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Amyloid beta (AB) is a major causative agent of Alzheimer
disease (AD). This neurotoxic peptide is generated as a result
of the cleavage of the Amyloid-Precursor-Protein (APP) by the
action of B-secretase and +y-secretase. The neurotoxicity was
previously thought to be the result of aggregation. However,
recent studies suggest that the interaction of AR with
numerous cell surface receptors such as N-methyl-D-aspartate
(NMDA), receptor for advanced glycosylation end products
(RAGE), P75 neurotrophin receptor (P75"®) as well as cell
surface proteins such as the cellular prion protein (PrP) and
heparan sulfate proteoglycans (HSPG) strongly enhances AR
induced apoptosis and thereby contributes to neurotoxicity.
This review focuses on the molecular mechanism resulting
in AB-shedding as well as AB-induced apoptotic processes,
genetic risk factors for familial AD and interactions of AR with
cell surface receptors and proteins, with particular emphasis
on the cellular prion protein. Furthermore, comparisons are
drawn between AD and prion disorders and the role of laminin,
an extracellular matrix protein, glycosaminoglycans and the 37
kDa/67 kDa laminin receptor (LRP/LR) have been highlighted
with regards to both neurodegenerative diseases.

Alzheimer disease (AD), primarily defined by psychiatrist Alois
Alzheimer in 1906, is a neurodegenerative disorder and currently
exhibits a prevalence that “doubles approximately every five years
from 0.5% at the common age of onset-65 years old.” This dis-
ease is the most common form of dementia afflicting the elderly
and at present affects in excess of 37 million people globally? and
it is predicted that 100 million people will be living with the
disease by 2050.°

AD has received mounting scientific interest and has stimu-
lated tireless research endeavours not only due to the complex
mechanism by which it is caused; the multitude of contributing
factors and contradictions which have arisen between hypotheses
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and acquired results, but also due to the rise in life expectan-
cies’ owing to the advent of modern medicine, which has socio-
economic implications particularly in terms of strain placed upon
national health systems.

Clinical Symptoms of Alzheimer Disease

AD related symptoms have been reported to occur in three stages.
The initial symptoms include cognitive dysfunction, impaired
short-term memory as well as language impairment and behav-
ioural disturbances including paranoia, confusion, hallucinations
and aggression.*> Ultimately, AD patients exhibit motoric dis-
turbances and a loss in co-ordination and encounter difficulties
in performing simple daily tasks. Disease progression, although
variable in the chronology of symptom development and severity,
is proposed to occur over a decade.?

Neuropathology

Neuritic plaques are comprised primarily of amyloid B (AB)
peptides, predominantly the 42 amino acid isoform designated
AB,, as it exhibits a greater propensity for aggregation® owing
to an increased number of non-polar hydrophobic amino acid
residues—isoleucine and alanine. These slow forming extracellu-
lar protein aggregates are localized around the synaptic terminals
and axons of neurons in the limbic and associated cortices of the
brain,” occurring first in the fronto cortex and progressing to the
cortical regions.®

Neurofibrillary tangles are intracellular clusters of straight
filaments of approximately 10 nm which appear helical when
viewed under the electron microscope.’ The filaments are com-
posed of hyperphosporylated T protein (a microtubule associated
protein), which is also associated with the onset of frontotempo-
ral dementia.’ The abnormal phosphorylation of 7, which results
in pathological consequences, may in turn be dependent on the
presence of AP oligomers. It has been proposed that AR trig-
gers p35 gene activation; the protein product is auto-catalytically
cleaved to yield a p25 fragment which functions both as a tran-
scription activator of the gene encoding for cyclin-dependent
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Figure 1. Schematic representation of the APP and the enzymatic cleavage sites located within the amyloid B sequence. (A) This transmembrane pro-
tein may be present in multiple isoforms APP695, APP751 and APP770, the latter is represented here. The regions of interest depicted in the diagram
are: A signal peptide (yellow box) comprising 17 amino acid residues which ensures the protein is correctly transported to the cell surface; a 56 amino
acid Kunitz-type serine protease inhibitor domain (KPI-green box) and the AB sequence.* In addition, the sites of post-translational modifications
such as N- and O-linked sugars (NCH,O and OCH,0), phosphate (PO,) and sulphate (SO,) groups are shown. (B) The 40-42 amino acid AB sequence is
highlighted above-the first 28 amino acid residues are polar and located on the extracellular domain of APP whilst the remaining residues are located
within the 23 aa APP transmembrane domain and are non-polar. The enzymatic cleavage sites of 3 secretase, a secretase and y secretase are depicted
(Adapted from reference 112).

