a phase | study. Phase Il clinical
trials are currently ongoing [629]. Recently, passive immunotherapy, which
administrates the antibodies directly against AP, has also been under investigation
[630]. The first synthetic antibody against AP in clinical trials is bapineuzumab
(AAB-001). Phase Il clinical trials have been initiated because of the finding of

reduced AP level and less brain volume loss in the phase Il studies [631, 632]. In
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addition, another humanised monoclonal antibody, solanezumab, is now under phase
I11 clinical trials. The early studies indicate that it is well tolerated and has a dose-
dependent effect on plasma and CSF AP, although changes in cognitive function were

not observed [633].

Several mechanisms are proposed for AR immunotherapy. It is possible that AB
antibodies can bind to amyloid plaques and induce phagocytosis of amyloid by
microglia. This view is supported by follow-up studies of AN1792-treated patients in
which patients who develop anti-AN1792 titers have fewer amyloid plaques and more
activated microglia [634, 635]. However, it is also possible that Ap antibodies may
bind to AB and prevent the formation of amyloid plaques [636]. In addition, studies in
APP transgenic mice demonstrate that peripheral administration of an A antibody
can rapidly increase the level of AB in CSF, part of which may not due to the entry of
the antibody into the CNS. These results suggest that treatment with Ap antibodies
may alter the brain-plasma equilibrium of AP and shift Ap from the CNS to the
plasma [637]. In summary, A immunotherapy provides a promising approach for the
treatment of AD, and also provides further support for the Ap hypothesis of AD.
Further studies may need to optimise the AP antigens and minimise unwanted

immune response.

1.7.2.3 Suppression of AB production

AP is generated from APP by sequential -secretase and y-secretase cleavage. The
direct involvement of these two enzymes in AP generation makes them important

targets for developing drugs for the treatment of AD.
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1.7.2.3.1 p-Secretase inhibitors

BACEL1 initiates the first cleavage of APP in the generation of AB. In animal studies,
knockout of BACE1 produces a significant decrease in AB generation and does not
lead to severe phenotypic defects [321]. Moreover, knockout of BACE1 can rescue
memory deficits in APP transgenic mice [322, 323]. These findings indicate that
BACE1 could be a promising target for drug development. Although compounds
based on the inhibition of BACE1 are under investigation [638], the development of
agents inhibiting the BACEL active site is problematic, as BACEL has a large active
site. This means designed protease inhibitors are too large to cross the blood-brain
barrier (BBB) [639]. CTS-21166 is the first B-secretase inhibitor tested in clinical
trials. The phase | studies report that CTS-21166 is well tolerated and can reduce the
plasma AP concentration [640, 641]. However, although CTS-21166 can cross the
BBB, it is also possible that the reduced plasma AP is caused by peripheral inhibition

of BACE rather than inhibition of central BACEL.

The main concern in the development of BACEL inhibitors is that BACEL has
multiple substrates in vivo. One of the BACEL substrates is neuregulin-1 which is
associated with the regulation of myelination in both CNS and PNS [326]. The
deletion of BACEL in mice leads to hypomyelination and impairs sciatic nerve
remyelination [326, 642]. Thus, it is desirable to develop BACE1L inhibitors which

may avoid other substrates and has specific inhibition of APP cleavage.
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1.7.2.3.2 y-Secretase inhibitors

After B-secretase cleavage, the C-terminal fragment of APP is subjected to y-secretase
cleavage to liberate AB. Moreover, y-secretase can also regulate the ratio of AB40 and
APB42 production, which is an important factor in AD pathology. Thus, many
compounds targeting y-secretase and aiming to inhibit the release of AP or modulate

the generation of AB42 are being developed.

r-Flurbiprofen (tarenflurbil) is an non-steroidal anti-inflammatory drug (NSAID)
derivative that can selectively modulate y-secretase activity to lower the production of
AB42 in favour of the shorter form of AP that may be less toxic [643]. In phase 1l
clinical trials, r-flurbiprofen was well tolerated and slowed the decline in daily living
activities and global function in patients with mild AD, while it has no significant
effect in patients with moderate AD [644]. Subsequent phase Il clinical trials in
patients with mild AD have been discontinued due to failure to prove efficacy [645],
which may due to the low brain penetration [646]. More recently, LY450139
(semagacestat), a y-secretase inhibitor from Eli Lilly, is reported to be well tolerated
and can decrease the plasma and CSF A concentration but has no effect on cognitive
functions [647, 648]. However, LY450139 was terminated in phase Il clinical trials
due to the severe side effects including gastrointestinal symptoms, skin cancer or even

worsening of cognitive functions [649, 650].

Similar to BACE1, y-secretase is also involved in other proteolytic events. For
example, y-secretase can also cleave Notch, which is an important receptor involved
in development and differentiation [651]. Disturbing the Notch signalling pathway

could cause cancer [652] and intestinal goblet cell metaplasia [653] which may be an
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explanation for the side effects caused by LY450139 treatment [649]. These non-
selective functions of y-secretase indicate that developing y-secretase inhibitors which
could specifically inhibit APP cleavage to AB but have little or no effect on other y-

secretase substrates may be required.

1.7.2.3.3 Statins

Several lines of evidence indicated cholesterol metabolism is associated with APP
processing to Ap [654]. Decreasing cholesterol could reduce AP production in vitro
and in vivo [655, 656]. In humans, treatment with 3-hydroxy-3-methylgutaryl
coenzyme A (HMG-CoA) reductase inhibitors (statins), a class of drugs used to
inhibit cholesterol production, is reported to lower CSF and brain A levels and
reduce the risk of developing dementia [657, 658]. In addition, diet-induced
hypercholesterolemia in APP transgenic mice causes increased accumulation of AB in
the brain [659, 660]. Taken together, these findings suggest an important role for
cholesterol in APP processing and AP deposition in AD progression. However, in
clinical trials, statins did not show positive effects in preventing AD or dementia
compared to placebo [661, 662], suggesting that use of statins may be futile in the
treatment of AD and further investigation may require to identify the exact

relationship between cholesterol and AD pathogenesis.

1.7.2.4 Non-AB-based approaches

In addition to the amyloid-modifying compounds, other therapeutic approaches
including anti-inflammatory drugs, neuroprotective or neurotrophic agents, tau
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phosphorylation inhibitors, antioxidants and mitochondrial neuroprotectants are under
investigation or in the clinical trials, and these approaches may provide promising

prospects in the treatment of AD [588, 663].

In summary, currently, there are limited therapeutic approaches for the treatment of
AD in clinical and the existing therapies only improve the symptoms of AD and
eventually lose efficacy as the disease progresses. Thus, the development of novel
therapeutic strategies which could slow the disease progress or/and improve the
cognitive function is now a primary focus of academic and industrial research. The
prospective approaches summarised above may possibly lead to the development of

drugs which are safe and effective for the treatment of AD.

1.8 Proteoglycans

Proteoglycans (PGs) are high molecular weight complexes consisting of a core
protein covalently attached to glycosaminoglycans (GAGs). PGs are mainly located
on the cell surface or in the extracellular matrix, and participate in many important
biological processes [664]. Here, the structure of GAGs and the major functions of
heparan sulfate proteoglycans (HSPGs) and chondroitin sulfate proteoglycans (CSPGs)

in the brain are discussed.
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1.8.1 Structure of proteoglycans and glycosaminoglycans

GAGs can be classified into several types according to their carbohydrate backbones
which mainly include heparan sulfate (HS), chondroitin sulfates (ChSs), dermatan

sulfate (DS), hyaluronic acid (HA) and keratan sulfate (KS).

Heparin is a linear polysaccharide with a repeating disaccharide unit of 1—4 linked
uronic acid and glucosamine residues [665]. The uronic acid normally consists of
approximately 90% iduronic acid and 10% glucuronic acid [666]. The 3- and 6-
position of glucosamine can either be sulfated or remain unsubstituted, and the 2-
position amino group of glucosamine residue can be sulfated, acetylated or
unsubstituted. In addition, the 2- and 4-position of uronic acid can be substituted with
a sulfate and a carboxyl group, respectively [666]. Indeed, the average sulfation
degree of heparin is approximately 2.7 sulfate groups per disaccharide unit [667].

These sulfate groups and carboxyl groups make heparin highly negatively charged.

Heparan sulfate (HS) is a heparin analogue and has similar structures to heparin. The
uronic acid residue of HS is mainly glucuronic acid but also contains iduronic acid
(Fig. 1.3 A). The sulfation degree of HS is much less than heparin with an average of
approximately 1 sulfate group per disaccharide unit [668]. In addition, heparin is
predominantly synthesised in mast cells and basophils [669], while HS is expressed

by almost all cell types [670].
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Fig. 1.3. The repeating disaccharide units of GAGs. GIcA, glucuronic acid; GIcNAc,
N-acetylglucosamine; GalNAc, N-acetylgalactosamine; Gal, galactose.
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Chondroitin sulfates (ChSs) and dermatan sulfate (DS) are composed of a repeating
disaccharide unit in which N-acetylgalactosamine (GalNAc) links through 1—4 or
1—3 linkage to either glucuronic or iduronic acid [671] (Fig. 1.3 B). The ChS and DS
can be sulfated to different degrees and at varying positions depending upon the tissue
source. Sulfation at the 4- or 6- position of the GalNAc residue forms ChS A and ChS
C, respectively. The sufation at the 2-position of glucuronic acid and 6-position of
GalNAc forms ChS D. ChS can also be sulfated at the 4- and 6-position of the
GalNAc to form ChS E. DS has a sulfation group at the 2-position of the iduronic acid

[671].

Hyaluronic acid (HA) comprises a repeating unit of GIuUNAc and glucuronic acid
(GlcA) (Fig. 1.3 C). HA is not sulfated and does not attach to a core protein. In

addition, HA is the only GAG which is synthesised on the cell surface [672].

Keratan sulfate (KS) is also a linear polymer containing a repeating disaccharide unit
of N-acetylglucosamine (GIuNAc) and galactose with the sulfation occurring on the
6-C of both sugar residues [673] (Fig. 1.3 D). KS can be further classified into three
different types according to the tissue source or the different linkage between KS and

the core protein [674, 675].

1.8.2 Synthesis and modification of proteoglycans

The synthesis of GAGs starts with the attachment of a tetrasaccharide (xylose-
galactose-galactose-uronic acid) to a core protein by several enzymes including
xylosyl transferase, galactosyltransferase I, galactosyltransferase Il and

glucuronyltransferase | [676]. Next, in the case of ChSs and DS, the GAG chain is
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elongated by attachment of GalNAc and GIcA repeating disaccharide units.
Alternatively, attachment of GIUNAc and GIcA repeating disaccharide units can
generate HS or heparin. Several enzymes can catalyse proteoglycan GAG chain
elongation. The polymerisation of HS is catalysed by the exostosin (EXT) family
proteins including EXT1, EXT2, EXTL1, EXTL2 and EXTL3 [677, 678]. However,

the elongation of ChS and DS require the chondroitin sulfate synthase complex [679].

After GAG chain polymerisation, HS undergoes several modifications including 5-
position epimerisation of GICA and several sulfations. Initially, HS is modified by
replacement of acetyl group with a sulfate group by N-deacetylase/N-sulfotransferases
(NDSTSs) [680, 681]. This is a key step in the synthesis of HS and is also necessary for
further structure modification. Then, GIcA residues of HS can be epimerised to
iduronic acid (IdoA) by an epimerase [682]. After epimerisation, HS undergoes 2-
position sulfation of uronic acid residues and 6- and 3-position sulfation of GIUNAc
by sulfotransferases. The sulfation of ChS is mainly on the 4- and 6 position of
GalNAc by chondroitin sulfotransferases and generates different types of ChS. The
conversion of GIcA residues to IdoA residues generates the DS that also can be

sulfated at the 4-position of GaINAc residues.

1.8.3 Expression of proteoglycans in the brain

1.8.3.1 Chondroitin sulfate proteoglycans (CSPGs)

CSPGs are the most abundant PGs in the mammalian CNS, and can be classified into
several different types (Fig. 1.4B). Four members of the lectican family, including

aggrecan [683], versican [684], neurocan [685] and brevican [686], have been
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identified as CSPGs in the extracellular matrix of brain. Lecticans consist of a core
protein ranging from 80 to 400 kDa with the presence of globular domains at the N-
terminal and C-terminal ends and their sequences are highly homologous. The core
proteins contain an N-terminal HA-binding domain which has important roles in the
formation of extracellular matrix. In the C-terminal domain of the core protein, there
are two EGF-like repeats, a C-type lectin domain and complement regulatory protein
(CRP)-like domain. The central domain of the core proteins contains attachment sites
for ChSs, and the numbers of potential ChSs attachment sites varies greatly among the

lectican family members [687] (Fig. 1.4B).

Phosphacan and receptor-type protein-tyrosine phosphatase B (RPTPB) are typical
CSPGs in the brain [688]. RPTPp is a transmembrane proteoglycan and its core
protein sequence has an N-terminal carbonic anhydrase-like domain, followed by a
fibronectin type 111 domain, a chondroitin sulfate attachment region, a transmembrane
segment and two intracellular tyrosine phosphatase domains [688]. Phosphacan is a
secreted CSPG and is generated from the alternative splicing of RPTP. It has the
same structure as the extracellular sequence of RPTPJ but lacks the two intracellular
tyrosine phosphatase domains [689] (Fig. 1.4B). The alternative splicing of RPTPJ
and phosphacan can generate a short form of both proteins that have less ChS

attachment sites compared to full-length forms.

Decorin and biglycan are small leucine-rich proteoglycan family members and have a
core protein containing leucine-rich repeats in the central region [690]. The leucine-
rich repeats usually account for the majority of the core protein sequence and are
flanked by cysteine clusters that may form disufide bonds [690]. The N-terminal of

decorin and biglycan contain one (decorin) or two (biglycan) ChS binding sites [688].
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Melanoma-associated chondroitin sulfate proteoglycan (MCSP) or NG2 is a
transmembrane CSPG and does not show significant sequence homology with other
proteoglycans [691]. The expression of MCSP is developmentally regulated with the
highest expression in immature, proliferating cells [691]. MCSP has a large
ectodomain, followed by a transmembrane region and short cytoplasmic domain. The
ectodomain can to be further divided into three domains: the globular N-terminal
cysteine-containing domain that is stabilized by several disulfide bonds, the central
serine-glycine-containing domain that comprises of ChS attachment sites and another

cysteine-containing domain [692].

In addition, several proteins such as neuroglycan C, thrombomodulin and APP can
serve as “part-time” CSPGs. Neuroglycan C, which is predominantly expressed in the
brain, is a transmembrane glycoprotein that contains an EGF-like extracellular
domain with ChS attachment sites located at the N-terminal region [693].
Neuroglycan C can act as a proteoglycan with a single ChS chain attached during the
development of CNS. However, in the mature CNS, it mainly exists in a non-
proteoglycan form [694]. APP can also exist as the core protein of a CSPG called
appican which is mainly expressed by glia cells in the brain [695]. Appican is
generated by splicing out of exon 15 of APP mRNA, which forms the appropriate
consensus sequence and allows a single ChS chain attachment [696]. The biological
function of this ChS attached form of APP is unclear. However, evidence suggests

that the attachment of ChS to APP may affect the processing of APP to AB [697].
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1.8.3.2 Heparan sulfate proteoglycans (HSPGs)

HSPGs are present in all animal tissues and contain diverse core proteins with the HS
chains attached. HSPGs can be simply classified into two types including cell surface
HSPGs and extracellular matrix HSPGs [698]. The syndecan family includes four
members (syndecan 1-4), which are the typical HSPGs. All syndecans are comprised
of an N-terminal signal peptide, followed by a large ectodomain, a transmembrane
domain, and a comparatively short cytoplasmic tail [699]. The HS attachment sites are
located either on both the N-terminal and the C-terminal of the ectodomain (syndecan
1 and 3) or on the N-terminal of the ectodomain only (syndecan 2 and 4) [700] (Fig.
1.4A). The ectodomains of the syndecan family members only have a low amount of
amino acid sequence homology, while the cytoplasmic domains are highly conserved
[701]. The ectodomain of syndecans can undergo proteolytic cleavage by sheddases
and generate a C-terminal fragment that can be further cleaved by the y-secretase

complex [702, 703].

The glypican family of HSPGs are linked to glycosylphosphatidylinositol (GPI)
anchors which intercalate to the cell surface. The glypican family has six members
(glypican 1-6), with molecular sizes ranging from 550 to 580 amino-acid residues
[704]. Structurally, all glypicans contain an N-terminal signal peptide and a C-terminal
hydrophobic domain that is required for the linkage of HSPG to the GPI anchor [705].
The HS attachment sites of glypicans are mainly located at the C-terminus of the core
proteins, close to the GPI anchor or the cell surface [704] (Fig. 1.4A). In addition,
most glypicans undergo proteolytic cleavage by a furin-like convertase which cleaves
at the C-terminal end of the ectodomain, generating two subunits linked to each other

by several disulfide bonds [706].
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Perlecan (HSPG2) is a secreted and a basement membrane-associated HSPG [707].
Perlecan consists of a large core protein with a molecular weight at approximately
470 kDa. The structure of perlecan can be divided into five distinct domains. The N-
terminal domain | contains the sperm protein-enterokinase-agrin (SEA) module and
also HS attachment sites. The domain Il contains four EGF-like domains. Domain 11
consists of laminin alpha-chains including three laminin 1V-like modules followed by
three sets of laminin EGF-like repeats. The large domain IV contains 21
immunoglobulin-like repeats. The domain V of perlecan consists of three laminin G-
like domains followed by two sets of EGF-like domains. Additionally, the fifth
domain of perlecan also contains HS attachment sites [708]. In addition to perlecan,
other extracellular matrix-located HSPGs that have been identified include agrin [709],

collagen XVIII [710] and the testican proteins [711].

1.8.4 Function of proteoglycans in the brain

ChSs and HS, which are the main proteoglycan components in the brain, are involved
in many stages in mammalian CNS development [712]. Recent studies demonstrate
that PGs may have important roles in the developing and mature brain by interacting
with many growth factors, chemokines, morphogens, axon guidance molecules and
extracellular matrix proteins [712]. In addition, PGs also have important roles in brain

injury and neural regeneration [713].
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1.8.4.1 Function of proteoglycans in the CNS development

1.8.4.1.1 Chondroitin sulfate proteoglycans

During brain development, CSPGs interact with various proteins and are closely
associated with cell adhesion, cell migration, neurite formation and elongation,
synaptogenesis, axon guidance and barrier formation [714]. During CNS maturation,

changes occur in both the level and composition of CSPG [715].

CSPGs have important roles in the formation of neural cell migration patterns [716].
In particular, several studies report that the migration patterns of neural crest cells are
correlated with distribution patterns of CSPG. CSPG is predominantly located in the
regions where neural crest cells do not migrate, suggesting an important role of CSPG
IS in restricting the regions conducive to migration [717]. Inhibition of CSPG
synthesis alters the migration patterns of neural crest cells [717]. In vivo studies
demonstrate that implantation of micro-membrane-bound aggrecans into the neural
crest cell migration pathways can induce neural crest cells to spatiotemporally deviate

from their normal migratory trajectory [718].