kinase 5 (Cdk5)—a 7 phosphorylating kinase.'*!" In addition,
p25 forms a cytoplasmic complex with the cdk5 protein.
T neurofibrillary tangles have been reported to occur prior to
AP plaque deposition and the tangle load has been shown to cor-
relate more closely to the severity of the dementia than the plaque
level.'””" However, these tangles are not solely associated with AD
and are instead characteristic pathological features of an array of
neurodegenerative diseases and other disorders such as subacute
sclerosing panencephalitis.* AB neuritic plaques, despite being
present in healthy and AD diseased brains as well as patients
suffering from dementia with Lewy bodies (DLB), are not the
major pathological traits of any other disease.” Furthermore,
mutations in the T gene cause frontotemporal dementia as
opposed to AD" whereas mutations which result in an overpro-
duction of AB,, (as shall be detailed below) cause familial AD.
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As a result hereof, it has been hypothesized that AR peptides are
the central causative agents in AD.

The Molecular Basis of Alzheimer Disease

The amyloid precursor protein (APP) (Fig. 1) is a ubiquitous single
transmembrane protein expressed in the cells of interest in neu-
rodegenerative diseases namely neurons and astrocytes. The pro-
tein is encoded by an APP gene located on chromosome 21'¢ and
owing to alternative m-RNA splicing is present in three isoforms:
APPG695, APP751 and APP770," the former being expressed in
higher levels in neuronal tissues.”® APP is post-translationally
modified through the addition of N and O-linked sugar moi-
eties. APD, largely through the action of sAPPa (a cleavage prod-
uct of the non-amyloidogenic pathway), is vital for normal brain
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Figure 2. The proteolytic processing of the APP and its cleavage products. The amyloid precursor protein may be metabolized through two pathways.
The first, depicted on the left, is termed the non-amyloidogenic pathways. This pathway involves the enzymatic cleavage by an a-secretase (pre-
sumably a member of the ADAM family) after residue 687, followed by y-secretase mediated cleavage of the remaining carboxyl terminal fragment
(CTF83), generating sAPPq, p3 and AICD (not shown), respectively. The amyloidogenic pathway (right) entails B-secretase mediated cleavage after resi-
due 671, thereby releasing sAPPB and the resultant CTF99 is cleaved by y-secretase which results in AR shedding. The miscellaneous receptor, which
may influence the process or serve as a receptor for either AR cleavage products, is hypothesized to be the 37 kDa/67 kDa Laminin Receptor Precursor/

development, long-term potentiation (LTP) and learning.'” APP
is rapidly metabolized within 45-60 min of expression via two
pathways namely: a non-pathogenic non-amyloidogenic pathway
and a AP synthesizing amyloidogenic pathway (Fig. 2). It must
be emphasized that both pathways are present in normal healthy
individuals and AD is caused either through the disproportionate
favoring of the amyloidogenic cleavage or the retardation of the

AR turnover rate.'?°

Amyloid Precursor Protein Processing

The non-amyloidogenic pathway is initiated by the a-secretase
mediated cleavage of APP between residues APP687 and
APP688,%" which resides in the AP sequence thereby preclud-
ing AP formation and shedding. The released amino terminal
ectodomain fragment is termed sAPPa (Fig. 2). The remaining
83aa carboxyl terminal fragment (CTFE,,) is subsequently cleaved
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by +y-secretase thereby generating a soluble 3 kDa p3 fragment
and a 57-59 aa amyloid intracellular domain (AICD) (Fig. 2)
which exhibits transcriptional regulatory abilities as shall be dis-
cussed below (Fig. 3).

In contrast to the mechanism detailed above, the amy-
loidogenic pathway is initiated by B-secretase cleavage of APP
(Fig. 2). This cleavage occurs 16 aa residues toward the amino
terminal of the o-secretase cleavage site, between residues
APP671 and APP672,'® generating sAPP. The resultant CTF,
is also subjected to y-secretase cleavage which produces a 4 kDa
soluble AR monomer and AICD (Fig. 2). It is noteworthy to add
that y-secretase cleavage at positions APP712 and APP713 gen-
erate AR, while cleavage at APP714 results in AB,, (Fig. 1).*
Furthermore, as has been mentioned above, A generation is a
normal physiological process and AR levels in the cerebrospinal
fluid and plasma of healthy individuals are in the 3-8 nM range®
and 500 pM respectively.?
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Figure 3. Feedback loop for the prion protein (PrP<) mediated regulation of APP. The amyloid intracellular domain (AICD) amyloidogenic APP cleavage
product, indirectly upregulates prion protein (PrP<) expression through p53 gene activation. PrP< consequently hampers B-secretase (BACE1) activity
thereby reducing APP amyloidogenic processing and AB synthesis. In the presence of AB-oligomers, which preferentially bind to PrP<, PrP<is unable to
inhibit B-secretase (BACE1) activity. This reduces the degree of regulatory control exerted on the amyloidogenic process resulting in increased levels

of potentially toxic A oligomers (adapted from reference 81).

Associated Enzymes

o-Secretase. The proteolytic abilities of this plasma membrane
protein are attributable to the activities of multiple disintegrin
and metalloproteinases (ADAMs) and ADAM 10, 17 and 19 are
suggested to be of particular importance.”%

B-Secretase. The predominant -secretase in neural tissue is
the B-site APP cleaving enzyme 1 (BACEI), although BACE2
isoforms are also present to a lesser extent.”® The expression of
these enzymes is upregulated in response to cellular stress in the
form of oxidative stress, ischemia and the depletion of utilisable
energy?”?® and thus in AD patients as such stresses are augmented
in diseased tissues. It must be noted that B-secretase is located
in lipid raft domains of the plasma membrane and requires gly-
cosaminoglycans to mediate effective cleavage,' characteristics
analogous to those of the 37 kDa/67 kDa Laminin Receptor
Precursor/Laminin Receptor (LRP/LR).*"**
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v-Secretase. y-Secretase is a protein complex consisting of
at least four proteins namely: presenilin 1 or 2 (aspartyl prote-
ases which perform the catalytic function), nicastin (Nct), ante-
rior pharynx defective-1 (Aph-1)/A and presenilin enhancer 2
(Pen 2).%* Nct and Aph-1 are required for substrate recognition™
which allow the enzyme to cleave in the order of 50 substrates.®
The enzymatic components of this complex, the presenilins are
transmembrane proteins with 6-9 transmembrane domains and
both the amino and carboxy termini are cytoplasmic. Mutations
in the PSEN genes encoding these proteins result in familial AD
which is characterized by the early onset of typical symptoms, as

shall be detailed below.
Familial Alzheimer Disease

AD may be inherited as an autosomal dominant disease, with
the disease following Mendelian inheritance patterns in merely
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5% of AD cases.? Familial AD is characterized by the onset of
pathological symptoms before the age of 65° and is the result of
mutations in three genetic loci (genes) namely: APP on chromo-
some 21 and the presenilin encoding genes (PSENI and PSEN2)
on chromosomes 14 and 1, respectively.””

APP gene. Twenty three missense mutations and two reces-
sive mutations (a duplication and a trinucleotide deletion) have
been reported in references 36 and 38 at various locations. The
common consequence of all APP mutations is enhanced AP gen-
eration (be it AB, , AB,, or both)—the mechanism by which this
is achieved, be it through the upregulation of APP expression,
a-secretase inhibition or B-secretase stimulation, varies with each
mutation.”

PSEN 1 gene. Within this gene 178 mutations, largely mis-
sense, have been identified and these are the most prevalent
AD-related mutations in the general public.*® The mutations are
mainly localized near the transmembrane domains and hydro-
philic loops.® B-secretase cleavage is affected by such mutations
often resulting in an increased AB,,/AB,; ratio either through

2 or a

enhanced synthesis of the more hydrophobic isoform
reduction in AR, generation.”!