CSPGs are reported to act as barriers to axonal growth [719-722]. Studies indicate
that extending axons avoid tissues with high CSPG expression and chemical removal
of the ChS chains from CSPGs abolishes this phenomenon, suggesting that the GAG
components of CSPG are associated with the axon guidance [719-722]. In vitro,
CSPGs are inhibitory to both cerebellar granule neuron and dorsal root ganglion
(DRG) axonal growth [723-725]. These findings further indicate that CSPG may
participate in axonal guidance by restricting axonal extension of the developing
neurons [726]. Further investigations suggest that specific sulfation patterns of CSPG

affect axonal guidance in different ways. ChS sulfated at the 4-position (ChS A), but
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not 6-position (ChS C), is a negative guidance cue for axons of developing neurons.
Knockdown of 4-O-sulfotransferase, which is involved in the 4-position sulfation of
ChS, significantly enhances axonal growth [727]. However, knockdown of 6-O-
sulfotransferase, the enzyme responsible for the 6-position sulfation of GalNAc

residues of ChS, has no effect on axonal outgrowth [727].

In vitro and in vivo studies also suggest a role of CSPGs in axon guidance during the
development of the visual system. The evidence demonstrates that retinal axons can
grow into the region which is normally repulsive to axons after treatment with
chondroitinase [728]. Moreover, CSPGs are also reported to regulate the elongation of
retinal ganglion cell (RGC) axons and the expression of CSPGs is undetectable after
RGC axon elongation in the retina is complete [729]. Therefore, these findings
suggest that CSPGs have an important role in the axon guidance and growth during

brain development.

In situ hybridization histochemistry studies show that CSPG (particularly phosphacan)
is mainly confined to regions of active cell proliferation, suggesting that CSPG may
be involved in the cell proliferation in the developing CNS [730]. This idea is
supported by the observation that ChS polysaccharides can promote the fibroblast
growth factor-2-mediated proliferation of neural stem or progenitor cells [731]. In
addition, CSPGs may be associated with axon myelination during CNS development.
The expression of brevican coincides with the myelination of axon fibres [732], and a
deficiency of brevican can cause a reorganization of the nodal matrices around the

nodes of Ranvier of axons [733].

75



1.8.4.1.2 Heparan sulfate proteoglycan

Early studies suggested an important role of HSPG in axon guidance and growth
[734]. The addition of exogenous HS or removal of HS can perturb growth of the
pioneer axon in cultured cockroach embryos by producing axon defasciculation and
growth in incorrect directions [735]. HSPG can stimulate neurite outgrowth by
binding and activating other proteins including APP [186, 736, 737], laminin [738]
and FGF-2 [739]. Moreover, in the Xenopus optic systems, treatment with exogenous
HS or enzymic digestion of HSPGs causes axons from the retina to bypass their
primary target (optic tectum) [740, 741]. Further studies have demonstrated that there
are two distinct roles of HS in retinal axon guidance [742]. HS is firstly involved in
sorting of dorsal axons within the optic tract. Disturbing the synthesis of HS can cause
the missorting of RGC axons in the optic tract [742]. HS is also associates with the
path-finding of retinal axons to the tectum [742]. In addition, C. elegans syndecan 1
has an important role in neurons to ensure correct midline axon guidance [743]. The
role of HSPG in axon guidance is also examined in transgenic mouse models. HS 2-
O-sulfotransferase (HS2ST) and HS 6-O-sulfotransferase (HS6ST) are responsible for
the 2-position sulfation of uronic acid residues and 6-position sulfation of GIUNAC in
HS, respectively. HS2ST or HS6ST-null mice can express HS with N-sulfation but
completely lack 2-O-sulfation or 6-O-sulfation, and show specific axon guidance

defects at the optic chiasm [744].

There is evidence that HSPG may also participate in the proliferation of neuronal
precursor cells during early brain development. Studies demonstrate that syndecan-1
and glypican-4 are most highly expressed during the time of peak proliferation in the
developing brain and that they are localised to ventricular regions of the brain where

precursor cells are proliferating [745]. Further studies show that HS is required for the
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FGF-stimulated brain precursor cell proliferation [745]. Knockout of HS2ST in mice
also shows that HSPGs have a critical role in regulating cell proliferation during
development of the cerebral cortex, since knockout of HS2ST results in alteration of
HS structure and induces a significant decrease of neuronal cell proliferation [746]. In
addition, studies show that HSPG (syndecan-1) also has an important function in

regulating neuron migration in C. elegans [743].

1.8.4.2 Function of proteoglycans in plasticity

During postnatal development, various brain regions undergo a considerable level of
plasticity that will decrease as the CNS matures until the end of the critical period
[747]. Evidence shows that CSPGs have important role in regulating this alteration of
plasticity. Perineuronal nets (PNNSs) are highly condensed matrices surrounding the
cell body and proximal dendrites of certain types of neurons and they contain a
different composition of ChS chains than ECM [748]. PNNs are mainly assembled
with CSPGs including the lectican family CSPGs, phosphacan, hyaluronan, tenascin-
R and link proteins [749]. PNNs are thought to have important functions in restricting
plasticity in the brain [750]. The organization of CSPGs into PNNs coincides with the
termination of critical periods for plasticity. Sensory deprivation of rats or mice with
dark rearing or whisker trimming results not only in a decreased number of PNNs but
also in a delayed critical period [751, 752]. Degradation of CSPG in PNNs by
chondroitinase ABC leads to a reactivation of experience-dependent plasticity in the
adult rat visual cortex, suggesting an inhibitory role of CSPG in experience-dependent

plasticity [751].
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There is evidence that CSPGs are also involved in synaptic plasticity. Enzymic
removal of CS chains reduces both long-term potentiation (LTP) and long-term
depression (LTD) in hippocampal slice cultures [753]. Brevican- or neurocan-
deficient mice showed significant deficits in the maintenance of hippocampal LTP
[754, 755]. However, the mechanism underlying the role of CSPG on synaptic

plasticity is currently unknown.

1.8.4.3 Function of proteoglycans in synaptogenesis

The synapse, which is a fundamental functional structure in the CNS, is formed
between axons and dendrites, and is the place where neurotransmitters are released
and bind to the postsynaptic receptors. Studies have demonstrated that HSPGs, and in
particular agrin, are components of synapses [756, 757]. Subsequent studies indicate
that agrin may have functions in stabilising the developing synapse by inducing and
stabilising postsynaptic acetylcholinesterase receptor (AChR) clusters [758]. In
cultured hippocampal neurons, the increased level of agrin precedes synaptogenesis.
In contrast, inhibition of agrin synthesis by antisense oligonucleotide treatment or
blocking agrin with a specific antibody leads to fewer functional synapses forming
[759, 760]. Moreover, in neuron cultures from agrin knockout mice, the loss of agrin
reduces synaptogenesis and selectively affects excitatory but not inhibitory synapses
[761, 762]. In addition, recent evidence shows that agrin secreted by astrocytes could

induce hippocampal neuron synapse formation in vitro [763].

Apart from agrin, other types of HSPGs also have function in synapse formation.

Syndecan-2 has been reported to promote filopodia growth and dendritic spine
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formation through the neurofibromin-PKA-Ena/VASP pathway [764]. These findings

suggest that HSPGs play an important role in synaptogenesis in the CNS.

1.8.4.4 Function of proteoglycans in brain injury

A lesion to the CNS will induce the formation of glial scars that consist of activated
astrocytes, microglia, oligodendrocyte precursors and up-regulated PGs [713].
Although the glial scar can initiate the healing process and may play a protective role

after the CNS injury, it also has impediment effects on axon regeneration [765].

Direct evidence that the glial scar has detrimental effects on axon regeneration comes
from the observation that axon extension is blocked by glial scars surrounding the
lesion, while axons can grow normally along routes where the glial scar is absent
[766]. Other studies suggest that CSPG may be associated with the inhibitory effects
of glial scars on axon growth [767]. The level of CSPGs is up-regulated around the
lesion area soon after the CNS injury [768, 769]. Inhibition of CSPG synthesis or
removal of the CS chains with chondroitinase ABC increases axon elongation over
the scar surface in vitro [770, 771]. In vivo, treatment with chondroitinase ABC
promotes axon regeneration of dopaminergic neurons and enhances the regrowth of

both sensory and motor axons after spinal cord injury [772-774].

Unlike CSPGs, the role of HSPG in response to CNS injury is mainly unknown.
Several studies demonstrate that the level of HSPGs within or surrounding the lesion
core is up-regulated following CNS injury [775-777]. Other studies indicate that there
is an increase in 2-O-sulfated HS and syndecan-1 in the injured adult rat brain [778].

However, the role of the up-regulation of HSPGs following the CNS injury is still
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unclear. Axons can sprout prolifically within lesion cores and up-regulated HSPGs are
co-localised with neurotrophic fibroblast growth factor (FGF)-2 and FGF receptor 1
(FGFR1) [776, 777, 779], suggesting that HSPGs may have a supportive role in axon

regeneration in the CNS lesion.

In summary, since the level of CSPGs and HSPGs are enhanced around injury regions
and may have distinct roles on the axon regeneration after the CNS injury,
understanding the mechanisms underlying these effects could be helpful in developing

new therapeutic approaches for the treatment of brain or spinal cord injury.

1.8.5 Proteoglycans in neurodegeneration

As proteoglycans are widely expressed in the brain and participate in diverse
neurobiological events, PGs are thought to be involved in many neurodegenerative
diseases during aging. PGs are closely involved in the development of AD. PGs
initially have been reported to co-localise with the three typical AD pathology
markers including amyloid plaques, neurofibrillary tangles and cerebral amyloid
angiopathy [780, 781]. Subsequent studies have shown that PGs can bind to both Ap
and tau and can promote their aggregation [782, 783]. PGs also have been implicated
in the progression of other neurodegenerative diseases. There is evidence that PGs are
involved in prion disease [784, 785], Parkinson’s disease [786, 787], multiple
sclerosis [788, 789], mucopolysaccharidoses [790] and other neuromuscular diseases
[791]. Interestingly, all these diseases can develop plaque-like pathology, suggesting
that there may be some common mechanisms involved. However, further

investigation would be required to support this assertion.
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1.8.6 Proteoglycans and GAGs in AD

1.8.6.1 PGs in AD pathology

Several immunocytochemical studies have shown that HSPGs are localised to neuritic
plaques [780, 792-794]. HSPGs are present in diffuse plaques in the hippocampus but
not in the cerebellum in AD brains [795]. HSPGs subtypes including agrin, syndecan,
and glypican and perlecan, are immunoreactive in senile plaques of AD brains [780,
782, 796]. Moreover, differently sulfated CSPGs are also found to be associated with
amyloid plaques [797] and immunocytochemcial studies demonstrate that decorin is
also peripherally localised to amyloid deposits [798]. Recent studies demonstrate that

HSPGs are preferentially accumulated around the APB40 dense cores of neuritic

plaques, but remains largely absent from diffuse AB42 plaques [799].

PGs are not only found in amyloid plaques but also neurofibrillary tangles (NFTSs).
Several studies show that HSPGs, specially agrin, syndecan, and glypican, but not
perlecan, are colocalised with NFTs [792, 793, 796]. Moreover, decorin and CSPGs
with different sulfated side chains are also reported to be expressed in the filamentous

structures within NFTs [797, 798].

Congophilic amyloid angiopathy (CAA), a pathological marker of AD, is also
associated with PG in the brains of AD subjects. Several initial studies have reported
that HSPGs are expressed in CAA, especially in capillaries [780, 792, 794].
Subsequently, studies revealed that several HSPGs including glypican-1, syndecan-2,
collagen XVIIlI and agrin, but not syndecan-1, syndecan-3 and perlecan, are

associated with CAA in the brains of AD patients [782, 800, 801].
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More recent studies demonstrate that the total PG level in the brains of AD subjects is
increased approximately 1.6-fold in the hippocampus and 4.3-fold in the gyrus
frontalis superior compared to normal elderly subjects. HS showed a 9.3-fold increase
in hippocampus and a 6.6-fold increase in the gyrus frontalis superior [802]. In mouse
primary glial cultures, AB treatment can increase the expression of glypican-1 and
syndecan-3 [799]. Infusion of AP40 into rodent hippocampus leads to an
accumulation of perlecan in microglia and macrophages within the AB infusion site
[803]. In addition, in Tg2576 mice, glypican-1 and syndecan-3 are found in glial cells
associated with amyloid deposits proximal to the site of HS accumulation. This result
is consistent with the previous finding in which expression of HSPGs was elevated in
neurons and glia of the brains of AD patients in contrast to controls [793]. These
findings suggest that HSPGs co-deposited with amyloid plaques may be mainly
derived from glial cells and that the HSPGs are produced in response to the

stimulation of Ap.

Several studies suggest that PGs may be associated with inhibition of Ap degradation
[795]. In vitro studies demonstrate that both HSPGs and CSPGs could block the
proteolytic degradation of fibrillar A but not non-fibrillar forms [804], implicating
that PGs have an important role in the accumulation and persistence of amyloid
plaques in AD. Moreover, other studies also indicate that microglia can uptake and
degrade the plaque-like deposits on culture dishes. However, addition of CSPG
inhibits this removal of AR deposits by microglia [805]. These findings suggest that
PGs co-localised with amyloid plaques may contribute to the resistance of amyloid

plagues from degradation.
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1.8.6.2 Roles of PGs in AD

1.8.6.2.1 Interaction with APP

Early studies indicated that APP can bind to PGs and core proteins [171, 806-808].
Further investigations have demonstrated that heparin can bind to the N-terminal of
APP (residues 96-110) [186]. Mutagenesis of three basic residues within this
sequence decreases the heparin binding capacity, and a peptide homologous to this
heparin-binding domain of APP can bind strongly to heparin [186]. Other studies
have identified another heparin-binding site in the APP sequence (residues 316-447)
[163, 185]. In addition, it has been shown that both HSPG and CSPG eluted from the
culture medium of mouse brain cells can bind to APP, and this binding is required for

APP-mediated neurite outgrowth [186, 737, 809].

1.8.6.2.2 Interaction with A

Both HS chains and core proteins may bind to the N-terminal sequence of AB [810,
811]. Further studies have shown the N-terminal residues 13-16 (His-His-GIn-Lys)
are critical for the interaction between AP and GAGs [812, 813]. In vitro studies also
reveal that binding of Ap to GAGs is pH-dependent, with increasing interaction under
pH 7.0 and weak binding at pH 8.0 [814]. In addition, studies by Watson et al., [815]
reported that heparin binds to fibrillar but not nonfibrillar AB, suggesting that the
heparin-Af interaction depends on the conformation and aggregating state of Ap

rather than the primary sequence alone.
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1.8.6.2.3 PGs or GAGs on A aggregation

Since PGs and GAGs can bind to A, the effect of PGs or GAGs on A aggregation
has also been investigated. It has been reported that sulfated GAGs could enhance the
aggregation of AB [812]. PGs, including perlecan and agrin, can accelerate A fibril
formation and maintain the stability of the AP fibrils, and their effects on AP
aggregation are mediated by GAG chains [609, 782]. Subsequent studies showed that
the sulfate moieties of GAGs are critical for the enhancement of AB aggregation.
Removal of the O-sulfate from heparin leads to a partial loss of the effect on Ap
aggregation. Complete deletion of sulfate groups results in a complete loss of
enhancement of AP fibril formation [668]. Moreover, other GAGs such as chodroitin-
4-sulfate, dermatan sulfate, dextran sulfate and pentosan polysulfate, which are
sulfated to different extents, can also promote A aggregation [668, 816]. In addition,
it has been shown that chondroitin sulfate B (ChS B) can promote ApB42 aggregation.
ChS B-induced Ap fibrils have reportedly little toxicity on neuroblastoma cells in

vitro [817].

1.8.6.2.4 Interaction with tau protein

GAGs are also reported to be associated with the formation of neurofibrillary tangles.
Under physiological conditions in vitro, sulfated GAG heparin could promote
assembly of non-phosphorylated recombinant tau to paired helical-like filaments [783,
818]. Several studies show that heparin can promote phosphorylation of tau by a
number of protein kinases, prevent tau from binding to microtubules, and induce rapid

microtubule disassembly in a sulfation-dependent manner [783, 819]. In addition, the
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evidence shows that GAGs can induce a conformational change in tau, and affect PHF
conformation and PHF-tau solubilisation [820, 821]. These findings suggest that
GAGs may be an important factor in the development of the neurofibrillary lesions in

AD.

1.8.6.3 Potential therapeutic implications

Recently, several studies have demonstrated that a low molecular weight heparin, C3
or neuroparin may have therapeutic potential for the treatment of AD [822]. C3 is
composed of 4-10 saccharides (approximately 2.1 kDa) and is derived from heparin
by gamma irradiation [822]. C3 can penetrate the blood-brain barrier and has effects
in the CNS [823]. Initial studies show that oral or subcutaneous administration of C3
can prevent AP25-35-induced appearance of tau-2-immunoreacticity in the
hippocampus, suggesting that C3 may have potential to prevent abnormal tau protein
formation in AD [824]. Further studies in rats indicate that C3 also effectively reduces
cholinergic damage induced by a cholinotoxin, AF64A, in a dose- and time-dependent
manner [825, 826]. In addition, injection of low molecular weight (LMW) heparin
(enoxaparin or dalteparin), LMW anionic sulphonate or sulfate compounds can arrest
inflammation-associated (AA) amyloid deposits in mice [827, 828]. Chronic
subcutaneous administration of certoparin can prevent AB25-35-induced abnormal

intracellular tau changes and reactive astrocytosis in rats [829].

In AD transgenic mice, peripheral administration of enoxaparin can reduce amyloid
plaques and the level of A in the brain of APP23 mice [830]. Injection of enoxaparin
also significantly decreases the number of activated astrocytes surrounding amyloid

deposits and reduces the AB-induced inflammatory response in the APP23 mouse
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brain [830]. Recent studies demonstrate that administration of enoxaparin can
improve cognition in APPswe/PS1dE9 mice and influence AB accumulation
differently at different stages of amyloid plaque formation [831]. These in vivo
studies suggest that low molecular weight heparins may offer a promising approach

for the treatment of AD.

In 1997, Leveugle and colleagues first reported that heparin could dose-dependently
promote the 3-secretase cleavage of APP in a human neuroblastoma cell line [832]. In
contrast, Scholefield et al., [833, 834] reported that HS and heparin can bind to
BACEL1 and inhibit cleavage of APP. The inhibitory effect of heparin on BACE1 was
reported to be dependent on size and the specific structure of the heparin. According
to Scholefield et al., [833] and in contrast to the results of Leveugle et al., [832],
treatment of heparin could reduce the production of SAPPB and AP but has no effect
on sAPPa. These findings suggest several possibilities for the role of GAGs in the
regulation of BACE1 cleavage of APP. GAGs like HS may bind to BACE1 and
thereby prevent the access of APP to the active site of BACEL. Alternatively, as
GAGs can interact with APP, it is possible that GAG-APP binding may sequester

APP away from BACEL and thereby prevent the AB generation [835].