PSEN 2 gene. Mutations within this gene are less common
3¢ However, the
consequences of such mutations are indistinguishable from those
described above with regards to PSENI mutations.

Thus, all mutations leading to familial AD share a common
modus operandi—each mutation serves to significantly augment
the concentration of AB,, isoform thereby providing additional
support for the prevailing hypothesis that A peptides are the
causative agents of AD and consequently the central focus in the

as only 14 mutations have been reported to date.

development of AD therapeutics.
Other Genetic Risk Factors

A single risk factor, the &4 allele of the apolipoprotein E (APOE)
gene on chromosome 19q is the only susceptibility factor which
has consistently been reported to predispose people to late-onset
AD.*> However, recent genetic studies have revealed an array of
potential risk genes at specific chromosomal regions, particularly
those on chromosomes 6, 9, 10, 12 and 21.** Such novel risk
genes include CLU which encodes for clusterin and CRI encod-
ing for the complement C3b protein and PICALM encoding for
the phosphatidylinositol binding clathrin assembly protein.*®
These genes are suggested to function in AR transport (escort)
and endocytosis (CLU), AB clearance (CR1)* and APP recycling
(PICALM). Moreover, the PRNP gene encoding for the cellu-
lar prion protein (PrP*) and the possible Met129Val homozygos-
ity thereby associated have also been described as potential risk

factors. 4546

Focusing on the Causative Agent—the AB Peptide

AR peptides are amphiphilic 38—43 amino acid peptides* as

the first 28 aa residues are polar and the remaining residues are
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non-polar in nature® (Fig. 1). As a result hereof, the peptides
exhibit great differences in polarity at neutral pH and thus show a
high propensity for aggregation.”* The unfolded AR monomers
may associate to form dimers, trimers and higher order oligomers
which may ultimately form insoluble fibrils and plaques—a pro-
cess termed nucleation dependent polymerization. This process
in vitro is highly sensitive to experimental conditions and in vivo,
such oligomers are predominantly dimeric as opposed to larger
insoluble oligomers which are produced synthetically.”

Revisiting the A Model

Neuritic plaques were initially regarded as the basis of AD.
However, this is no longer the prevailing thought due to poor
correlation between the degree of dementia and the anatomical
plaque load.”® The presence of said plaques in healthy individu-
als;>' the onset of cognitive impairment in mice prior to plaque
deposition®? and the presence of intracellular AR oligomers sug-
gesting that the extracellular deposits may not be the sole con-
tributors to disease establishment. Current hypotheses suggest
that enhanced levels of AB,, or elevated AB, /AR, peptide ratios
increase the probability of developing Alzheimer disease (in
line with the effects of the mutations stated above).® However,
a remarkably larger body of research provides evidence for the
latest hypothesis that neurotoxicity is mainly associated with A

oligomers, particularly dimers.>

Effects of Toxic AB Oligomers

It is suspected that AR oligomers are primarily deposited at small
blood vessels and interactions between the peptides and receptors
of the endothelial cells of the blood vessel wall activates inflam-
matory responses and cytokine release. These may ultimately lead
to the destruction of the blood vessels, consequently reducing
oxygen supply to neurons (rendering them ischemic) and finally
resulting in neuronal death.’® In the presence of AP oligomers
neural associated-cells such as astrocytes and microglia would in
addition activate the afore stated responses and the complement
cascade.’® Furthermore, AB-cell surface receptor interactions
have been reported to cause oxidative damage by enhancing the
synthesis of reactive oxygen species (ROS) such as superoxide and
hydrogen peroxide® which consequently contributes to protein
degradation and lipid (such as myelin) oxidation, thereby slow-
ing the rate of signal transmission® as well as the consolidation
of new information, retrieval of memories and motor functions.
Furthermore, these AB-receptor interactions induce the activa-
tion of apoptotic pathways and are thus an additional mechanism
through which AP mediates its neurotoxicity. Moreover, the
interaction of AP oligomers with cell-surface receptors such as
metabotrophic glutamate receptors (mGluR5)"*¢ and N-methyl-
D-aspartate receptors (NMDA),"” disrupts ion homeostasis-par-
ticularly with respect to calcium ions (Ca?*). These interactions
allow increased Ca** to enter neurons, resulting in excitotoxicity,
synaptic dysfunction and neuronal death.”
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Table 1. Membrane associated proteins to which AR may bind and
result in neurotoxic consequences®

Amyloid Precursor Protein (APP)
N-methyl-D-aspartate receptor (NMDA-R)
a7 Nicotininc Acetylcholine receptor (a7nAChR)
P75 Neurotrophin receptor (P75"T%)
Integrins (particularly o, 8,)
Receptor for advanced glycosylation end products (RAGE)
Insulin receptor
Formyl peptide receptor-like-1 (FPRL1)
Scavenger receptors-classes A, B, Bl

Heparan Sulfate Proteoglycans

AB Interactions

AP oligomers may be directly incorporated into the plasma

membrane,”®

neuronal membranes and those of lysosomes,
Golgi apparatus and endoplasmic reticulum.®® In the former, AR
is located in the lipid raft domains (the same cellular location
as of 37 kDa/67 kDa LRP/LR) and disrupts membrane struc-
ture and function by forming Ca** channels which deregulates
homeostasis.

AP interacts with a variety of proteins on the surfaces of
neuronal and glial cells (Table 1). These include APP, NMDA
receptors, integrins, o7 nicotininc acetylcholine receptors
(a7nAchR), p75 neurotrophin receptors (p75N'?), collagen-like
Alzheimer amyloid plaque component precursor/collagen type
XXV (CLAC-P/ColXXYV), the receptor for advanced glycosyl-
ation end products (RAGE), serpin-enzyme complex receptor
(SEC-R), insulin receptors, scavenger receptors on microglial
cells and heparin sulphate proteoglycans (HSPGs).®* The out-
come of some of these AB-receptor/protein binding interactions
are neuroprotective while the majority are toxic.®® It is, however,
noteworthy to add that the majority of these receptors—AAP,
p75NTR, CLAC-P/ColXXV, RAGE, SEC-R and integrins—are
transmembrane receptors® as is the 37 kDa/67 kDa LRP/LR.
Furthermore, T has been proposed to be central in mediating AR
toxicity.*4+®

Laminin, a 850 kDa glycoprotein component of the basal
membrane, functions in cell adhesion and basement membrane
assembly. This cross-shaped glycoprotein is composed of three
disulfide-bonded chains: a (of which there are five isoforms
ranging from 200-400 kDa), 3 (a single 220 kDa isoform) and
v (a single isoform of 210 kDa).®® The a-chain contains the AR
binding site and the protein has also been reported to bind, via its
IKAV neurite inducing site, to APP.¥” The AB-laminin interac-
tion has been demonstrated to promote neurite outgrowth® and
inhibit fibrillogenesis.®

The Prion Protein:
A Central Factor in Alzheimer Disease

Prion proteins, encoded by the PRNP gene located on chromo-
some 20,” are cellular proteinaceous particles which have been
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implicated in pathogenesis, particularly with regards to the fatal
neurodegenerative diseases termed transmissible spongiform
encephalopathies (TSEs).?"3%!" Two forms of the protein exist:
the normal cellular prion protein (PrP*) and the infectious form
(PrP%), the latter is considered the causative agent of TSEs.”
PrP< is composed of 250 amino acids containing an N-terminal
domain and N-linked oligosaccharides, four proline and glycine-
rich octarepeat regions and a C-terminal glycosyl-phosphati-
dylinositol (GPI) anchor through which the protein is bound to
the lipid raft domains of the plasma membrane. PrP* constitu-
tively cycles between the cell membrane and intra-cellular com-
partments via the endocytic pathway—a process mediated by the
37 kDa/67 kDa Laminin Receptor Precursor,’* a high affinity
receptor for PrP“® and PrP%.>7#7¢ The prion variants share a
common amino acid sequence and differ primarily with regards
to secondary structure (PrP* exhibits greater 3 sheet proportion
than PrP*-consistent with its higher aggregation propensity) and
proteinase K digestion (PrP% resists degradation while PrP* does
not) /177