The conflict was resolved in subsequent in vitro studies which showed that low
concentrations (1 pg/mL) of heparin can stimulate recombinant human BACE1, while
higher concentrations of heparin (10 or 100 pg/mL) inhibit BACE1 activity [836].
Heparin could not activate the mature form (pro sequence cleaved) of BACEL,
although it interacted strongly with the zymogen form of BACEL (proBACEL1) and
bound to a peptide homologous to the N-terminal pro sequence of BACEL [836].

These observations indicate that the pro domain is necessary for the activation effect
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of heparin on BACEL. Further investigations show that effect of heparin on
proBACEL1 is dependent on the size, degree of sulfation and carboxylation of GAG

[837].

In summary, GAGs may potentially attenuate AB-induced inflammation in vitro and
in vivo [827, 828, 838], prevent AP aggregation [828], lower AP generation and
improve cognition in vivo [830, 831], and regulate the activity and level of BACE1
[833, 839]. Moreover, several lines of evidence also indicate that endogenous HS is
involved in AB uptake [840, 841]. LMW GAGs can cross the BBB [823, 842]. These
observations suggest that GAGs may have multiple benefits for the treatment of AD,
and it may be possible to design potent GAG derivatives that act specifically to

prevent AD-related disorders.
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1.9 Hypothesis and aims

Studies reviewed in this chapter suggest that GAGs and PGs are involved in the
pathogenesis of AD. Recently, several studies reported that LMW heparins may cross
the blood-brain barrier and can lower AP generation, amyloid plaque load and
improve cognition in APP transgenic mice. Importantly, GAGs such as heparin have
also been reported to regulate BACEL activity and affect APP processing in a

structure-dependent pattern.

The central hypothesis of present study is that it may be possible to identify highly
potent and specific GAG derivatives which may act specifically to inhibit Ap

generation and can be used for the treatment of AD.

The specific aims of current work which will be covered by each chapter are:

1. To examine whether heparin and enoxaparin can affect APP processing and
AP production in primary cortical cells from Tg2576 mice by regulating
BACEL1 activity;

2. To determine the structural specificities (such as size, sulfation) of GAGs on
APP processing and AP production and also to identify highly potent and
specific GAG derivatives for the treatment of AD;

3. To examine whether enoxaparin can affect APP processing and thus reduce
AP production in APP transgenic mice (Tg2576);

4. To examine the role of endogenous GAGs on APP processing and AR
generation which may help to understand the mechanism underlying the

effects of GAGs on APP processing.
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Chapter2

Effects of heparin and enoxaparin on

APP processing and AB production in
primary cortical neurons from Tg2576
mice
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2.1 Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disease in the
elderly and is a major cause of dementia [1]. AD is characterized by the deposition of
amyloid plaques in the brain [19, 20], the major component of which is the f-amyloid
protein (AB), a 40-42 amino-acid residue polypeptide [56, 57] that is generated from
the B-amyloid precursor protein (APP) [58] by the B-site APP cleaving enzyme-1
(BACE1) [88-91] and y-secretase [92]. Cleavage of APP by BACE1 vyields a C-
terminally truncated fragment (C99) which is subsequently cleaved by y-secretase to
yield at least two AP species, the major product AB40, which contains 40-amino-acid
residues and AB42, which contains an extra two amino-acid residues at its C-terminus.
APP can also be cleaved by a-secretase within the Ap sequence [93, 94] to form
SAPPa and C83, which thus precludes formation of A [95]. Several members of the
disintegrin and metalloprotease (ADAM) family have been proposed as a-secretases
although ADAM10 is likely to be the most important contributor to this activity [302-
304, 843]. Oligomeric forms of AP are now thought to be the major toxic species [620,
844-846]. Therefore, therapeutically targeting the production, aggregation, clearance

or neurotoxicity of A is a central theme of current AD research [847].

A number of studies indicate that glycosaminoglycans (GAGs) may have value for the
therapeutic treatment of AD. GAGs are linear polymers consisting of repeated
disaccharide units. Heparin is a typical GAG and has a highly sulfated structure. A
low molecular weight (LMW) derivative of heparin, enoxaparin, is generated by
alkaline depolymerization of heparin benzyl ester. Both heparin and LMW heparins

have been widely used as anticoagulant and antithrombotic drugs [848, 849]. LMW
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heparins are now generally regarded as safer and more effective for the treatment of

cardiovascular problems than unfractionated heparin [850].

LMW GAGs may also be suitable agents for the treatment of brain diseases as they
can cross the blood-brain barrier (BBB) [823, 842]. GAGs can inhibit Ap toxicity
[830, 840, 851, 852] and may have neuroprotective effects [825, 826]. In addition,
peripheral administration of enoxaparin has been reported to reduce Ap load [830]
and improve cognition in APP transgenic mice [831]. The mechanism of these effects
is unclear. GAGs bind directly to APP [163, 185, 186, 813] and may influence its
function [809]. In addition, GAGs can bind to aggregated A and accelerate amyloid

fibril formation [611, 812].

Heparin may also influence AB production by disrupting APP proteolytic processing.
Scholefield et al. [833] first reported that heparan sulfate and heparin can directly
inhibit BACEL activity in vitro and thereby decrease AB production in cell culture.
Our own studies have shown that heparin binds close to the prodomain of the BACE1
zymogen (proBACEL) and that this binding stimulates proBACEL1 activity [836, 837].
However, heparin can also inhibit mature BACEL activity by binding close to the
active site domain of the mature protein [837]. In contrast to the results of Scholefield
et al. [44], Leveugle et al. [832] reported that heparin stimulates B-secretase cleavage

of APP in a cultured cell line.

As there are conflicting reports on the effect of GAGs on APP processing and AP
production, the effects of heparin and enoxaparin on APP processing were examined

in primary cortical cells obtained from transgenic mice expressing human APPggs with
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the Swedish familial AD mutation (Tg2576 mice) [545], because human APP and its
fragments can be more easily detected with existing anti-human antibodies than

rodent APP and Ap.

Studies reported in this chapter show that heparin and enoxaparin lower A secretion
from cortical cells by decreasing BACE1 and thereby inhibiting [-secretase
processing of APP. This effect is not specific for the amyloidogenic processing of
APP, as heparin and enoxaparin also decrease the level of a-secretase ADAM10 and

inhibit a-secretase processing of APP.

2.2 Materials and Methods

2.2.1 Materials

Porcine mucosal heparin, 5 kDa heparin, 3 kDa heparin, monoclonal anti-B-actin
antibody, rabbit anti-BACE1 (EE-17) antibody, polyclonal anti-APP C-terminal
antibody (APP-CT) and N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-
butyl ester (DAPT) were purchased from Sigma-Aldrich Pty. Ltd. (Sydney, Australia).
Rabbit anti-ADAM10 (ab1997) and rabbit anti-ADAM17 (ab2051) were purchased
from Sapphire Bioscience Pty. Ltd. (Waterloo, Australia). Monoclonal anti-Af
antibody 6E10 was from Covance Pty. Ltd. (North Ryde, Australia). Neurobasal
medium and B27 supplement were purchased from Invitrogen (Mulgrave, Australia).
Mouse and rabbit HRP-conjugated secondary antibodies were purchased from DAKO
(Campbellfield, Australia). Enoxaparin sodium (Clexane®) was from Sanofi-Aventis
(Macquarie Park, Australia). Protein G Sepharose and complete mini protease
inhibitor cocktail tablet were purchased from Roche Diagnostics (Castle Hill,
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Australia). A polyclonal anti-phosphorylated APP antibody UT33 was prepared as

previously described [853].

2.2.2 Cell culture

Cortical cells were prepared from newborn (Po) Tg2576 mice. Cerebral cortices were
dissected and incubated in Ca®*- and Mg*-free Hank’s balanced salts (HBSS)
containing 0.25% (w/v) papain and 0.06% (w/v) deoxyribonuclease | (DNase I) for 30
min at 37<C, followed by three washes with Neurobasal medium. Cells were then
separated by gentle mechanical dissociation and 3<10° cells were plated onto poly-D-
lysine-coated 12-well culture plates, and maintained in 1.2 mL complete Neurobasal
medium containing 2% B27 supplement, 1 mM glutamine, and 1%
penicillin/streptomycin (10,000 units of penicillin and 10,000 pg of streptomycin
stock) in an atmosphere containing 5% CO; at 37 <C. After 3 days in vitro (DIV), half
of the culture medium was replaced with fresh complete Neurobasal medium. All
experiments were performed at 7 DIV cultures. Primary cortical cells were incubated
with GAGs and inhibitors for 24 hours prior to sodium dodecylsulfate polyacrylamide

gel electrophoresis (SDS-PAGE).

2.2.3 SDS-PAGE and western blotting

After treatment with GAGs or drugs, the medium was removed from cells for
determination of AB and sAPPa. The cells were incubated with cold RIPA buffer
(150 mM NacCl, 50 mM Tris, 0.5% wi/v Na-deoxycholate, 1% v/v Nonidet P-40, 0.1%
SDS, pH 7.4) containing protease inhibitor cocktail on ice for 10 min and the cell
lysates were then harvested for determination of C99, C83, BACEl, ADAMIO,

ADAML17 and APP.
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The amount of AB40 or AB42 secreted into the cell medium was determined on 15%
Tris-bicine-urea SDS-PAGE gels as described previously [854]. The cell medium was
collected and cell debris was removed by centrifugation at 500 g for 5 min. The
supernatant fractions were then transferred to 1.5 mL Eppendorf tubes. Monoclonal
antibody 6E10 (1:1667 v/v) was added and the mixture was incubated overnight at
4<C. Protein G agarose (20 uL hydrated gel/mL medium) was then added and
incubated for a further 3 hours at 4<C. The beads were washed 3 times in 1 mL cold
phosphate-buffered saline (PBS), and then 30 uL of sample buffer was added to each
pellet. After gentle mixing, the slurry was heated for 5 min at 95<C. The sample was
then centrifuged for 10 min at 15,000 rpm and 30 pL supernatant fraction was loaded
on 15% Tris-bicine-urea gels. After electrophoresis, proteins were transferred onto a
polyvinylidene difluoride (PVDF) membrane and stained with monoclonal antibody

6E10 (1:2,000 dilution) for Ap.

For the determination of sAPPa, BACEl, ADAM10, ADAM17and APP, cell
medium (the loading volumes were normalized from protein concentration of cell
lysates) or 8 ug protein cell lysate were applied to 8% Tris-glycine SDS-PAGE gels
and subjected to western blotting using the anti-Ap monoclonal antibody 6E10
(1:2,000 dilution), anti-ADAM10 polyclonal antibody (1:1,000 dilution), anti-BACE1
polyclonal antibody (1:1,000 dilution), anti-ADAM17 polyclonal antibody (1:1,000
dilution) or an anti-pB-actin monoclonal antibody (1:16,000 dilution). The protein
concentration was measured using the Bio-Rad DC protein assay kit (Bio-Rad

Laboratories Pty. Ltd., Gladesville, Australia) with bovine serum albumin as standard.
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To determine the level of C99 and C83 in cells, cell lysates containing 12 pg of
protein were applied to 16.5% Tris-tricine SDS-PAGE gels. After electrophoretic
transfer of proteins onto a PVDF membrane, the membrane was cut into two pieces at
the position of the 24 kDa molecular weight marker. The piece of PVDF membrane
containing proteins from the upper region of the gel that migrated above an apparent
molecular mass of 24 kDa was stained using a monoclonal antibody directed against
B-actin (1:16,000 dilution). The piece containing proteins from the lower region of the
gel which migrated below 24 kDa was stained for C99 and C83 using a polyclonal
anti-APP C-terminal antibody (1:2,000 dilution), which was raised against residues

676-695 of the APP695 sequence.

For all western blotting, the bound primary antibody was detected using either a
polyclonal goat anti-mouse or an anti-rabbit immunoglobulin conjugated to
horseradish peroxidase (HRP) (1:6,000 dilution) and Immobilon™ Western
chemiluminescent HRP substrate from Millipore Pty. Ltd. (North Ryde, Australia).
Chemiluminescence was detected using a Chemi-Smart 5000 gel documentation
system (Vilber Lourmat, Torcy, France). Images were taken and the density of
staining was quantified using Image J software (RSB; NIH, http://rsbweb.nih.gov/ij/

index.html). The ratio of immunoreactivity for each protein to the [-actin
immunoreactivity was determined and then each ratio was used to calculate a
percentage relative to mean values for control incubations lacking GAG. All
experiments were performed at least six times and statistical tests were performed
using SigmaPlot software (10.0v; Systat Software, Inc., San Jose, CA, USA).
Statistical comparisons were made using one-way analysis of variance and Student’s t

tests. Values of p<0.05 were considered statistically significant.
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2.2.4 Quantitative real-time PCR

Total RNA was extracted from control or treatment cells using a SV total RNA
isolation system from Promega (Sydney, Australia) following the manufacturer’s
instructions. The concentration and purity of the RNA was assessed
spectrophotometrically at a wavelength of 260 and 280 nm using a NanoDrop™ 1000
Spectrophotometer (Thermo Fisher Scientific, MA, USA). RNA (250 ng) was reverse
transcribed to form cDNA in a 20 pl reaction volume using a Fastlane cell cDNA kit
from Qiagen Pty. Ltd. (Doncaster, Australia) following the manufacturer’s
instructions. Polymerase chain reaction (PCR) was performed using a QuantiFast
SYBR Green PCR kit (Qiagen Pty. Ltd., Doncaster, Australia). Each reaction
contained 10 ul 2x QuantiFast SYBR Green PCR Master Mix, 1 ul forward and
reverse primers (both from 10 uM stock), 2 ul template cDNA and 6 pl RNase-free
water to a total volume of 20 ul. The reactions were carried out on a Rotor-Gene 6000
PCR cycler (Qiagen Pty. Ltd., Doncaster, Australia) according to the following
protocol: pre-heat at 95<C for 5 minutes to activate DNA polymerase, followed by 50
cycles of 10s at 95<C and 30s at 60<C. Primers with the following sequences were
chosen: BACEL: Fw, 5’>-CAGTGGGACCACCAACCTTC-3’, Rev, 5’-GCTGCCTTG
ATGGACTTGAC-3’; ADAM10: Fw, 5’-TAAGGAATTATGCCATGTTTGCTGC-3°,
Rev, 5’-ACTGAACTGCTTGCTCCACTGCA-3’; actin: Fw, 5’-ATGCTCCCCGGG

CTGTA T-3’, Rev, 5’-CATAGGAGTCCTTCTGACCCATTC -3°; GAPDH: Fw, 5°-
TGTGTCC GTCGTGGATCTGA-3’, Rev, 5’-TTGCTGTTGAAGTCGCAGGAG-3".
All primers were obtained from GeneWorks Pty. Ltd. (Hindmarsh, Australia).
Fluorescence data were acquired at the end of each cycle, and a melt curve was
determined at the end of cycling. Comparative concentration of target genes was
normalized to the comparative concentration of housekeeping gene actin and the
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results were expressed as ratio of target gene and actin expression. Expression of
additional housekeeping (e.g. GAPDH) genes was also analysed to verify the

reliability of normalization relative to actin.

2.3 Results

2.3.1 Effect of heparin and enoxaparin on AB

Initially, the effect of heparin and enoxaparin on the secretion of Ap from cortical
cells was examined. Primary cortical cells from Tg2576 mice were cultured and then
treated with heparin or enoxaparin for 24 hours. The cell media were harvested and
ApB was immunoprecipitated from the medium and then detected by western blotting.
Although APB40 was easily detected in the cell culture medium, little Ap42 was
observed (Fig. 2.1 A). Therefore, in the subsequent experiments, only the level of
AB40 was measured. AB40 and AB42 were not detectable in the cell lysate (data not
shown). Incubations with 10 pug/mL and 100 pg/mL heparin significantly lowered
levels of AB40 in the culture medium. Enoxaparin also reduced the level of Ap40.
However, enoxaparin was less effective than heparin and only had a significant effect

on AB40 at a concentration of 100 ug/mL (Fig. 2.1 B).

2.3.2 Characterization of APP C-terminal fragments (CTFs)

To examine the effect of heparin and enoxaparin on APP processing, the major APP
CTFs produced by the Tg2576 mouse cortical cells were characterized. The cell
lysates were analysed by western blotting using a polyclonal anti-APP C-terminal

antibody.
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Fig. 2.1. Effect of heparin (MH) and enoxaparin (ENO) on AP secretion from
Tg2576 mouse cortical cells. Cells were treated with 0, 1, 10, or 100 ug/mL heparin
or enoxaparin for 24 hours. AB40 and AB42 in the culture medium were separated on
Tris-bicine-urea SDS gels and visualized by western blotting with the anti-Af
monoclonal antibody 6E10. (A) Typical western blots showing the effect of heparin
and enoxaparin on AB40. The position of pure recombinant human AB40 (rApB40) and
AB42 (rAB42) is also shown. (B) Quantification of AB40 immunoreactivity on the
western blots. Asterisks show values that are significantly different from control
incubations containing no GAG (p<0.01, n=9).
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Fig. 2.2. Characterization of APP C-terminal fragments in Tg2576 mouse cortical
cells. (A) Cell lysates from Tg2576 primary cortical cells at 7 DIV were analysed on
16.5% Tris-tricine SDS-PAGE and immunoblotted with polyclonal anti-APP C-
terminal antibody (left). Membranes were stripped and reprobed with monoclonal
antibody 6E10 which recognises the N-terminal region of AB (right). (B) Cell lysates
were immunoprecipitated using the anti-APP C-terminal antibody, and then separated
on 16.5% Tris-tricine polyacrylamide gels. After blotting APP CTFs were visualized
with the anti-APP C-terminal antibody (left). Blots were then stripped and reprobed
with UT33 (right), an antibody which recognizes phosphorylated APP. (C) Cells were
incubated in the absence (control) or presence of 0.5 M DAPT for 24 hours. Cell
lysates were resolved on 16.5% Tris-tricine polyacrylamide gels. After blotting, the
APP CTFs were visualized with the anti-APP C-terminal antibody. The positions of
C99, C89 and C83 as well as their phosphorylation forms (P-C99, P-C89 and P-C83)
are indicated.
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Analysis of the cell lysate fraction revealed six discrete protein bands migrating close
to the 12-kDa molecular weight marker (Fig. 2.2 A, left panel). These bands
corresponded to phospho-C99, C99, phospho-C89, C89 (a product of cleavage
adjacent to residue 11 in Ap by BACE1L), phospho-C83 and C83, based on their
apparent molecular masses. To confirm their identities, the membrane was stripped
and reprobed using monoclonal antibody 6E10 which recognizes C99 but not C89 and
C83. As expected, it has been found that only the bands corresponding to phospho-
C99 and C99 were stained (Fig. 2.2 A, right panel). Next, to confirm the identification
of the phospho-C99 band, the cell lysate protein was immunoprecipitated with the
anti-APP C-terminal antibody, and immunoblotted using the same polyclonal anti-
APP C-terminal antibody (Fig. 2.2 B, left panel). The membrane was then stripped
and restained using an anti-phospho-APP antibody UT33 which recognizes APP
fragments phosphorylated at threonine 668 of the APP695 sequence [853]. Of the two
6E10-immunoreactive bands, only the upper band was immunoreactive (Fig. 2.2 B,
right panel), confirming that it was phospho-C99. Levels of phosphorylated C89 and
C83 were too faint to be easily visualised using UT33. The identities of the APP CTFs
were also confirmed using the y-secretase inhibitor DAPT. DAPT has been shown
previously to cause the accumulation of both - and a-secretase-derived CTFs of APP
(C99, C89 and C83) [855]. When primary cortical cells were treated with DAPT for
24 hours, there was a large increase in the levels of all protein bands around 12 kDa
compared with the control (Fig. 2.2 C), confirming the identity of these bands as APP

CTFs.
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Fig. 2.3. Effects of heparin (MH) and enoxaparin (ENO) on APP (A, B), sAPPa (C,
D) and C99 (E, F) in Tg2576 mouse cortical cell cultures. Cells were treated with 0, 1,
10, 100 pg/mL heparin or enoxaparin for 24 hours. Figure shows typical western blots
illustrating the effect of MH and ENO on APP (A), sAPPa (C) and C99 (E). B-Actin
immunoreactivity is shown as a loading control. Figure also shows quantification of
the level of APP (B), sAPPa (D) and C99 (F) immunoreactivity. Asterisks show
values that are significantly different from controls (p<0.05, n=12).
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Fig. 2.4. Effects of DAPT, heparin and enoxaparin on C99 levels in Tg2576 mouse
cortical cells. (A) Cells were incubated in the absence (control), or presence of 0.5
uM DAPT and in the absence or presence of 1 ug/mL heparin (MH1), 10 pg/mL
heparin (MH10) or 100 ug/mL heparin (MH100), 1 ug/mL enoxaparin (ENO1), 10
ug/mL enoxaparin (ENO10) or 100 ug/mL enoxaparin (ENO100) for 24 hours. The
cell lysates were analysed for C99. B-Actin immunoreactivity is shown as a loading
control. Chemiluminescence was detected with either short exposures (short exp.) or
long exposures (long exp.) to visualise different levels of C99. (B) Quantitative
analysis of C99 immunoreactivity. Asterisks show values that are significantly
different from controls (p<0.01, n=9).
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2.3.3 Effect of heparin and enoxaparin on levels of APP, sAPPa and CTFs

Next, the effect of heparin and enoxaparin on the levels of APP and APP CTFs was
examined. Heparin and enoxaparin had no significant effect on the level of APP in the
cell lysate (Figs. 2.3 A and B). However, heparin decreased the amount of SAPPa
secreted into the culture medium. Although 1 pg/mL heparin did not significantly
decrease the level of sSAPPa., higher concentrations (10 and 100 pg/mL) of heparin
significantly reduced sAPPa immunoreactivity by 40% and 50%, respectively (Figs.
2.3 C and D). Enoxaparin had a similar effect as heparin, but was less effective in its
ability to reduce sAPPa. Enoxaparin (10 and 100 pg/mL) reduced the sAPPa

immunoreactivity by approximately 25% and 30%, respectively (Figs. 2.3 C and D).