PrP¢ has a multitude of physiological functions® and the
majority of these functions are dependent on the interaction of
the prion protein with an array (>70)of proteins. These include
ApoE, APP, HSPGs, RAGE, p75 NTR, amyloid 8 (proteins of
importance with regards to Alzheimer disease as discussed above)
and the 37 kDa/67 kDa laminin receptor precursor (LRP/LR).”?
The specific PrP*-protein interactions and the functions thereof
are beyond the scope of this paper but have been recently reviewed
in reference 70. Owing to the potential role of PrP< in Alzheimer
disease and the central role of the PrP* and PrP%-LRP/LR inter-
action in TSEs” it may be proposed that a link between the two
neurodegenerative diseases and more specifically the amyloid B
and LRP/LR components may exist and it is plausible that PrP*
may facilitate possible AB-LRP/LR interactions.

Prion Protein’s Influence on Alzheimer Disease

The cellular prion protein (PrP¥) has been identified as a high
affinity receptor for AP oligomers’ and residues PrP23-27 and
PrP95-110 serve as AP binding sites.” The receptor specifically
binds to AP oligomers as opposed to Af monomers or fibrils.””
As the oligomers are considered to be the neurotoxic species, a
PrP<-Ap interaction may influence synaptoxicity. However, due
to contradictory results as to whether AP oligomers induce their
toxic effects in a PrP-dependent or independent manner, the
functional role of these binding interactions has not yet been
firmly established.! Conversely PrP* has been implicated in APP
processing and has been reported to hamper (-secretase cleavage
of APP thereby reducing AR generation (Fig. 3).*° Furthermore,
PrP< has been shown to protect neurons against AD-promoting
oxidative stress. Thus, PrP* may serve a neuroprotective role in
neuronal tissue.

Kellett and Hooper® have proposed a potential negative feed-
back loop which controls PrP¢ expression and A synthesis. PrP*
impedes the activity of B-secretase, thereby restraining amy-
loidogenic APP processing and reducing the concentrations of
AP and AICD.*" AICD is a transcription factor which regulates
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the expression of p53-which in turn regulates PRNP expres-
sion®-therefore, PrP* induced reduction of AICD ultimately
results in downregulation of PRNP gene expression. It may be
suggested that in AD patients, who exhibit increased levels of
AB,, oligomers, the binding of these oligomers to PrP* may ham-
per the PrP* regulation of B-secretase through steric inhibition
or through enhanced PrP* endocytosis and thereby prevent PrP<-
[3-secretase interactions.®!

Commonalities between Alzheimer Disease
and Prion Disorders

The structural commonalities between prion proteins and A
include conserved histidine metal binding domains which result
in the synthesis of ROS when the proteins bind to copper (Cu?*)
and zinc (Zn?') ions;%%

residues within the proteins’ transmembrane regions and three
85

conserved tyrosines and methionine
GxxxG sequence repeats for transmembrane association.

Comparable Processing and Post-Translational
Modifications between APP and PrP°

PrP¢ may be released from the cell surface via two mechanisms-
cleavage of the GPI anchor or cleavage by a member of the ADAM
family (possibly ADAM10) between residues His111 and His112
which lie within the neurotoxic PrP106-PrP126 sequence (the
region of PrP* central in initiating the conformational change
from PrP< to PrP* as well as the aggregation process).** This
is analogous to the non-amyloidogenic APP processing pathway.
However, cleavage may also occur upstream—at residue 88 (in
the event of mutations in the PRNP gene) and thereby yield a
neurotoxic product—PrP%. This is not unlike the upstream posi-
tioning of the B-secretase cleavage site which yields potentially
pathogenic AR peptides. In both TSEs and AD, non-fibril form-
ing peptides, PrP106-126,"" and AP oligomers are the neuro-
toxic agents initiating the disease. The resultant aggregates and
plaques, although not the predominant agents, play a role in the
pathogenic process.

In lieu of the above mentioned similarities in both the struc-
ture and neurotoxicity-inducing mechanisms of AR and PrP*, it
may be proposed that receptors fundamental in one process may
be involved in the other. One such receptor, which is central to

TSE disease establishment is the 37 kDa/67 kDa LRP/LR.