Subsequently, the effects of heparin and enoxaparin on C99 and C83 were determined.
Cell lysates were analysed by western blotting using the anti-APP C-terminal
antibody. Although C99 was clearly visualized using this method, the level of C83
was too low to measure accurately. Therefore, only C99 was quantified. C99 and
phospho-C99 were measured together as they were often poorly separated. Heparin
decreased C99 in a dose-dependent manner. At concentrations between 1 and 100
ug/mL, heparin lowered C99 immunoreactivity by between 25% and 75% (Figs. 2.3 E
and F). Enoxaparin also decreased the level of C99, but it was less potent in this
regard. Enoxaparin, at concentrations of 10 and 100 ug/mL, significantly reduced C99

immunoreactivity by 30% and 50% of the control value, respectively (Figs. 3E and F).
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Fig. 2.5. Effects of heparin and enoxaparin in the presence of 0.5 uM DAPT on C83
in Tg2576 mouse cortical cells. (A) Cells were incubated in the presence or absence
of 1, 10 or 100 pg/mL heparin (MH1, MH10 or MH100, respectively) or 1, 10 or 100
ug/mL enoxaparin (ENO1, ENO10 or ENO100, respectively) for 24 hours. Cell
lysates were then analysed by western blotting using polyclonal anti-APP C-terminal
antibody to determine the level of C83. The level of B-actin immunoreactivity was
used as a loading control. (B) Quantification of the level of C83 immunoreactivity.
Asterisks show values that are significantly different from controls (p<0.001, n=9).
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Fig. 2.6. Effect of heparin (MH) on the level of BACE1, ADAM10 and ADAM17 in

Tg2576 mouse cortical cell cultures. Cells were treated with 100 ug/mL MH for 24
hours. Figure shows typical western blots illustrating the effect of MH on BACEL,

ADAM10 and ADAM17 (A). B-Actin immunoreactivity is shown as a loading control.
Figure also shows quantification of the level of BACE1l (B), ADAM10 (C) and
ADAM17 (D) immunoreactivity. Asterisks show values that are significantly different

from controls (p<0.05, n=8).
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As heparin and enoxaparin decreased levels of C99, studies in this chapter also
examined whether this decrease might be attributed to an increase in y-secretase
activity, or to a decrease in C99 production. In the presence of the y-secretase
inhibitor DAPT (0.5 uM), it was possible to accurately quantify C83 levels. Heparin
(1 pg/mL) had no significant effect on the level of C99. However, 10 and 100 pg/mL
heparin reduced C99 immunoreactivity by approximately 40% and 55%, respectively
(Figs. 2.4 A and B) and heparin (10 and 100 ug/mL) decreased C83 immunoreactivity
by approximately 40% and 60% (Fig. 2.5 A and B). In the presence of DAPT,
enoxaparin (1 and 10 pug/mL) did not significantly decrease C99 or C83. However,
100 pg/mL enoxaparin decreased both C99 and C83 to approximately 50% of control
values (Fig. 2.4 and 2.5). Taken together, the results demonstrated that the reduced
secretion of AP} was due to the decreased level of C99, and that treatment with heparin

and enoxaparin also decreased o-secretase processing.

2.3.4 Effect of heparin on the level of BACE1, ADAM10 and ADAM17

To examine whether the decrease in o- and B-secretase processing of APP was due to
a reduction in the level of a- and B-secretase, primary cortical cells were treated with
heparin (100 pg/mL) for 24 hr and then the cells were lysed and the level of (-
secretase (BACE1) and two putative o-secretases (ADAM10 and ADAM17) were
measured in the cell lysate by western blotting. Heparin (100 pg/mL) significantly
decreased the level of BACE1 and ADAM10 to approximately 50% and 25% of
control values (Fig. 2.6 A-C). However, incubation with heparin did not lead to a

significant change in ADAM17 levels compared with controls (Fig. 2.6 A and D).
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As the level of BACEL1 and ADAM10 was reduced by treatment with heparin, it has
been speculated that heparin might affect the expression of BACE1 and ADAM10
MRNA. The level of BACE1 and ADAM10 mRNA was measured by real-time PCR.
However, it was unable to find any evidence that heparin treatment alters the
expression of either BACE1 or ADAM10 (Fig. 2.7 A and B). This suggested that

GAGs probably decrease BACE1 or ADAM10 at a post-translational level.

2.3.5 Effect of heparin fragments on AP secretion

As there were significant differences between heparin and enoxaparin in their effects
on APP metabolism and AP production, and because enoxaparin comprises a mixture
of small-sized heparin fragments [849], the effect of heparin fragments of different
molecular weight on secretion of AB was examined. Primary cortical cells from
Tg2576 mice were cultured and then treated with 18 kDa heparin, 5 kDa heparin, 3
kDa heparin or enoxaparin for 24 hours. The cell culture medium was harvested and
AB was immunoprecipitated from the medium and detected by western blotting.
Incubations with native 18 kDa heparin, 5 kDa heparin, 3 kDa heparin or enoxaparin
significantly lowered levels of AB40 in the culture medium. However, 5 kDa heparin,
3 kDa heparin and enoxaparin were less effective compared with native heparin (Fig.

2.8).
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Fig. 2.7. Effects of heparin (MH) on mRNA level of BACE1 (A) and ADAM10 (B).
The relative mMRNA level of BACE1 and ADAM10 was determined by RT-PCR after

100 pug/mL MH treatment.
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Fig. 2.8. Effect of heparin fragments of different molecular weight on ApB secretion
from Tg2576 mouse cortical cells. Cells were treated with 100 pg/mL 18 kDa heparin,
5 kDa heparin, 3 kDa heparin or enoxaparin for 24 hours. Ap40 and AB42 in the
culture medium were visualized by western blotting using monoclonal antibody 6E10.
Figure shows the quantification of AB40 immunoreactivity on the western blots.
Asterisks show values that are significantly different from each other (p<0.01, n=8).
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2.4 Discussion

In this chapter, the effect of heparin and enoxaparin on APP processing and A
production was examined in primary cortical cells obtained from APP Tg2576 mice.
The studies reported in this chapter showed that while heparin and enoxaparin had no
effect on the level of APP, they decreased the level of C99, C83, sAPPa and secreted
AB in a dose-dependent manner. Heparin also decreased the level of B-secretase
(BACE1) and a putative a-ecretase (ADAM10) but had no effect on the level of

another putative a-secretase (ADAM17).

As the level of APP was not decreased by heparin or enoxaparin, the decreased levels
of C99, AB, sAPPa and C83 were not due to a decrease in APP. Furthermore, as
heparin and enoxaparin decreased the level of C83 and C99 in the presence of a y-
secretase inhibitor, and also treatment with heparin or enoxaparin decreased the
secretion of AP rather than increase AP secretion. This indicated that the effect of
GAGs in decreasing C99 and C83 could not be due to an increase in y-secretase

activity.

It was speculated that the decrease in C99, C83 and the decrease in AP secretion
might be due to a decrease in the level of a- and B-secretases. Therefore, the level of
both a- and B-secretases was measured by western blotting. The results reported in
this chapter showed that heparin significantly decreased the level of BACE1 and
ADAM10, which has been shown to be the major contributor to total a-secretase
activity in many cells [843]. In contrast, the level of another putative o-secretase,

ADAM17 was not changed in the presence of heparin. Therefore, the results
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demonstrate that the GAG-induced decrease in AP secretion and the reduction in C99
were most likely due to a decrease in BACEL1 levels within the cortical cells.

The mechanism by which heparin and enoxaparin decrease BACE1 and ADAM10
and alter APP processing is unclear. The decreased level of BACE1 and ADAM10
was probably not caused by a decrease in BACE1 or ADAM10 mRNA, because
BACE1 and ADAM10 mRNA levels were not significantly changed after MH
treatment (Fig. 2.7 A and B). This suggests that the effect was on some post-
translational event such as BACE1 and ADAM10 turnover. However, further studies

will be needed to delineate this mechanism.

The mechanism by which GAGs lower levels of BACE1 and ADAM10 is unclear. As
BACE1 may bind to endogenous proteoglycans and because this interaction may be
important for the trafficking [833] or processing of BACEL [836], it is possible that
heparin and enoxaparin may disrupt the normal trafficking or processing of the
enzyme. However, it is unclear whether such a mechanism can also explain the effect
of heparin on ADAM10 levels. Furthermore, it was interesting to note that the
structurally related enzyme ADAM17 was not affected by heparin. To date, there
have been no reports that ADAM10 can interact with GAGs or proteoglycans,
although this possibility cannot be ruled out. GAGs could conceivably exert a less
direct effect on BACE1 and ADAMI0, possibly by acting on a specific secretory
pathway. In this regard, it is interesting to note that there are differences in the roles of
ADAM10 and ADAML17 in membrane protein shedding [856]. ADAM17 can be
stimulated by protein kinase C and may be part of a regulated secretion pathway [857],
whereas ADAM10 may be associated with a constitutive secretion pathway [858].

APP can be processed via both pathways [95, 303, 859]. Thus it is tempting to
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speculate that GAGs may selectively alter the level of enzymes in the constitutive
secretion pathway, rather than the regulated pathway, thus accounting for the selective

decrease in ADAM10 but not in ADAM17.

The studies reported in this chapter showed that the smaller sized enoxaparin was less
efficient in its ability to inhibit APP processing to AB than native full-length heparin.
To examine the reason for this difference, 18 kDa native heparin and enoxaparin with
heparins of defined molecular weight were compared. The results showed that low
molecular weight (3 kDa and 5 kDa) heparins were less effective in inhibiting the
secretion of AP than native heparin (Fig. 2.8). Enoxaparin possesses an average
molecular weight of approximately 4.5 kDa and its efficacy for inhibiting AP
secretion was similar to that of 5 kDa heparin. Therefore, this result suggests that the
differences between heparin and enoxaparin are probably due to differences in

molecular weight.

In a previous preliminary study, it has been reported that heparin could decrease the
level of AB and sAPPa. in cortical cells [860]. However, in that study, the results
showed that heparin had no effect on C99 or C83. The failure to observe an effect on
C99 and C83 previously was possibly due to the fact that the number of replicates in
the earlier experiments was too low to observe significant differences in C99 and C83
levels. In a previous study, Scholefield et al. [833] reported that heparin and heparin
analogues inhibit Ap and sAPPf generation in APP-expressing cells, and they drew
the conclusion that GAGs may bind to BACEL and inhibit BACEL cleavage activity.
Our own studies have shown that at low concentrations (e.g. 1 pg/mL) GAGs

stimulate the activity of the zymogen pro-BACEL whereas at higher concentrations
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(e.g. 100 ug/mL) they inhibit the activity of the mature enzyme [836]. This biphasic
effect of GAGs is most simply explained by the presence of a single heparin-binding
site that lies adjacent to the both the pro sequence and active site regions [837]. Low
concentrations of GAGs can alter the conformation of the prodomain, but higher

concentrations are needed to block the active site [46].

In contrast to the studies reported in this chapter, Leveugle et al. [832], using SH-
SY5Y neuroblastoma cells overexpressing APP with the Swedish mutation, reported
that GAGs can increase APP secretion and processing through the [-secretase
pathway. The difference in the effect of GAGs between the study of Leveugle et al.
[832] and studies reported in this chapter is unclear, but it may possibly be explained
by the fact that APP processing occurs differently in neuroblastoma cells
overexpressing APP compared with primary cortical cells. This possibility
emphasizes the need to use primary cells in culture, rather than cell lines for these

types of studies.

Interestingly, studies reported in this chapter demonstrate that, in the absence of the y-
secretase inhibitor DAPT, C99 was more abundant than C83. This finding contrasts
with reports from many studies using APP-transfected cells that C83 is more abundant
than C99 [861, 862], in keeping with the concept that the a-secretase pathway is a
predominant route of APP processing than the (-secretase pathway. However, the
observation that C99 was present in higher abundance than C83 is consistent with
some previous studies in both APP23 and Tg2576 mice [546, 863, 864]. One possible
explanation for the high level of C99 in the Tg2576 cells is that the transgene

possesses the human Swedish NL double mutation at the beginning of the AP
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encoding region. This mutation increases the susceptibility of APP for cleavage by
BACEL1 [361, 865]. Another reason why the level of C99 may have been higher than
C83 is that the relative rate of cleavage of C99 and C83 by y-secretase may be
different. The level of C99 and C83 depends, in part, on the relative rates of a- and -
secretase cleavage of APP [95]. However, it may also depend upon the capacity of the
cells for y-secretase cleavage. It has been reported that the y-secretase degrades C83
much quicker than C99 [864]. Under conditions in which the y-secretase is not
saturated with its substrate, the relative rates of cleavage of C83 and C99 by y-
secretase may greatly influence the level of total C83 or C99. However, under
conditions of very high APP overexpression, or under conditions where y-secretase is
almost completely inhibited, the y-secretase would be saturated and the relative
proportions of C99 and C83 would be dependent solely upon the relative rates of -
and a-secretase cleavage, respectively. In support of this idea, we found that in the
presence of the y-secretase inhibitor DAPT, the proportion of C83 relative to C99

increased greatly.

In summary, studies in this chapter demonstrate that GAGs alter APP metabolism and
decrease secretion of AB. Low molecular weight heparins have also been shown to
cross the blood-brain barrier [823, 842], to arrest amyloid-induced inflammation [827,
828], to decrease AP aggregation [828] and to lower the AP generation and improve
cognition in AD transgenic mice [830, 831]. Therefore, the data in this chapter
provide support for the view that heparin analogues may have value for the treatment
of AD. However, it is worth considering the possibility that heparin analogues may

have toxic side effects which lower their value as therapeutic agents. Studies reported
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in this chapter showed that GAGs inhibited a-secretase processing of APP, and this
effect was associated with a decrease in the level of ADAM10. A number of studies
have suggested that SAPPa may have important trophic functions [174]. Thus
inhibition of sAPPa production could produce adverse effects in vivo. Such a
possibility needs to be considered when examining the potential of heparin analogues

for the treatment of AD.
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Chapter 3

Size and sulfation are critical for the
effect of heparin on APP processing and

AP production
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3.1 Introduction

The studies reported in Chapter 2 have shown that treatment with heparin can lower
AP secretion from primary cortical cells [839]. However, although heparin can bind
directly to BACE1, decreased secretion of AB in cell culture is due to a decrease in

the level of BACEL, rather than to direct inhibition of the enzyme.

The development of GAG analogues which can be used for the treatment of AD will
require the identification of high potency compounds that have the ability to cross the
blood-brain barrier (BBB). Several reports indicate that low molecular weight GAGs
can penetrate the BBB [823, 842] and this idea is further supported by the observation
that peripheral administration of enoxaparin can lower brain amyloid load [830].
However, developing high-affinity compounds that can inhibit Ap production may be
problematic. Studies reported in Chapter 2 showed that the most potent GAG heparin
inhibits AB production in cell culture at micromolar concentrations [839]. However,
the development of GAG analogues which can be used for the treatment of AD may

require high potency compounds acting in the nanomolar concentration range.

The pattern of sulfation of heparan sulfate (HS) may provide specificity for binding to
certain proteins. For example, studies by Nurcombe et al. [866] have shown that the
specificity of HS for binding to fibroblast growth factor receptors is controlled by the
sulfation pattern. Similarly, the fine structure of HS may regulate syndecan-1 function
[867], while a specific HS sulfation pattern regulates retinal axon targeting [741].
Studies by Patey et al. [834] show that specific sulfation patterns on heparin
derivatives can result in high affinity compounds with great selectivity for inhibition

of BACEL activity and reduced activity against Factor Xa and other proteases. Indeed,
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the different sulfation patterns of different HS species may reflect the need to bind
specifically to different ligands. On this basis, then, it may be possible to alter the
sulfate pattern of GAGs to achieve high affinity and specific effects on APP

metabolism and AP secretion.

In view of the relationship of GAG size to BBB permeability and of sulfation pattern
to binding specificity, the aim of the present study in this chapter was to examine the
role of molecular size and sulfation of GAGs on APP processing and Ap production
in primary cell cultures. The effects of various GAGs and sulfated polysaccharides on
APP processing were tested in cortical cells derived from transgenic mice expressing
human APPggs with the Swedish familial AD mutant (Tg2576 mouse). These mice
were used for the study because human APP and its fragments can be more easily
detected by existing anti-human antibodies than rodent APP and AP. The results
reported in this chapter showed that LMW heparin species can alter APP processing
and that the effect of heparin on APP processing is dependent upon the degree of
sulfation. Although no high potency GAG analogues were identified in this study, the
results demonstrate that there is structural specificity to the effect of GAGs on APP,
raising the possibility that high affinity BBB-permeable GAGs may eventually be

identified.