The 37 kDa/67 kDa Laminin Receptor Precursor/
Laminin Receptor

The 37 kDa/67 kDa LRP/LR is a multifunctional receptor
(Fig. 4) located at the cell surface and is soluble in the cyto-
plasm and in the nucleus. At the cell surface the protein serves
as a receptor for a variety of substrates including: ECM compo-
nents such as elastin and laminin; viruses including Sindbis*
Dengue,” Venezuelan equine encephalitis and Adeno-associated
virus subtypes 2, 3, 8 and 9,%%? as well as cellular’® and infec-
tious prion proteins’>’*” (Fig. 5). Additionally, the receptor is
present in the cytoplasm where it functions in the maturation of
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the 40S ribosomal subunit and protein synthesis®>** and in the

nucleus in which it is associated with histones H2A, H2B and
H4.4

LRP/LR is a transmembrane (TM) receptor (TMR) which is
located at the cholesterol-rich lipid rafts and may employ HSPGs
to mediate its binding interactions.’** Af oligomers, as previ-
ously stated, have been shown to bind to an array of TM receptors
and HSPGs or are alternatively inserted to lipid raft domains of
the plasma membrane. Furthermore, the 37 kDa/67 kDa LRP/
LR binds laminin (to which A oligomers similarly bind), as well
as PrP* (a protein to which AR oligomers bind with high affinity).
Thus, owing to the fact that AR and 37 kDa/67 kDa LRP/LR
share a common cellular location and binding partners, as well as
the likeness between the pathogenic agents and mechanisms in
TSEs and AD, a relationship between AP and 37 kDa/67 kDa
LRP/LR cannot be excluded. Moreover, a binding interaction
between these proteins, be it direct or indirect, seems plausible
and thereby warrants investigation.

The neurotoxicity of AP oligomers, especially with regards
to the induction of oxidative stress and the deregulation of Ca**
homeostasis may further be mediated by apoptosis.

Apoptosis

Apoptosis, primarily described by Kerr et al. in 1972, is a normal
physiological process of particular importance during develop-
ment, immune responses, tissue remodeling and the maintenance
of normal cellular homeostasis.”> Apoptotic events are regulated
by multi-complex pathways which, although able to induce
apoptosis independently of one another, are integrated and “cross
talk” in the event that the apoptotic signal requires amplification
to ensure the cell is committed to apoptosis.”® These pathways
are the extrinsic (death receptor) and intrinsic (mitochondrial)
pathways (Fig. 5). An additional pathway, the granzyme/perforin
pathway has also been proposed but shall not be discussed here.

The critical components of the said pathways/cascades are the
caspases. These are highly conserved, hetero-tetrameric cysteine
proteases which cleave aspartic residues and are synthesized as
inactive zymogens (pro-caspases). Fourteen such caspases have
been identified, seven of which are involved in apoptosis and
the remaining (including caspases 1, 4 and 5) function in cyto-
kine activation and inflammatory responses. Caspases may be
subdivided into two groups-initiator caspases (caspases 2, 8, 9
and 10) which function at the beginning of the pathways and
serve to cleave and activate the effector caspases (caspases 3, 6
and 7) which in turn cleave and activate cellular target protein
and thereby induce apoptosis.

The extrinsic pathway (Fig. 5) is induced through signal
protein-receptor interactions at the cell membrane, including
FasL/FasR, tumor necrosis factor (TNF)a/TNFR1 (receptor),
Apo3L/DR3, Apo2L/DR4 and Apo2L/DR5.%% The transmem-
brane receptors exhibit cytosolic death domains which facilitates
the recruitment of adaptor proteins with the corresponding death
domains as well as death effector domains. The latter domain in
turn allows for the recruitment of multiple initiator procaspases
(procaspase 8 and/or 10) and the resultant complex is termed the
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Figure 4. Schematic representation of the the functional domains of the 37 kDa/67 kDa Laminin Receptor Precursor/Laminin Receptor. This receptor,
which is 295 amino acids in length, may be located at the cell surface, in the cytoplasm and the nucleus and displays different functional roles in each.
A cell-surface associated form of the multi-functional protein is depicted here. The transmembrane domain of the receptor is located between amino
acid residues LRP86-101. In this location the protein functions primarily as a receptor and encompasses four defined ligand-binding domains, includ-
ing a prion protein binding domain (LRP161-180) and two laminin binding domains (LRP160-180 and LRP205-229), the latter functions as a heparin
binding domain as well and an IgG-antibody binding domain (LRP272-280) (adapted from reference 32).