3.2 Materials and Methods

3.2.1 Materials
Heparan sulfate (HO-10595) and 12.5 kDa heparin were purchased from Celsus

Laboratories, Inc. (Cincinnati, OH, USA). Bovine lung heparin (LH) was from
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Calbiochem (Melbourne, Australia). Porcine mucosal heparin, pentosan polysulfate
(PPS), 6 kDa heparin (H2149), 3 kDa heparin (H3400), chondroitin sulfate A (ChS A),
chondroitin sulfate B (ChS B), chondroitin sulfate C (ChS C), fucoidan, monoclonal
anti-B-actin antibody, rabbit anti-BACE1 (EE-17) antibody and polyclonal anti-APP
C-terminal antibody (APP-CT) were purchased from Sigma-Aldrich Pty. Ltd.
(Sydney, Australia). Rabbit anti-ADAM10 (ab1997) and rabbit anti-ADAM17
(ab2051) were purchased from Sapphire Bioscience Pty. Ltd. (Waterloo, Australia).
Monoclonal anti-Ap antibody 6E10 was from Covance Pty. Ltd. (North Ryde,
Australia). Neurobasal medium and B27 supplement were purchased from Invitrogen
(Mulgrave, Australia). Mouse and rabbit HRP-conjugated secondary antibodies were
purchased from DAKO (Campbellfield, Australia). Complete mini protease inhibitor

cocktail tablet was from Roche Diagnostics (Castle Hill, Australia).

Mucosal heparin (5 kDa MH) was prepared by treatment of periodate-oxidized
mucosal heparin with sodium hydroxide, followed by reduction with sodium
borohydride and acid hydrolysis [868]. The resulting heparin fragments had an
average degree of polymerization of 16, corresponding to an average molecular
weight of 5 kDa. Mucosal heparin lacking the 2-O-sulfate group (MH de 2S), N-
sulfate group (MH de NS), all sulfate groups (MH de S) or MH with the carboxyl
group removed (MH CR) were prepared as described previously [837]. Mucosal
heparin lacking 6-O sulfate (MH de 6S) was prepared by the treatment of the
pyridinium salt of heparin with N,O-bis(trimethylsilyl)acetamide in pyridine for 2 h at
60C [869]. This procedure resulted in specific 6-O-desulfation of MH without

depolymerisation or other chemical changes.
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3.2.2 Primary cortical cell culture

Cortical cells were prepared from brains of newborn (Py) Tg2576 mice. Cerebral
cortices were dissected in Neurobasal medium and incubated with 0.25% (w/v) papain
and 0.06% (w/v) deoxyribonuclease | (DNase I) mixture for 20 min at 37 <C, followed
by three washes with Neurobasal medium. Cells were then separated by gentle
mechanical dissociation and 3x10° cells/well were plated onto poly-D-lysine-coated
12-well culture plates, and maintained in 1.2 mL complete Neurobasal medium
containing 2% B27 supplement, 1 mM glutamine, and 1% penicillin/streptomycin
(10,000 units of penicillin and 10,000 pg of streptomycin stock) in an atmosphere
containing 5% CO, at 37<C. After 3 days in vitro (DIV), half of the culture medium
was replaced with fresh complete Neurobasal medium. All experiments were
performed at 7 DIV. Primary cortical cells were incubated with heparin derivatives or

other compounds for 24 hours prior to analysis.

3.2.3 SDS-polyacrylamide gel electrophoresis and western blotting

Culture medium was removed from cells for determination of Ap and sAPPa. The
cells were incubated with cold RIPA buffer (150 mM NaCl, 50 mM Tris, 0.5% w/v
Na-deoxycholate, 1% v/v Nonidet P-40, 0.1% SDS, pH 7.4) containing protease
inhibitor cocktail on ice for 10 min and the cell lysates were then harvested for
determination of C99, BACEl, ADAM10, ADAM17 and total APP. The protein
concentration of cell lysate was measured using the Bio-Rad DC protein assay kit
(Bio-Rad Laboratories Pty. Ltd., Gladesville, Australia) with bovine serum albumin as

standard.
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The amount of AB40 or AB42 secreted into cell medium was determined using 15%
Tris-bicine-urea SDS-PAGE as described previously [854]. The level of C99, sAPPaq,
BACE1, ADAM10, ADAM17 and APP was determined as described in Chapter 2.
The density of protein staining was quantified using Image J software (Research
Service Branch; National Institute of Health, http://rsbweb.nih.gov/ij/index.html). The
ratio of staining intensity of each protein to the staining intensity of -actin was
determined and then each ratio was used to calculate a percentage relative to mean
value for control incubations. The statistical tests were performed using SigmaPlot
software (10.0v; Systat Software, Inc., San Jose, CA, USA). Statistical comparisons
were made using one-way analysis of variance followed by Tukey test for post hoc

comparisons. Values of p<0.05 were considered statistically significant.

3.3 Results

3.3.1 Effect of heparin fragments on APP processing

Initially, the relationship between the size of heparin fragments and the effect on APP
processing was examined. Cortical cells derived from brains of newborn Tg2576 mice
were treated with heparin fragments of different size (18 kDa, 12.5 kDa, 6 kDa, 5 kDa
and 3 kDa) for 24 hours, and the level of total APP, sAPPa, C99 and AB was
measured. For the measurement of AP, only the level of AB40 was quantified,
because, as described in Chapter 2, very little AB42 was produced by the cells and the

level could not be measured accurately (Fig. 3.1 A).

In agreement with the observations in Chapter 2, treatment of cells with 100 ug/mL
18 kDa MH (MH 18) reduced the level of AP secretion to approximately 60% of

control values (Fig. 3.1 A and B). MH fragments ranging in molecular mass from 3
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kDa to 12.5 kDa also decreased the level of AP secretion when incubated at the same
concentration. However, 3 kDa and 5 kDa MH were less potent in decreasing AB
secretion than 6 and 12.5 kDa MH (Fig. 3.1 A and B). Associated with the decrease in
AP secretion, there was also a decrease in the level of sSAPPa secretion in the
presence of 6, 12.5 and 18 kDa MH, although levels of SAPPa. were not significantly
reduced by 3 kDa and 5 kDa MH (Fig. 3.1 A and C). The effect of 6, 12.5 and 18 kDa
MH on the level of sAPPa was greater than the effect of 3 kDa MH. All MH
fragments decreased the level of C99 in the cells, but did not decrease the level of

total APP (Fig. 3.1 A, D and E).

The results showed that MH with molecular masses between 3 kDa and 12.5 kDa can
inhibit APP processing to AB. As the studies reported in Chapter 2 demonstrated that
the decrease in a- and -secretase processing of APP was due to a specific decrease in
the level of BACEL (B-secretase) and ADAM10 (a-secretase), the effects of different
sized MH fragments on the level of -secretase (BACE1) and two major a-secretases
(ADAM10 and ADAML17) were examined (Fig. 3.2). The level of BACE1l was
significantly reduced to approximately 30-50% of control values by treatment with 3,
5, 6, 12.5 and 18 kDa MH fragments (Fig. 3.2 A and B). The large MH fragments (6,
12.5 and 18 kDa) reduced the level of ADAM10 to approximately 10-20% of the
control values (Fig. 3.2 A and C). MH (5 kDa) also decreased the level of ADAM10
but to a lesser extent than the large MH fragments, and 3 kDa MH did not have any
significant effect on ADAM10 levels (Fig. 3.2 A and C). In contract to ADAML10, the
level of ADAM17 was not affected by any of the MH fragments tested (Fig. 3.2 A

and D).
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Fig. 3.1. Effects of mucosal heparin (MH) fragments on APP processing. Tg2576
mouse cortical cells were treated with different heparin fragments (100 ug/mL) for 24
hours. AB40, C99, sAPPa and total APP were measured using western blotting. (A)
Typical western blots showing the effects of heparin fragments on the level of AB40,
C99, sAPPa and total APP. Figure also shows quantification of Ap40
immunoreactivity (B), SAPPa immunoreactivity (C), C99 immunoreactivity (D) and
total APP immunoreactivity (E) on the western blots. Asterisks show values that are

significantly different from control incubations (p<0.05, n=8).
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3.3.2 Effects of different classes of GAGs on APP processing and A production

To examine the specificity of the effect of MH on APP processing further, the ability
of different classes of GAG and other polysulfated compounds to alter AB production
from APP were compared. Primary cortical cells were treated with mucosal heparin
(MH), lung heparin (LH), heparan sulfate (HS), chondroitin sulfate A (ChS A),
chondroitin sulfate B (ChS B), chondroitin sulfate C (ChS C) and sulfated
polysaccharides (PPS and fucoidan). The relative amount of sAPPa, C99, AP,

BACE1, ADAM10 and ADAM17 was then measured by western blotting.

Initially, the effect of MH was compared with that of LH and HS. LH is a more highly
sulfated form of heparin than MH, whereas HS from porcine mucosal tissue is less
highly sulfated [666]. Incubation with LH led to a similar decrease in the level of Ap
as was observed with MH (Fig. 3.3 A and B), whereas HS had no effect on A levels
in the culture medium. The chondroitin sulfates (ChS A, ChS B and ChS C) did not
reduce secretion of Ap when incubated at a concentration of 100 ug/mL. Polysulfates,
both PPS and fucoidan at a concentration of 100 ug/mL, decreased AP secretion to a
similar extent as MH and LH (Fig. 3.3 A and B). Incubation with MH, LH, HS, PPS
and fucoidan caused a significant decrease in sAPPa secretion. However, SAPPa
secretion was not affected by treatment with ChS A, ChS B and ChS C (Fig. 3.3 A
and C). Several GAGs (MH, LH and HS), PPS and fucoidan also significantly
decreased the level of C99, although levels of C99 were not altered by ChS A, ChS B
or ChS C treatment (Fig. 3.3 A and D). All of these different GAGs had no significant

effect on the level of total APP (Fig. 3.3 A and E).
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Fig. 3.2. Effects of mucosal heparin (MH) fragments on the level of BACEL,
ADAM10 and ADAM17. Cells were treated with different heparin fragments (100
ug/mL) for 24 hours and the level of BACE1, ADAM10 and ADAML17 were
measured using western blotting. (A) Typical western blots showing the level of
BACE1, ADAM10 and ADAM17 after MH fragments treatment. Figure shows
quantification of BACE1 immunoreactivity (B), ADAM10 immunoreactivity (C) and
ADAML17 immunoreactivity (D) on the western blots. Asterisks show values that are
significantly different from control treatments. (p<0.05, n=8).
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Fig. 3.3. Effects of different classes of glycosaminoglycans (GAGs) and sulfated
polysaccharides on APP processing and AP production. Primary cortical cells from
Tg2576 were treated with different GAGs or sulfated polysaccharides (100 ug/mL)
for 24 hours. Levels of AB40, C99, sAPPa and total APP were measured using
western blotting. (A) Western blots showing the effects of different GAGs and
sulfated polysaccharides on the level of AB40, C99, sAPPa and total APP. Figure
also shows quantification of AB40 immunoreactivity (B), SAPPa immunoreactivity
(C), C99 immunoreactivity (D) and total APP immunoreactivity (E) on the western
blots. Asterisks show values that are significantly different from control incubations
(p<0.05, n=8).
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Next, the effects of GAG analogues on BACE1, ADAM10 and ADAM17 were
examined. MH, LH, PPS and fucoidan (100 ug/mL) decreased the level of BACEL
and ADAM10 to approximately 50% and 20% of the control values, respectively (Fig.
3.4 A, B and C). HS had a small but significant effect on ADAM10, decreasing the
enzyme by approximately 20%, but HS had no effect on the level of BACEL. ChS A,
ChS B and ChS C did not lower the levels of either BACE1 or ADAM10. None of the

GAG:s tested had any significant effect on the level of ADAM17 (Fig. 3.4 A and D).

3.3.3 Effects of selectively desulfated and decarboxylated heparin on APP
processing

The structure specificity studies indicated that the highly sulfated MH and LH are
more potent in their ability to disrupt APP processing than HS, which is less sulfated.
The studies also showed that ChS A, ChS B and ChS C, all of which are less sulfated
than MH and LH [666], had no significant effect. Furthermore, the highly sulfated
polysaccharides PPS and fucoidan had similar effects to the highly sulfated GAGs
(MH and LH) on APP processing. These results suggested that the degree of sulfation

could be important for the ability of GAGs to regulate APP processing.

Therefore, to examine the role of specific negatively charged sulfate and carboxyl
groups of heparin on APP processing, MH derivatives were generated without 2-O
sulfate (MH de 2S), or 6-O sulfate (MH de 6S), or N-sulfate (MH de NS), or without
any sulfates (MH de S) or with the carboxyl group removed (MH CR). Primary
cortical cells were then treated with these MH derivatives and APP fragments and

APP cleavage enzymes were examined by western blotting.
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Fig. 3.4. Effects of different classes of glycosaminoglycans (GAGs) and sulfated
polysaccharides on the level of BACE1, ADAM10 and ADAM17. Primary cortical
cells were treated with different GAGs and sulfated polysaccharides (100 ug/mL) for
24 hours and the level of BACE1, ADAM10 and ADAM17 were measured by
western blotting. (A) Typical western blots showing the level of BACE1, ADAM10
and ADAM17 after different types of GAGs and sulfated polysaccharides treatment.
Figure also shows quantification of BACE1l immunoreactivity (B), ADAM10
immunoreactivity (C) and ADAM17 immunoreactivity (D) on the western blots.
Asterisks show values that are significantly different from control treatments (p<0.05,

n=8).
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Compared with native MH, which reduced AP secretion to approximately 50% of
control values, both MH derivatives lacking one sulfate residue (MH de 2S and MH
de NS) were less potent in lowering AB (Fig. 3.5 A and B) compared to native MH.
MH derivatives lacking 6-O sulfate (MH de 6S) or those lacking all sulfate groups
were unable to decrease AP secretion (Fig. 3.5 A and B). By contrast, MH lacking the
carboxyl group (MH CR) had a similar effect to native MH on AP secretion (Fig. 3.5
A and B). MH CR decreased sAPPa and C99 similarly to native MH, however,
desulfated MH had no significant effect on either the level of SAPPa or C99 (Fig. 3.5
A, C and D). In addition, all of these MH derivatives had no effect on the level of

total APP (Fig. 3.5 A and E).

The role of sulfate and carboxyl groups of MH on the level of BACE1, ADAM10 and
ADAML17 were also examined. In contrast to MH, MH de 2S and MH de NS only
weakly decreased BACEL (Fig. 3.6 A and B). Neither MH de 6S nor MH de S
lowered the level of BACELl. However, MH CR was similar to native MH in its
ability to lower the level of BACE1 (Fig. 3.6 A and B). Native MH and MH CR
possessed similar potency in decreasing ADAM10. MH de 2S significantly reduced
ADAMI0 but to a lesser extent than MH. By contrast, MH de 6S, MH de NS and MH
de S did not affect the level of ADAM10 (Fig. 3.6 A and C). None of these MH

derivatives had a significant effect on the level of ADAM17 (Fig. 3.6 A and D).
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Fig. 3.5. Effects of selectively desulfated and decarboxylated MH on APP processing
and AP production. Primary cortical cells from Tg2576 mice were treated with MH
derivatives (100 pg/mL) lacking 2-O sulfate (MH de 2S), 6-O sulfate (MH de 6S), N-
sulfate (MH de NS), all sulfates (MH de S) or carboxyl group (MH CR) for 24 hours.
The levels of AB40, C99, sAPPa and total APP were measured using western blotting.
(A) Western blots showing the effects of MH derivatives on the level of Ap40, C99,
sAPPa and total APP. Figure also shows quantification of AB40 immunoreactivity
(B), sAPPa immunoreactivity (C), C99 immunoreactivity (D) and total APP
immunoreactivity (E) on the western blots. Asterisks show values that are
significantly different from control incubations (p<0.05, n=8).
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Fig. 3.6. Effects of selectively desulfated and decarboxylated MH on the level of
BACEL, ADAM10 and ADAML17. Tg2576 cortical cells were treated with 100 pg/mL
MH derivatives lacking 2-O sulfate (MH de 2S), 6-O sulfate (MH de 6S), N-sulfate
(MH de NS), all sulfates (MH de S) or carboxyl group (MH CR) and the level of
BACE1, ADAM10 and ADAM17 were measured using western blotting. (A) Western
blots showing the level of BACE1, ADAM10 and ADAM17 after treatment of
different MH derivatives. Figure also shows quantification of BACEL
immunoreactivity (B), ADAM10 immunoreactivity (C) and ADAM17
immunoreactivity (D) on the western blots. Asterisks show values that are
significantly different from control treatments (p<0.05, n=8).
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3.4 Discussion

The effects of different sulfated carbohydrates on APP processing and AB production
was examined in primary cortical cells derived from APP (SW) Tg2576 mice. Results
reported in this chapter showed that both size and structure of GAGs are important for
effects on APP processing. Indeed, the sulfation of MH is essential for an effect on
APP processing. However, the carboxyl group on MH was not important since

deletion of the carboxyl group did not block the effect of MH on APP processing.

LH, which contains more highly sulfated disaccharide units than MH [666], was
similar to MH in its effects on APP processing. PPS and fucoidan, which are highly
sulfated polysaccharides [870, 871] also reduced APP proteolytic processing. As PPS
and fucoidan have a similar degree of sulfation to MH and LH, the results support the
view that sulfation is important for the effect on APP processing. The results also
suggest that the backbone structure of the carbohydrate may not be as important for
the effect on APP processing, as PPS and fucoidan, which do not belong to the GAG
family, were as potent as MH and LH. The fact that polysulfated compounds that are
not GAGs also altered APP processing suggests that other sulfated polysaccharides
could be candidates for the screening of therapeutic agents for AD. Compared with
the highly sulfated GAGs and polysaccharides, HS and chondroidin sulfate A, B and
C, which are less highly sulfated [666], were less potent in lowering BACE1 and
ADAM10. Furthermore, they did not lower AP levels. Taken together, these results
indicate that sulfation is vital for the effect on the level of BACE1, ADAM10 and on

APP processing.
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To confirm the role of sulfation on APP processing further, individual sulfate groups
were removed from MH and the effect of removal was determined. Results reported
in this chapter indicated that the removal of any sulfate group decreased the potency
of MH on APP processing. The 6-O sulfate was the most important of all the sulfate
groups, as MH de 6S had no effect on the level of BACE1 and ADAM10. MH
derivatives lacking all sulfate groups lacked the ability to disrupt APP processing. In
contrast, removal of the carboxyl groups on MH did not attenuate the effects of MH
on APP cleavage, suggesting that while sulfation of GAGs is important for inhibition
of APP processing, the effect was not solely due to the negative charge on the

carbohydrate.

The results reported in this chapter provide evidence that it may be possible to
selectively modify the structure of GAGs and reduce the unwanted side effects
without changing the potency of GAGs on APP processing. For instance, the carboxyl
group is essential for the anticoagulant and vasodilatory activity of heparin [872, 873].
Chemical removal of the carboxyl group of heparin could reduce these unwanted

effects but still potently inhibit APP processing.

Results reported in this chapter also showed that the ability of GAGs to inhibit APP
processing is dependent on chain length. A minimum GAG size of 6 kDa, which is
equivalent to a length of 17 saccharide monomers, was necessary to achieve a similar
effect on APP processing as that obtained with MH. While 6 kDa MH was similar to
native 18 kDa MH in its effect on BACE1 and ADAM10, small heparin fragments
(e.g. 3 kDa) only weakly reduced the level of BACE1 and ADAM10 and only weakly

inhibited APP processing.
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Heparin fragment size may influence its activity in vivo. It has been reported that a
chain length of 17 saccharides (approximately 6 kDa) is required for efficient
thrombin inhibition [874]. The chain length of heparin is also important for its binding
to fibroblast growth factor (FGF)-2, as the tetrasaccharides or longer oligosaccharides
of heparin are required to bind to FGF-2 and induce proliferation of chlorate-treated
rat mammary fibroblasts [875]. These data suggest that it may be possible to design

GAGs which can alter APP processing but which have fewer unwanted side effects.

It may also be possible to reduce the size of GAGs so that they can cross the BBB and
still retain the ability to decrease AP production. Previous studies have shown that
full-length MH cannot cross the BBB, whereas 3 kDa or smaller heparins can cross
[823, 842]. In the study of this chapter, the 3 kDa MH derivative decreased APP
processing, albeit weakly, raising the possibility that small MH derivatives, without

hemorrhagic side-effects, could pass through the BBB and inhibit APP processing.

Whether GAGs will have therapeutic value for the treatment of AD is still unclear.
While it may be possible to design compounds which are more limited in their actions
(i.e. affect APP processing and AP production without unwanted side effects) and
which cross the BBB, it is still unclear whether high potency compounds will be
identified. In this regard, it was of particular interest to note that fucoidan was as
potent as MH in lowering AP levels. Fucoidans are a group of polysaccharides
derived from algae and seaweed. Because of their considerable structural diversity, it

seems logical to investigate further the effect of other fucoidans on AP production.
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Another consideration with regard to the suitability of GAGs as drugs for the
treatment of AD is their action on sSAPPa. GAGs also reduced the secretion of SAPPa
in the studies reported in this chapter. However, some studies suggest that SAPPa.
may have neurotrophic actions [220, 224, 227, 876, 877]. To date, the side effects of
decreasing sAPPa production are unknown. GAG derivatives which act specifically

on the B-secretase cleavage pathway of APP may be needed.

In summary, this study shows that there is structural specificity to the effects of GAG
on APP processing. LMW heparins can cross the BBB [823, 842] and potentially may
attenuate AB-induced inflammation [827, 828], decrease AP aggregation [828], lower
AP generation and improve cognition [830, 831]. Ultimately, it may be possible to
design more potent GAG derivatives which act specifically to inhibit -secretase

cleavage of APP that can be used for the treatment of AD.
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Chapter 4

Effects of enoxaparin on APP
processing and AP production in
Tg2576 mice
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4.1 Introduction

The studies reported in Chapters 2 and 3 and those of other groups [780, 824, 828,
830, 833] raise the possibility that glycosaminoglycans (GAGs) or GAG analogues
may have potential for the treatment of Alzheimer’s disease. The studies reported in
Chapter 2 have shown that treatment with heparin or enoxaparin (ENO) can lower AB
secretion from primary cortical cells. However, although heparin can bind directly to
BACEL1 and influence its activity [836, 837], decreased secretion of AB in cell culture
was found to be due to a decrease in the level of BACEL, rather than to direct

inhibition of the enzyme.

Previously, peripheral administration of ENO has been reported to reduce the AB
level and amyloid plaque load in the brain of APP transgenic mice [830]. However,
the exact mechanism of these effects is unclear. The studies in cell culture reported in
Chapters 2 and 3 raise the possibility that administration of ENO to the APP
transgenic mice may reduce APP processing by downregulating the level of BACE1
and thereby cause the decrease of Ap and amyloid plaque load. Therefore, the aim of
this chapter was to examine whether the reduced amyloid plaque load in the brain of
the APP transgenic mouse is due to the decreased APP processing to AP caused by

ENO treatment.

ENO was peripherally injected into APP transgenic mice (Tg2576) which can develop
AD-like pathology such as amyloid plaque. After injection of ENO, the APP
processing products and amyloid load in the brains of the Tg2576 mice were

examined. The results indicate that ENO treatment decreases the AB40/AB42 ratio in
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cortex and increases the amyloid plaque load in both cortex and hippocampus, while

the APP processing is not significantly influenced by ENO injection.

4.2 Material and Methods

4.2.1 Materials

Monoclonal anti-pB-actin antibody, rabbit anti-BACE1 (EE-17) antibody and
polyclonal anti-APP C-terminal antibody (APP-CT) were purchased from Sigma-
Aldrich Pty. Ltd. (Sydney, Australia). Rabbit anti-ADAM10 (ab1997) was purchased
from Sapphire Bioscience Pty. Ltd. (Waterloo, Australia). Polyclonal rabbit anti-3-
amyloid (1-40) antibody was purchased from Invitrogen (Mulgrave, Australia).
Mouse monoclonal SMI312 antibody and monoclonal anti-Af antibody 6E10 were
from Covance Pty. Ltd. (North Ryde, Australia). Mouse and rabbit HRP-conjugated
secondary antibodies were purchased from DAKO (Campbellfield, Australia).
Enoxaparin (ENO) sodium (Clexane®) was from Sanofi-Aventis (Macquarie Park,

Australia).

4.2.2 Animals and ENO treatment
Female Tg2576 mice were group housed in a controlled environment with a 12-hour
light-dark cycle and a constant temperature of 21°C. Standard food pellets and water

were given ad libitum.

Tg2576 mice (8 months of age) were injected intraperitoneally with 100 ul of water
or ENO (60 ng), three times per week for 5 months. At the end of the treatment, all

the mice were anaesthetised with 140 mg/kg sodium pentobarbitone and transcardially
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perfused with PBS. Mice were decapitated and their brains were collected. The cortex
and hippocampus from one hemisphere were dissected and kept at -80<C for
biochemical assays. The other hemisphere was fixed in 4% paraformaldehyde, the

tissues were then cryoprotected and 40 um coronal sections were cut on a cryostat.

4.2.3 Immunohistochemistry

To examine the number of amyloid plaques and amyloid load in the brains of Tg2576
mice, five tissue sections from each Tg2576 mouse were assessed. These five sections
were spaced 800 um apart. All sections chosen for examination of amyloid load were
treated with formic acid (90%) for 20 minutes followed by 7 washes in PBS and
double immunolabeled with polyclonal rabbit anti-B-amyloid (1-40) antibody (1:500)
and mouse monoclonal SMI312 antibody against a pan-axonal neurofilament marker
(1:2000) for 4 hours at room temperature and then overnight at 4°C. The sections
were washed 3 times with PBS and then incubated in the dark with a goat anti-rabbit
IgG Alexa Fluor 488 and goat anti-mouse IgG Alexa Fluor 594 secondary antibody
(1:1000) for 2 hours at room temperature. The sections were then washed 3 times with
PBS, and then dried and mounted with mounting medium (Dako). Images were
acquired with an Olympus BX50 microscope with 20x objective (NA 0.6), cooled

CCD camera (Photometrics) and commercial software (NIS Elements, Nikon).

The number of amyloid plaques and amyloid load were determined for the entire
neocortex superior to the rhinal fissure, and the hippocampus (when present) in one
hemisphere of each section of tissue. The size of amyloid plaque and the area of
neocortex and hippocampus were quantified using Image J software (Research

Service Branch; National Institute of Health, http://rsbweb.nih.gov/ij/index.html). The
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low magnification images were obtained to determine the total area of neocortex and
hippocampus in each tissue section, and high magnification (20x) images were used
to quantify the total AB plaque number and area for each tissue section. Plaques
smaller than 5 um in core diameter were ignored. All image collection, plaque

number counts and area quantification were performed blindly.

4.2.4 SDS-PAGE and western blotting

Frozen cortex and hippocampus were homogenized using a disposable polypropylene
pestle in 1 ml sample buffer (10% B-mercaptoethanol, 2% SDS, 50 mM Tris and 10%
glycerol, pH 6.8). Samples were sonicated for 4 min and centrifuged for 10 minutes at
13,000 rpm in 4<C, the supernatant fraction was collected. The protein concentration
of the supernatant fraction was measured using the Bio-Rad DC protein assay Kit
(Bio-Rad Laboratories Pty. Ltd., Gladesville, Australia) with bovine serum albumin as

standard.

The level of AB40, AB42, C99, C83, BACE1, ADAM10 and total APP was measured
as described in Chapter 2. The density of protein staining was quantified using Image
J software. The ratio of staining intensity of each protein to the staining intensity of 3-
actin was determined and then each ratio was used to calculate a percentage relative to
mean value for control incubations. The statistical tests were performed using
SigmaPlot software (10.0v; Systat Software, Inc., San Jose, CA, USA). Statistical
comparisons were made using Student’s t tests. Values of p<0.05 were considered

statistically significant.
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4.3 Results

4.3.1 Effect of ENO on the level of AB

The Tg2576 mice were treated with 60mg ENO or water three times per week for 5
months. After ENO treatment, the level of AB in cortex and hippocampus was
examined by western blotting. The results showed that in the ENO injection group,
the mean AB40 level in cortex was 90% the control value, but the mean AB42 level
was approximately 115% of the mean control value (Fig. 4.1 A, C and E). However,
these differences were not statistically significant. In the hippocampus, the mean
AB40 and AP42 levels were 50% greater than control levels, although the difference
was not statistically significant (Fig. 4.1 B, D and F). As the AB40/AB42 ratio is an
important factor in determining AB aggregation in vitro [97], the ratio of AB40 to
APB42 was also calculated. Compared with the vehicle group, the AB40/AB42 ratio
was significantly decreased to approximately 70% of the mean control value in the
cortex after ENO treatment, while the ratio in hippocampus was not influenced by the

administration of ENO (Fig. 4.1 G and H).

4.3.2 Effect of ENO on levels of APP, APP C-terminal fragments and APP
cleavage enzymes

Cell culture studies reported in Chapter 2 showed that ENO treatment could inhibit
APP processing in vitro. In the studies reported in this chapter, the effect of ENO
injection on APP processing was examined by measuring the APP proteolytic
products C99 and C83. Similar to the observations reported in Chapter 2, there were

two bands observed on the western blots corresponding to C99 or C83. The upper
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band was previously shown be the phosphorylated form of C99 or C83. Both bands of

C99 or C83 were quantified.

In cortex, after ENO injection, there was no significant alteration in the level of APP
(Fig. 4.2 A and B). The level of C99 was also not influenced by ENO treatment, while
the level of C83 was slightly greater compared to vehicle treatment, but was not
statistically significant (Fig. 4.2 A, C and D). In hippocampus, the level of APP, C99
and C83 was also determined by western blotting. Administration of ENO to Tg2576
mice had no significant effect on the level of APP (Fig. 4.3 A and B). The level of
C99 and C83 was approximately 15 % lower in the ENO-treated mice compared to
vehicle-treated mice. However, this difference was also not statistically significant

(Fig. 4.3 A, C and D).

The cell culture studies in Chapters 2 and 3 suggested that ENO treatment could
decrease the level of both BACE1 and ADAM10 and therefore inhibit APP
processing through both B- and a-secretase cleavage pathways. In the study in this
chapter, the effect of ENO injection on the level of BACEL1 and ADAM10 in Tg2576
mice was also examined, and the results indicated that there was no significant
alteration on the level of both BACEL and ADAM10 in cortex and also hippocampus

after injection of ENO (Fig. 4.4).
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Fig. 4.1. Effect of peripheral injection enoxaparin (ENO) on A in cortex (A, C, E, G)
and hippocampus (B, D, F, H) of Tg2576 mice. The level of Ap40 and Ap42 was
measured using western blotting. Figure shows the representative western blots
showing the effects of ENO on the level of AB40 and APB42 immunoreactivity in
cortex (A) and hippocampus (B). Figure also shows level of AB40 (C) and Ap42 (E)
immunoreactivity in cortex and AB40 (D) and AP42 (F) immunoreactivity in
hippocampus. The ratio of AB40 to AB42 in cortex (G) and hippocampus (H) was
calculated. Asterisks show values that are significantly different from controls
(p<0.05, Student’s t test, n=10).
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Fig. 4.2. Effect of enoxaparin (ENO) on the level of APP and its proteolytic products
in cortex. After ENO injection, the level of APP, C99 and C83 in cortex was
measured using western blotting. Figure shows the representative western blots
showing the effects of ENO on the level of APP, C99 and C83 in cortex (A). Figure
also shows quantification of APP (B), C99 (C) and C83 (D) immunoreactivity in
cortex. (Student’s t test, n=10).
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Fig. 4.3. Effect of enoxaparin (ENO) on the level of APP and its proteolytic products
in hippocampus. After ENO injection, the level of APP, C99 and C83 in hippocampus
was measured using western blotting. Figure shows the representative western blots
showing the effects of ENO on the level of APP, C99 and C83 in hippocampus (A).
Figure also shows quantification of APP (B), C99 (C) and C83 (D) immunoreactivity
in hippocampus. (Student’s t test, n=10).
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4.3.3 Effect of ENO on the number of amyloid plaques and on total amyloid load
Immunohistochemical studies were conducted to analyse amyloid plaque pathology in
both cortex and neocortex after ENO injection. Sections from the brains of Tg2576
mice were stained for amyloid plaques, and the number of plaques and also the area
covered by amyloid plaques (amyloid load) were measured in both cortex and

hippocampus.

The results indicated that administration of ENO caused a significant increase in the
number of amyloid plaques in neocortex compared to the vehicle treatment (Fig. 4.5
A and B, Fig. 4.6 A). In hippocampus, the number of amyloid plaques was also
greater after ENO injection (Fig. 4.5 C and D). However, the difference was not
statistically significant (Fig. 4.6 C). The area occupied by amyloid plaques in
neocortex and hippocampus was measured and normalised to the total area of
neocortex and hippocampus, respectively (amyloid load). The result showed that
amyloid load in cortex was significantly increased by approximately 60% of control
value after the treatment with ENO (Fig. 4.6 B). In hippocampus, the amyloid load
was also dramatically elevated by ENO treatment to approximately 4-fold of control

value (Fig. 4.6 D).
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Fig. 4.4. Effect of enoxaparin (ENO) on the level of BACE1 and ADAM10 in cortex
and hippocampus (hippo.). After ENO injection, the level of BACE1 and ADAM10 in
cortex and hippocampus was measured using western blotting. Figure shows the
representative western blots illustrating the effects of ENO on the level of BACEL
and ADAM10 in cortex (A) and hippocampus (C). Figure also shows quantification
of BACE1 and ADAM10 immunoreactivity in cortex (B) and hippocampus (D).
(Student’s t test, n=10).
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4.4 Discussion

In the present study, Tg2576 mice expressing human APPggs protein with the Swedish
familial AD mutant were used to examine the effects of ENO on APP processing in
vivo. This mouse line can develop amyloid plaques in the cortex and hippocampus
starting from approximately 8 months of age [545], and the amyloid plaques can be
easily observed after 12 months of age. Moreover, APP and APP proteolytic products
expressed by this mouse can also be easily examined by western blotting. Therefore,
it is possible to assess the relationship between amyloid plaque load and altered APP

processing, which was the aim of the present study.

ENO was injected to Tg2576 mice over a 5 month period, and biochemical and
immunohistochemical analysis were then performed. The results showed that
treatment of ENO significantly decreased the ratio of AB40 to AB42 in cortex, and the
number of amyloid plaques and amyloid load were also increased in the cortex of
ENO-treated mice. In hippocampus, ENO injection had no significant effect on the
ratio of AB40 to AB42 and the number of amyloid plaques, but it increased the

amyloid load.

Previous studies by Bergamaschini et al. (2004) reported that ENO-treated APP23
mice (expressing human APPzs; with Swedish mutation) developed less amyloid
plaque pathology and had a lower level of AB40 in cortex compared to saline-treated
APP23 mice [830]. However, the results reported in this chapter showed that ENO
injection increases both the number of amyloid plaques and the amyloid load in cortex

of Tg2576 mice.
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Fig. 4.5. Effect of enoxaparin (ENO) on amyloid plaque load in cortex and
hippocampus. After administration of ENO, brain sections were prepared and stained
with polyclonal rabbit anti-B-amyloid (1-40) antibody (green) and with a monoclonal
mouse antibody (SMI312) against axonal neurofilament protein (red). Figure shows
the amyloid plaque load in cortex of control mice (A) and ENO-treated mice (B).
Figure also shows the amyloid plaque load in hippocampus of control mice (C) and
ENO-treated mice (D). The black arrows indicate the amyloid plaque. Figure shows
CALl region and dentate gyrus (DG). Scale bar = 50 um.
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Fig. 4.6. Effect of enoxaparin (ENO) injection on amyloid plague number and
amyloid plaque load in cortex and hippocampus. After injection of ENO, the brain
sections were prepared and stained by polyclonal rabbit anti-p-amyloid (1-40)
antibody and monoclonal mouse antibody (SMI1312) for axonal neurofiliment protein.
The number of amyloid plaques and amyloid plaque load were measured in both
cortex and hippocampus. Figure shows the quantification of amyloid plaque number
(A) and amyloid load (B) in cortex. Figure also shows the quantification of amyloid
plague number (C) and amyloid load (D) in hippocampus. Asterisks show values that
are significantly different from controls (p<0.05, Student’s t test, n=10).
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It is unclear how ENO treatment could cause a different effect on the amyloid plagque
pathology compared to the results reported by Bergamaschini and colleagues [830], as
the experimental procedures were similar. However, in Bergamaschini’s study, they
quantified and compared the total area of amyloid plaques between ENO-treated and
saline-treated group without normalising the plaque area to the total cortex area. In
addition, only a small number of mice were used in their study. The small number of
mice may have led to an inaccurate quantification of plaque load and amyloid plaque
number. In the present study, the total plaque area was normalised to the area of
neocortex or hippocampus, which can accurately reflect the amyloid load. Moreover,
more mice were used in the present study, which may have led to less error caused by
individual variation. In addition, Tg2576 mice expressing human APPggs with the
Swedish mutation were used in the studies reported in this chapter, while another APP
transgenic mouse APP23 expressing human APPs; with the Swedish mutation was
used in Bergamaschini’s study [830]. This difference between the APP transgenes of
these two different APP transgenic mice may possibly cause the different effects of

ENO treatment. However, if this is the case, the exact mechanism is unclear.

The results reported in this chapter showed that treatment of ENO can increase the
number of amyloid deposits and amyloid load in the cortex. It is likely that the
increased amyloid load might be caused by the increased number of plaques rather
than an increase in the average size of each amyloid plaque, because the average size
of amyloid deposits was not significantly influenced by ENO treatment (Fig. 4.6 A
and B). Evidence shows that AP may aggregate via the nucleation-dependent
polymerization mechanism, and that amyloid formation is nucleated or “seeded” by
the long form of AP, APB42 [96, 97]. Moreover, studies in mice have shown that

expression of AB40 alone does not lead to overt amyloid pathology, whereas mice
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expressing low levels of AB42 in the absence of AB40 can form insoluble AB42 and
develop compact amyloid plaques in the brain [562]. Furthermore, mice generated by
crossing the mice expressing AB40 with Tg2576 mice or mice expressing AB42 have
lower AP deposition compared to control Tg2576 mice or mice expressing A42 only
[878]. These studies suggest that the ratio of Ap42 to AB40 is essential for amyloid
plaque formation in the brain [562, 878], as increasing the ratio of AB42 to AB40 may
cause more AP deposits. Studies reported in this chapter showed that ENO injection
significantly increased the number of amyloid deposits in cortex (Fig. 4.5 A and B).
This could be caused by the increased ratio of AB42/AB40 (Fig. 4.1 G), which may
lead to the formation of more AP nuclei and increase amyloid formation in cortex. In
hippocampus, administration of ENO did not alter the ratio of AB42/AB40 and thus
had no significant effect on the number of amyloid plaques (Fig. 4.1 F and Fig. 4.6 C).
However, ENO treatment still significantly increased the amyloid load in
hippocampus. This result is inconsistent with the finding that the ratio of Ap42/AB40
was not affected by ENO injection. These results suggest that the increased amyloid
load may not be simply due to the increased ratio of APB42 to AP40. Other

mechanisms may also exist.

Leveugle et al. [842] reported that small heparin derivatives which have a size smaller
than 3 kDa may have the ability to penetrate the blood-brain barrier. ENO used in this
study was a mixture that consisted of different sizes of heparins of which
approximately 20% of the fragments possesses a molecular size smaller than 3 kDa.
These small fragments of heparin should cross the blood-brain barrier, if the previous
report [842] is correct. Moreover, many studies reported that heparin and LMWHSs

can accelerate the AP aggregation in vitro [812, 831]. Therefore, it is possible that

154



ENO may cross the blood-brain barrier after peripheral injection, and increase
aggregation of AB in the brains of Tg2576 mice and thereby exacerbate the brain AB

plaque pathology.

Studies reported in this chapter indicate that APP processing is not affected by
injection of ENO to Tg2576 mice. This is may be because only a small fraction of low
molecular weight heparins in ENO may cross the BBB. Moreover, the studies
reported in Chapter 2 showed that the effect of ENO on APP processing is dose-
dependent. Thus, it is possible that the concentration of ENO in the brain after
peripheral injection may not have been high enough to cause a significant reduction
on BACEL1 and to influence APP processing. Alternatively, the results reported in
Chapter 3 indicate that small MHs (3 kDa) have only a very weak effect on APP
processing. Therefore, it is possible that although a small fraction of ENO with a size
below 3 kDa may cross the BBB, they may not have the ability to cause the reduction

of BACEL and result in a significant effect on APP processing.

Recently, studies indicate that AB oligomers, rather than AP fibrils, are mainly
responsible for the AB-induced neurotoxicity [620, 844-846]. It has also been reported
that the level of soluble AP oligomers is strongly correlated with the synaptic loss and
the severity of AD [106, 107], while the level of insoluble AB or amyloid plaque
presented in the brain is poorly associated with the cognitive impairment of disease
[106]. In this chapter, ENO treatment increased amyloid plaque load in the brain of
APP transgenic mice, suggesting that injection of ENO may transfer the AP oligomers
to insoluble AP aggregates and thus prevent mice from the more toxic oligomeric Ap.

These results also suggest that further studies may need to measure the soluble and
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insoluble AP separately and examine the effect of ENO on the proportion of soluble

and insoluble Ap.

In addition, studies in this chapter showed that administration of ENO could reduce
the ratio of AB40/AB42. This effect is consistent with the study by Timmer and
colleagues [831] which reported that the ENO treatment can significantly enhance the
level of AB42 in 10 month old APP transgenic mice compared to untreated controls.
However, the mechanism of this effect remains unknown. As heparin can bind to Ap
[811, 812] and ENO treatment did not affect APP processing to AP, it is possible that
the binding of ENO to AB40 or AB42 in the brain may affect the clearance of Ap40

and AP42 to different extents, and thereby alter the proportion of Ap42 and AB40.

In conclusion, studies reported in this chapter showed that ENO treatment increased
amyloid plague load in both cortex and hippocampus, and also increased the ratio of
AB42 to AB40 in cortex. However, these effects were not due to the effect of ENO
treatment on APP processing. The exact mechanism of these effects caused by ENO
injection remains unknown. Thus, the use of ENO for the treatment of AD may need

further assessment.
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Chapter 5

Effects of endogenous heparan sulfate
on APP processing and AB production
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5.1 Introduction

The studies reported in Chapters 2 and 3 and those of other groups [780, 824, 828,
830, 833] suggest that GAG-based compounds may have potential for the treatment of
AD. The studies reported in Chapter 2 have shown that heparin and enoxaparin
treatment can lower A secretion from primary cortical cells. The studies in Chapter 3
demonstrate that the effects of heparin on APP processing are dependent on size, and
sulfation degree of GAGs, but not on the carboxylation or the structure backbone of
GAGs. This result suggests that potent and specific heparin derivatives may be

identified and used for the treatment of AD.

The results reported in Chapters 2 and 3 demonstrate that decreased secretion of Ap
after GAG treatment is primarily due to a decrease in the level of BACEL which
decreases the production of C99. In addition, studies reported in Chapters 2 and 3 also
showed that treatment with heparin decreases the level of ADAM10 and inhibits o-
secretase cleavage of APP. As GAGs such as HS are widely expressed in the brain in
the form of proteoglycans [879], it is possible that the endogenous HS may also affect

APP processing by regulating the level of BACE1 and ADAM10.

Previous studies reported that both heparin and endogenous heparan sulfate (HS) can
bind to BACEL [833, 837]. According to the results reported in Chapter 2, it was
hypothesized that heparin may bind to BACEL and cause downregulation of BACEL,
which thus inhibits APP processing and AP production. Studies reported in Chapters
2 and 3 also showed that treatment of heparin decreased the level of ADAM10. This
raises the possibility that ADAM10 may also bind to heparin, and that the binding of

heparin to BACE1 and ADAM10 may cause a decrease in the level of BACEL and
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ADAM10, which thus inhibits APP processing through - and o-secretase cleavage

pathways.

The aim of the study described in this chapter was to examine the role of endogenous
HS on APP processing and AB production. To examine this, primary cortical cells
derived from Tg2576 mice were incubated with a drug or enzyme designed to degrade
HS chains from endogenous proteoglycans. Moreover, the heparin-binding capacity
of ADAM10 was also examined by applying ADAM10 to a heparin column and then

determining the binding affinity of ADAM10 to heparin.

The results show that deletion of endogenous HS can reduce the level of BACE1 and
ADAM10 and thus inhibit APP processing through B- and a-secretase cleavage
pathways similar to exogenous treatment of heparin. These findings suggest that
endogenous HS may be involved in regulating APP processing by altering the level of
BACE1 and ADAM10. The data also show that heparin does not bind directly to
ADAM10. Therefore, the results indicate that the heparin-induced decrease in
ADAMI0 is not due to a direct binding of heparin to ADAM10, and may also suggest
that a direct binding of BACEL to heparin may also not be necessary for the heparin-
induced decrease of BACEL. In summary, these findings suggest that regulation of
endogenous HS to reduce APP processing to Ap could be a novel approach for the
treatment of AD, and the precise mechanism underlying this need to be further

investigated.
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5.2 Materials and Methods

5.2.1 Materials

Monoclonal anti-heparan sulfate antibody (10E4 epitope) and heparitinase (EC 4.2.2.8)
were purchased from Seikagaku Corporation (Tokyo, Japan). Monoclonal anti-B-actin
antibody, rabbit anti-BACEL (EE-17) antibody and polyclonal anti-APP C-terminal
antibody (APP-CT), 4-methylumbelliferyl-B-D-xyloside (xyloside) were purchased
from Sigma-Aldrich Pty. Ltd. (Sydney, Australia). Rabbit anti-ADAM10 (ab1997)
and rabbit anti-ADAM17 (ab2051) were purchased from Sapphire Bioscience Pty.
Ltd. (Waterloo, Australia). Monoclonal anti-Ap antibody 6E10 was from Covance Pty.
Ltd. (North Ryde, Australia). Neurobasal medium and B27 supplement were
purchased from Invitrogen (Mulgrave, Australia). Mouse and rabbit HRP-conjugated
secondary antibodies were purchased from DAKO (Campbellfield, Australia). Goat
anti-mouse IgG Alexa Fluor 596 antibody and Alexa Fluor 488 phalloidin were
purchased from Invitrogen (Oregon, USA). Complete mini protease inhibitor cocktail

tablet was from Roche Diagnostics (Castle Hill, Australia).

5.2.2 Primary cortical cell culture

Primary cortical cells were prepared and maintained as described in Chapters 2 and 3.

5.2.3 Western blotting of cell lysates and media
Culture medium was removed from cells for determination of A and SAPPa levels.
The cells were incubated with cold RIPA buffer (150 mM NaCl, 50 mM Tris, 0.5%

w/v Na-deoxycholate, 1% v/v Nonidet P-40, 0.1% SDS, pH 7.4) containing protease
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inhibitor cocktail on ice for 10 min and the cell lysates were then harvested for
determination of C99, BACE1, ADAM10, ADAM17 and APP.

The level of AB40, AB42, sAPPa, C99, BACEL1, ADAM10, ADAM17 and APP was
determined by western blotting as described in Chapters 2 and 3. The density of
staining was quantified using Image J software (RSB; NIH, http://rsbweb.nih.gov/
ij/index.html). The ratio of staining intensity of each protein to the staining intensity
of B-actin was determined and then each ratio was used to calculate a percentage
relative to mean value for control incubations lacking GAG. The statistical tests were
performed using SigmaPlot software (10.0v; Systat Software, Inc., San Jose, CA,
USA). Statistical comparisons were made using Student’s t tests. Values of p<0.05

were considered statistically significant.

5.2.4 Immunocytochemistry

To validate the activity of heparitinase, endogenous HS was visualised in 7-DIV
primary cortical cells in the presence or absence of heparitinase. The primary cortical
cells from Tg2576 mice were grown on poly-D-lysine-coated coverslips. After
treatment with vehicle or 8 mU/mL heparitinase for 24 hours, the cells were washed
twice with ice-cold PBS and then fixed for 10 min with 4% paraformaldehyde. After
washing 3 times with PBS, cells were then permeabilized with 0.3% (v/v) Triton-
X100 in PBS for 10 min. The fixed cells were washed 3 times with PBS and blocked
with 4% (v/v) goat serum in PBS for 30 min. The cells were then incubated overnight
in cool room with monoclonal anti-HS (10E4) antibody (1:250) in 2% goat serum in
PBS. Cells were then washed 3 times with PBS and then incubated with goat anti-
mouse 1gG Alexa Fluor 594 secondary antibody (1:1000) and Alexa Fluor 488

Phalloidin (1:50) in 2% goat serum in PBS at room temperature. Cells were
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counterstained with DAPI for 5 min and washed 2 times with PBS. Cells were then
rinsed with distilled water, and dried and mounted with mounting medium (Dako).
Images were acquired with an Olympus BX50 microscope with 20x objective (NA
0.6), cooled CCD camera (Photometrics) and commercial software (NIS Elements,

Nikon).

5.2.5 Heparin affinity chromatography

For heparin affinity chromatography of ADAM10, 30 ug of recombinant human
ADAM10 (270 pg/mL in 25 mM MES, 10mM CaCl,, 150mM NaCl and 2.5 mM
ZnCly, pH 5.2) was diluted into 5 mL with 10 mM sodium phosphate buffer, pH 7.0
(phosphate buffer), and then applied to a 1 mL HiTrap heparin HP column (GE
Healthcare Bio-Sciences, Australia) pre-equilibrated with phosphate buffer for 5 min
at a flow rate of 2 mL/min using a BioLogic DuoFlow chromatography system (Bio-
Rad). Unbound material was eluted with 2 mL phosphate buffer at a rate of 2 mL/min,
and then bound material was eluted with gradient elution buffer (2 M NaCl in
phosphate buffer, pH 7.0) at a flow rate of 2 mL/min for 2.5 min. The absorbance of
the effluent was monitored at 280 nm. Fractions (1 mL each) were collected from 5
min to 17 min of elution time. To determine ADAM10, a 50 ul sample from each
fraction was analysed by western blotting with a rabbit anti-ADAM10 (ab1997)

antibody.

5.3 Results

5.3.1 Effects of endogenous HS on APP processing and A production
To examine the role of endogenous GAG on APP processing and AB production, the

primary cortical cells were firstly treated with 1 mM xyloside, an inhibitor of
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proteoglycan biosynthesis [880]. The levels of APP, APP proteolytic processing
products (A, C99, sAPPa) and APP cleavage enzymes (BACEl, ADAM10 and
ADAM17) were determined using western blotting. Although AB40 was easily
detected in the cell culture medium, little AB42 was observed (Fig. 5.1 A). Therefore,

only the level of AB40 was measured.

Treatment of cells with 1 mM xyloside decreased the level of AB, C99 and SAPPa to
approximately 50%, 40% and 40% of controls, respectively (Fig. 5.1 A and B).
Interestingly, treatment with xyloside also decreased the level of APP to
approximately 55% of the mean control value (Fig. 5.1 A and B). After treatment with
1 mM xyloside, the level of BACE1, ADAM10 and ADAM17 were also measured,
and the results showed that the level of BACE1 and ADAM10 were dramatically
reduced to approximately 55% and 30% of control values after the treatment of
xyloside, respectively (Fig. 5.1 A and C). However, incubation of xyloside had no

significant effect on the level of ADAM17 (Fig. 5.1 A and C).

The effect of endogenous HS on APP processing was also examined by treatment of
heparitinase which can specifically digest endogenous HS chain. Firstly, the activity
of heparitinase was validated using immunocytochemistry, and the results showed
that heparitinase treatment efficiently degraded the endogenous HS compared to the

vehicle treatment (Fig. 5.2 D).
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Fig. 5.1. Effect of xyloside (xyl.) on APP processing. Primary cortical cells from
Tg2576 mice were treated with xyloside (1 mM) for 24 hours. The level of AB40 and
AP42, C99, sAPPa, APP, BACE1l, ADAM10 and ADAM17 was measured using
western blotting. (A) Western blots showing the level of ApB40, C99, sAPPa, total
APP, BACE1l, ADAM10 and ADAML17 in the presence or absence of xyloside.
Figure also shows quantification of Ap40, C99, sAPPa, and APP immunoreactivity
(B), and BACE1, ADAM10 and ADAM17 immunoreactivity (C) on the western blots.
Asterisks show values that are significantly different from control incubations (p<0.05,

Student’s t test, n=6).
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Fig. 5.2. Effect of heparitinase (hep. I) on APP processing. Primary cortical cells from
Tg2576 mice were treated with heparitinase (8 mU/mL) for 24 hours. The level of
AB40 and Ap42, C99, sAPPa, APP, BACE1l, ADAM10 and ADAM17 was
determined by western blotting. (A) Typical western blots showing the effect of
heparitinase treatment on the level of C99, sAPPq, total APP, BACE1, ADAM10 and
ADAM17. Figure shows quantification of C99, sAPPa, and APP immunoreactivity
(B), and BACE1, ADAM10 and ADAM17 immunoreactivity (C) on the western blots.
The activity of heparitinase was validated in the cell culture by
immunocytochemistric staining using monoclonal anti-heparan sulfate antibody (D).
Asterisks show values that are significantly different from control treatments (p<0.05,
Student’s t test, n=6). Scale bar = 20 um.
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Next, the primary cortical cells were treated with 8 mU/mL heparitinase and the level
of APP, AB, C99, sAPPa, BACE1l, ADAM10 and ADAM17 was determined by
western blotting. Treatment of the cells with heparitinase resulted in a marked
reduction of both AB40 and AB42 compared to controls, as the level of AB40 and
APB42 was too low to be quantified accurately (Fig. 5.2 A). Heparitinase treatment
also decreased the level of C99, but had no significant effect on the level of SAPPa
and APP (Fig. 5.2 A and B). The deletion of endogenous HS by heparitinase also led
to a reduction of BACE1 and ADAM10 to approximately 80% and 50% of control
values, respectively. However, heparitinase treatment did not alter the level of

ADAM17 (Fig. 5.2 A and C).

5.3.2 Heparin chromatography of ADAM10

To examine the heparin-binding capacity of ADAM10, ADAM10 (30 pg) was
applied to a 1 mL HiTrap heparin column. The absorbance of the effluent was
monitored at 280 nm. The fractions were collected and the ADAM10 in each fraction
was determined by western blotting. The immunoreactivity of ADAM10 was
observed in the fractions corresponding to the wash step containing unbound material,
and there was no significant immunoreactivity of ADAMI10 in any subsequent
fractions during the elution of bound material with gradient elution buffer containing
NaCl (Fig. 5.3). The results suggest that ADAM10 does not bind to heparin, at least

under the conditions of the method used.
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Fig. 5.3. Heparin affinity chromatography of ADAM10. ADAM10 (30 pg) was
applied to a 1 ml HiTrap heparin HP column. The column was then eluted with a
linear gradient (0-2.0 M NaCl) over 2.5 min at a flow rate of 2.0 mL/min using a
BioLogic DuoFlow chromatography system (Bio-Rad). The absorbance of the
effluent was monitored at 280 nm. Figure shows the concentration of NaCl eluting
from the column of the effluent as calculated from conductivity measurements (dash
line). The red arrow head shows the time point when the ADAM was loaded. The UV
absorbance (solid line) was subtracted to control (phosphate buffer only) values.
Figure also shows the western blot of ADAM10 (inset).
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5.4 Discussion

In the study presented in this chapter, the role of endogenous HS on APP processing
was studied to examine whether endogenous HS can affect APP processing like the
exogenously added heparin. Moreover, the heparin-binding capacity of ADAM10 was
also examined to test the possibility that the heparin-induced decrease in ADAM10

might be due to the direct binding of heparin to ADAM10.

First, the role of endogenous HS on APP processing was studied in primary cortical
cells from Tg2576 mice. The data indicated that disruption of proteoglycan
biosynthesis or removal of endogenous HS decreases the level of BACEL and
ADAML10, and inhibits APP processing to AB. Next, the possibility that ADAM10
may bind to heparin was examined. The results showed that there was no obvious
binding of ADAM10 to heparin observed in the heparin affinity chromatography

study.

The results demonstrated that treatment of xyloside or heparitinase could reduce the
level of BACE1 and ADAM10 and thus inhibit APP processing similar to the
exogenous treatment of heparin. These findings suggest that the endogenous HS may
be involved in regulation of level of BACE1 and ADAM10. In Chapter 3, it was
suggested that the identification of potent and specific GAG-based compounds which
are useful for the treatment of AD is problematic, because GAGs have a relatively
large molecular weight, which makes them unable to cross the blood-brain barrier and
efficiently affect APP processing inside the brain. In this chapter, the results showed
that digestion of endogenous HS could reduce the level of BACEL and inhibit APP

processing to AB. These results suggest that regulation of the endogenous HS may
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have potential for the treatment of AD, because drugs which target to reduce
endogenous HS may decrease the level of BACEL and thereby lower the production
of AB. However, the studies also showed that digestion of endogenous HS led a
decrease of the level of ADAM10 which thus reduces the secretion of SAPPa.
Previous studies suggest that SAPPo may have neurotrophic actions [220, 224, 227,
876, 877]. Therefore, regulation of endogenous HS may result in unwanted side

effects caused by the down-regulated level of SAPPa.

The present study also examined the heparin-binding capacity of ADAM10. The
results indicated that there was no obvious binding of ADAM10 to heparin under the
methods used. This result suggests that the decrease of ADAM10 after heparin
treatment may not require a direct binding of ADAM10 to heparin. The data also
imply that the binding of heparin to BACE1 may be not necessary for the heparin-
induced decrease of BACEL. Although it is possible that the decrease in BACEL and
ADAM10 occurs via different mechanisms, the fact that ADAM10 does not bind
heparin suggested that at least for ADAM10, the effect could not be mediated by a
direct interaction. Moreover, the studies showed that the degradation of endogenous
HS can also reduce the level of BACE1 and ADAM10 similar to exogenous treatment
of heparin, suggesting that endogenous GAGs may be involved. However, to

determine the exact mechanism of downregulation may require further investigation.

The studies reported in this chapter showed that treatment with xyloside significantly
decreased the level of APP. This data suggests that although the treatment of xyloside
reduced the secretion of AR, an effect that may be caused by the reduced level of

BACEL, the decreased level of APP may also partially contribute to the observed
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decrease of AP and other APP proteolytic products such as C99 and sAPPa. It is
unclear how the treatment of xyloside decreases the level of APP. It has been reported
that proteoglycans can bind to APP [163, 186]. This raises the possibility that
disrupting the endogenous HS by xyloside may affect its binding to APP, which may
influence APP trafficking and turnover. However, the studies reported in this chapter
showed that the level of APP was not affected by heparitinase treatment, suggesting
that the reduced level of APP caused by xyloside may not be due to the digestion of
endogenous HS. The studies show that xyloside treatment can affect the biosynthesis
of both HS and chondroitin sulfate [880]. Previous studies have also reported that
APP can serve as a core protein of proteoglycan called appican in which the
chondroitin sulfate chain is attached to a serine residue of APP [696], It is possible
that xyloside treatment may inhibit the addition of the chondroitin sulfate chains to

APP and thereby influence the turnover of APP.

The studies reported in Chapters 2 and 3 indicate that heparin treatment can decrease
the level of ADAM10 and thus reduce the secretion of SAPPa. The studies reported in
this chapter demonstrated that heparitinase treatment reduced the level of ADAM10
but had no significant effect on the secretion of sAPPa. It remains unclear how
treatment of heparitinase causes a decrease in ADAM10 without affecting the level of
SAPPa. Previous studies have reported that other ADAM family proteins, including
ADAM17, ADAM9 and ADAM19, may also have a-secretase activity [881-883].
Although the studies reported in this chapter showed that the level of ADAM17 was
not significantly affected by the treatment of xyloside and heparitinase, it is possible

that the cleavage of APP by other a-secretases such as ADAM9 and ADAM19 may
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be elevated and thus generate sAPPa in compensation. Therefore, further

investigation is required to examine this hypothesis.

In summary, the studies reported in this chapter suggest that endogenous HS can
reduce the level of BACE1 and ADAM10 and thereby inhibit APP processing, and
these effects may not due to the binding of endogenous HS to BACE1 and ADAM10.
These results suggest that degradation of endogenous HS can inhibit APP processing
to AB, implying that therapeutic approaches targeting to the synthesis of HS or

digestion of endogenous HS may be potentially valuable for the treatment of AD.
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Chapter 6

Discussion
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Alzheimer’s disease (AD) was described in 1906 by the German neuropathologist
Alois Alzheimer [17]. Subsequently, AD was histologically characterised by the
deposition of amyloid plaques and neurofibrillary tangles in the brain of patient [18,
19]. Although molecular research on AD began several decades ago, the precise

mechanism of the development of AD still remains unclear.

There are still no effective treatments to prevent, reverse or cure AD [663]. Currently,
several pharmaceutical agents, including acetylcholinesterase inhibitors (AChEIs) and
an NMDA-receptor antagonist, are available for the treatment of AD [582]. However,
these compounds only marginally improve the symptoms of AD, without retarding the
underlying progression of disease, and thus will not be effective for the treatment of

advanced cases of AD [847].

Over the last two decades, the amyloid hypothesis has received significant attention,
and proposes that the chronic imbalance of production and clearance of AP triggers
the development of AD [884]. Based on the amyloid hypothesis, several therapeutic
strategies, which are mainly purported to reduce AB production or increase the AP
clearance, have been proposed, and many compounds targeting AB have entered
human clinical trials [847]. However, new drugs are still greatly needed for the

treatment of AD.

In the late 1980s and the early 1990s, several groups reported that proteoglycans (PGs)
or glycosaminoglycans (GAGS) are co-localised with amyloid plaques and also other
pathological hallmarks of AD including neurofibrillary tangles and cerebral amyloid
angiopathy [780, 781, 798]. PGs or GAGs can bind to AB [810, 811], and accelerate
AP aggregation [609, 812, 885]. Furthermore, several studies demonstrate that low

molecular weight heparin (LMWH) derivatives can inhibit the amyloid fibril
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formation [617, 827, 828]. These studies suggested that PGs or GAGs may have
important roles in the development of AD pathology, and also opened the possibility
that GAG-based compounds may inhibit Ap aggregation and thus have benefits for

the treatment of AD.

Several lines of evidence indicated that GAGs, such as heparin and heparan sulfate
(HS), can bind to BACEL, which initiates APP processing to Ap [832, 833, 836, 837].
These studies suggested that PGs or GAGs may be associated with APP proteolytic
processing, and raised the possibility that GAG-related compounds could be useful for
the treatment of AD as they might regulate the production of AB. Recently, it was
reported that administration of a LMWH, enoxaparin (ENO), could not only reduce
ApB levels and amyloid plaque load in the brain [830], but also improve cognition in
APP transgenic mice [831]. These findings could be logically explained by the
hypothesis that ENO inhibited the activity of BACEL and thereby reduced the
production of AP, which thus lead to decreased amyloid plaque load and improved

cognition in APP transgenic mice [833].

Based on these findings in this study, it was hypothesized that GAG-based
compounds may have therapeutic value for the treatment of AD by regulating APP
processing to AB. The studies reported in this thesis aimed to assess the potential of
GAG-based compounds for the treatment of AD by examining the effects of heparin
derivatives such as heparin or ENO on APP processing in vitro and in vivo, and also
by investigating the structural specificity of GAGs to identify highly potent and

specific GAGs on APP processing.

The studies reported in Chapter 2 demonstrated that treatment of cells with heparin or

ENO can reduce the secretion of A and other APP proteolytic processing products
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including C99, C83 and sAPPa. These findings confirmed the results reported by
Scholefield and colleagues [833], that treatment of GAGs like heparin or HS can
reduce the level of C99 and Ap in cells overexpressing human APP. However, the
decreased secretion of AP was found to be due to a decrease in the level of BACE1,
rather than a direct inhibition of the enzyme by heparin [833]. These studies suggest a
novel mechanism whereby GAGs like heparin can regulate the level of BACEL and
thereby affect AR production. The studies reported in Chapter 2 therefore further

support the view that GAG-based compounds can be used for the treatment of AD.

y-Secretase is the enzyme that cleaves C99 and generates A, which thus has become
a major target for reducing the production of Ap [886]. However, there is major
concern regarding the therapeutic value of y-secretase inhibition as multiple y-
secretase substrates exist other than APP [886], such as Notch 1 [651]. Therefore,
drugs that can regulate y-secretase activity may also cause severe side effects. This
view is supported by the observation in clinical trials that treatment of a y-secrease
inhibitor, LY450139, causes side effects including gastrointestinal symptoms, skin
cancer, and worsening of cognitive function [649, 650]. Studies in Chapter 2 indicate
that the inhibition of APP processing after heparin treatment is not mediated by y-
secretase, as heparin still decreased the p-secretase cleavage of APP, even after the
inhibition of y-secretase. This suggests that GAGs may be suitable for the treatment of
AD, because the effect of heparin derivatives on APP processing is not dependent on
y-secretase, and thus it may be possible to avoid the severe side effects associated

with the disturbance of y-secretase activity.

The studies reported in Chapter 2 show that heparin or ENO treatment also decreases

the o-secretase cleavage of APP by reducing the level of the major o-secretase,
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ADAMLI0, resulting in a decreased level of SAPPa. Previous studies have indicated
that SAPPa. may have neuroprotective and neurotrophic functions [220, 224, 227, 876,
877]. These results raise the possibility that decreasing levels of SAPPa may cause
side effects when using GAG-based compounds for the treatment of AD, although the
toxic effects of reducing the production of SAPPa are unclear. These results suggest
that GAG derivatives which specifically inhibit the B-secretase cleavage of APP may
be needed. In addition, treatment with heparin has no significant effect on the level of
another a-secretase, ADAM17, which has a similar structure, active site and substrate
specificity as ADAM10 [887]. The mechanism underlying the different response of
ADAM10 and ADAML17 after the treatment of heparin is unknown, and further
studies are required to investigate how differences between ADAM10 and ADAM17

makes them respond differently to GAG treatment.

It is generally believed that there are mainly two cleavage pathways involved in APP
processing, the amyloidogenic (3-secretase cleavage) and the non-amyloidogenic (-
secretase cleavage) pathways. However, other APP cleavage pathways which are
independent of B- and a-secretase cleavage have also been reported [888-890].
Identification of new cleavage pathways or fragments of APP may help us to
understand the general biological function of APP, and may also provide novel
therapeutic targets for the treatment of AD. The studies in Chapter 2 identified a 9
kDa APP fragment termed APP-X which contains the N-terminal region of the Ap
sequence but does not have an intact APP C-terminus. Further studies indicated that
generation of APP-X is independent of 3- and y-secretase and that the level of APP-X
is increased by heparin or ENO treatment. These results suggest that GAGs may

promote APP processing through a novel proteolytic pathway without involving the
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o- and B-secretases directly, and also imply that compounds such as GAG derivatives
which activate this pathway may indirectly inhibit APP processing through the -
secrease pathway and thus have therapeutic values for the treatment of AD. However,
several questions are raised in relation to the identification of APP-X. The first is how
APP-X is generated or what enzymes are involved in the cleavage of APP to produce
APP-X. Identification of the enzymes which produce APP-X may help in
understanding the general metabolism of APP and also provide novel targets for
designing drugs for the treatment of AD. Further studies are also needed to examine
whether APP-X can be naturally produced in vivo, because this is important for
assessing the biological significance of the identification of APP-X. In addition, it is
also important to examine the mechanism underlying the heparin-induced increase of
APP-X. This may provide more information for designing other drugs which can
activate the pathway that generates APP-X, and thus prevent APP processing through

[-secretase pathway and produce Ap.

Recently, several promising drugs designed for the treatment of AD have failed in the
clinical trials because of a lack of efficacy or because of side effects [891]. The design
of GAG-based compounds for the treatment of AD may require identifying highly
potent and specific compounds. Strong ionic interaction is the common mechanism
for binding of heparin to proteins and the highly acidic sulfate groups in the structure
of heparin are the main contributor to the binding affinity [892]. Moreover, studies
reported that the pattern of sulfation of HS may provide specificity for binding to
certain proteins [741, 834, 866, 867]. Together with the results reported in Chapter 2,
these studies raise the possibility of designing highly potent and specific GAG-based

drugs to inhibit APP processing to ApB.
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Studies reported in Chapter 3 demonstrate that the effect of GAGs on APP processing
is both size- and sulfation-dependent. The smaller sizes (5 kDa and 3kDa) of mucosal
heparin (MH) were less potent in reducing AP than high molecular weight heparins (6
kDa and 12.5 kDa MH), and GAGs with a higher degree of sulfation were more
potent in inhibiting APP processing compared to less sulfated GAGs. Although no
high potency GAG analogues were identified in the studies reported in Chapter 3,
these findings provide a logical basis for the rational design of therapeutic agent based
on GAG. For example, over-sulfated GAGs, which in theory are more potent in their
ability to inhibit APP processing, can be designed and synthesized for the treatment of
AD. However, caution must be taken when increasing the sulfation of GAGs to
achieve more potent effects on APP processing, as over-sulfated chondroitin sulfate
has been associated with and acute onset of serious side effects and was eventually

cause death [893].

Previous studies have shown that full-length MH cannot cross the blood-brain barrier
(BBB), whereas 3 kDa or smaller heparins can cross [823, 842]. Studies reported in
Chapter 3 showed that the 3 kDa MH derivative decreased APP processing, albeit
weakly. These results suggest that small GAG derivatives may cross the BBB and still
retain the ability to decrease AP production, and also indicate that more potent small
GAG derivatives may need to be identified as the heparin derivatives smaller than 3

kDa may only have a weak effect on APP processing.

Studies reported in Chapter 3 demonstrate that the effect of GAGs on APP processing
is not mediated by the structure backbone of GAG, as highly sulfated polysaccharides
such as pentosan polysulfate (PPS), which do not belong to the GAG family, are as

potent as heparin. PPS is a semi-synthesized and highly sufated polysaccharide with a
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relatively low molecular weight of 4000-5000 Da. It is a drug approved by U.S. Food
and Drug administration (FDA) for the treatment of interstitial cystitis with few side
effects [894]. These indicate that compounds based on PPS (e.g. smaller than PPS)
may have the ability to cross the BBB and more potently inhibit APP processing, and

thus they may potentially be useful for treatment of AD.

Cell culture studies reported in Chapters 2 and 3 indicated that GAGs such as ENO
can reduce AP secretion by reducing the level of BACEL. Studies reported by
Bergamaschini [830] demonstrate that administration of ENO can reduce the level of
Ap and amyloid plaque load in the brain of the APP transgenic mice. Therefore, it is
logical to hypothesize that the decreased AP level in the brains of APP transgenic
mice may result from the decreased BACEL1 level resulting from the treatment with
ENO. However, in vivo studies reported in Chapter 4 do not support this view, as
APP processing was not affected by injection of ENO to Tg2576 mice. ENO is a
mixture containing different sizes of heparins of which a small fraction of the
fragments possessed a molecular size smaller than 3 kDa, which is thought to be the
largest size for heparin to cross the BBB [842]. Moreover, studies reported in Chapter
2 showed that the effect of ENO on APP processing is dose-dependent. Thus, it is
possible that the concentration of ENO in the brain after peripheral injection may not
be high enough to cause a significant reduction in BACEL and thereby have no effect
on APP processing. Alternatively, the results reported in Chapter 3 indicate that small
MHs (3 kDa) only have very weak effect on APP processing. Therefore, it is possible
that although a small fraction of ENO with the size below 3 kDa may cross the BBB,
they may not have the ability to cause the reduction of BACE1 and result in a

significant effect on APP processing.
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Studies reported in Chapter 4 show that treatment with ENO caused an increase in
amyloid plaque load. Evidence suggests that Ap oligomers, rather than AP fibrils, are
mainly responsible for AB-induced toxicity [620, 844-846]. Thus, the increase of
plaque load in the brain may be a protective consequence caused by the treatment of
ENO. However, the use of ENO for the treatment of AD may require further
assessment. For example, after ENO treatment, the proportion of soluble and
insoluble AB in the brain may need to be measured to examine whether ENO can
reduce the level of toxic AB oligomers. In addition, although the plaque load was
elevated by ENO treatment, animal behaviour studies may be needed to examine
whether ENO treatment can improve the cognitive function of Tg2576 mice, because
the amyloid plaque load is thought to be poorly associated with cognitive impairment

[106].

The studies on the role of endogenous HS on APP processing (Chapter 5) suggest that
endogenous HS may be involved in regulating APP processing. The results suggest
that the effect of heparin on ADAM10 may not due to the direct binding of heparin to
ADAMI10. Therefore, the effects of endogenous HS cannot be due to a direct
interaction. As the effect of heparin, GAG analogues, xyloside or heparitinase
treatment on BACEL was similar to that of ADAM10, the effect of GAG derivatives
on BACE1 may also not due to a direct binding of GAG derivatives to BACEL. The
results reported in Chapter 5 also suggest that drugs targeting to the synthesis or
degradation of endogenous HS, which can regulate the AP production, may be

potentially useful for the treatment of AD.

According to the studies reported in this thesis, treatment of GAGs or deletion of

endogenous HS inhibits APP processing to AP by reducing the level of BACEL.
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However, caution is needed when targeting the BACE1 cleavage of APP. Studies
indicate that BACEL has multiple substrates including neuregulin family proteins
which are involved in axon myelination [326, 642]. Mice deficient in BACEL display
hypomyelination [326, 642] and downregulation of BACE1 may disrupt neuregulin
signalling and cause behavioural deficits similar to schizophrenia [895]. These
suggest that decreasing the level of BACELl by GAG-related therapeutics may
potentially cause unwanted side effects, and the benefits and risks of down-regulation
of BACE1l by GAG-related therapeutics for the treatment of AD need to be

considered.

6.1 A possible mechanism of the effect of GAG derivatives on APP processing

The exact mechanism underlying the effects of GAGs on APP processing reported in
this thesis remains unclear. However, a possible mechanism is proposed here based on
the results reported in this thesis (Fig. 6.1). The studies indicate that many signalling
pathways involve not only ligands and receptors but also various types of co-receptors
such as proteoglycans [698]. Endogenous HS may play a role in cellular signalling,
such as fibroblast growth factor signalling, either as receptor or co-receptor [698].
Therefore, it is hypothesized that the level of BACE1 and ADAM10 may be mediated
by endogenous HS through an unknown signalling pathway. Exogenously added
heparin or deletion of endogenous HS may block the binding of endogenous HS to
ligands or receptors and thus disrupt this endogenous HS mediated signal transduction.
The disruption of endogenous HS-mediated signalling may cause the increase of
BACE1 and ADAM10 turnover which thereby inhibit APP processing to Ap.

However, other mechanisms may exist and further studies are needed. Ultimately,
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based on the studies reported in this thesis and further studies in the future, it may be
possible to design potent GAG derivatives which act specifically to inhibit B-secretase

cleavage of APP that can be used for the treatment of AD.
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Fig. 6.1. Simplified model of the proposed mechanism of the effects of GAGs or
endogenous heparan sulfate (HS) on APP processing. Briefly, BACEL is synthesized
and modified inside the cell. The mature BACEL is then transported to cell surface (1)
and initiates APP proteolytic processing (2). The cell surface BACE1l can be
internalised into the cytoplasma (3) for metabolism (4). Heparin-binding protein may
serve as a ligand, which bind to the cell surface heparan sulfate (5) and trigger
downstream cell signalling (6 or 7), and regulate BACEl metabolism (4).
Exogenously added GAGs such as heparin may bind to the heparin-binding protein (8)
and thereby block their binding to endogenous heparan sulfate (HS) which may
disturb the downstream cell signalling and cause an increase in BACE1 metabolism.
Alternatively, inhibition of endogenous HS synthesis by xyloside (xyl.) or digestion
of endogenous HS by heparitinase (hep. 1) (9) can also block the binding of heparin-
binding protein to proteoglycan and increase BACEL turnover.
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