death inducing signaling complex (DISC). Within DISC, the
high concentration of procaspases allows for the procaspases to
auto-catalytically cleave and thereby activate each other and the
activated enzymes subsequently activate effector caspases (usu-
ally caspases 3).7>%

Intracellular death signals and extracellular survival signals
induce the intrinsic pathway in a receptor-independent manner.
The intrinsic pathway centres around alterations in the perme-
ability of the mitochondrial membrane and consequently the
release of Ca?* and cytochrome ¢ (a component of the mito-
chondrial electron transport chain). This pathway is regulated
by approximately 25 members of the Bcl-2 protein family.
These proteins may either be anti-apoptotic (by sequestering
Apaf-1 and inhibiting procaspase 9 activation) such as Bcl-2,
Bcl-x, Bal-X |, Bcl-XS, Bel-w and BAG or pro-apoptotic by pro-
moting mitochondrial permeability through the formation of
membrane channels such as Bax, Bak, Bid, Bad, Bim, Bik, Blk,
Puma and Noxa.”” Released cytochrome ¢ binds to the cyto-
solic apoptotic protease activating factor-1 (Apaf-1) forming a
heptamer termed the apoptosome, which subsequently recruits
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procaspase 9 which, upon cleavage-induced activation, activates
caspases 3.

It is noteworthy to add that the MAP kinase, JNK and p53,
activate Bim and Bax, Puma and Noxa respectively and are thus
pro-apoptotic’®??
sion of death receptors and thus promote apoptosis.

p53 has also been reported to induce the expres-
100,101

The extrinsic pathway may induce the intrinsic pathway to
amplify the apoptotic signal and does so through Bid. Activated
caspase 8 cleaves Bid and the truncated form of this protein
inhibits Bcl-2 (an anti-apoptotic protein) and thereby facilitates

Apaf-1 induced procaspase 9 activation.”

Cellular Death

Activation of caspases 3, 6 and 7 ultimately leads to the mor-
phological and biochemical alterations associated with apopto-
sis.”> Caspase 3 activation results in the cleavage of the inhibitor
of the caspases activated deoxyribonuclease (ICAD), thereby
releasing the suppression of this enzyme and thus resulting in
DNA fragmentation.”” Furthermore, the effector caspases cleave
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Figure 5. A schematic representation of the two classical apoptotic pathways in mammalian cells. The extrinsic is triggered at the cell surface by
ligand (CD95L, FASL, TNFa) binding to death receptors (CD95, FASR, TNFR) and the ultimate formation of a death inducing signaling complex (DISC).
Conversely the intrinsic pathway involves alterations in mitochondrion permeability as a result of intracellular signals such as DNA damage and oxida-
tive stress. The activation of the aforementioned pathways leads to the cleavage and activation of initiator caspases 8 and caspases 9 respectively.
These in turn activate the effector caspases 3 which facilitates DNA fragmentation and cytoskeletal protein degradation-leading to the morphological
and physical features characteristic of apoptotic cells (adapted from reference 96).

cytoskeletal and associated proteins such as actin and gelsolin.
The resultant disruption of the cytoskeleton consequently causes
cellular shrinkage, cell membrane blebbing, disintegration of the
cell into apoptotic bodies as well as defects in transport, division
and signal transduction.”

Furthermore apoptosis may, in addition to caspase-mediated
mechanisms, occur via processes independent of these cysteine
proteases. One such route of programmed cell death (PCD)
involves the nuclear translocation of the Apoptosis-inducing fac-
tor (AIF), a 57 kDa mitochondrial flavoprotein, upon stimula-
tion by death signals. In the nuclear compartment AIF induces
chromatin condensation and DNA fragmentation, the hallmarks
of apoptosis, in a caspase independent manner.'”> An homologue
of AIF, termed the AIF-homologous mitochondrion-associated
inducer of death (AMID), similarly induces caspase-independent
apoptosis.’®® In addition the mitochondrial release of endonucle-
ase G has been reported to mediate caspase-independent DNA

fragmentation.'*
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Evidence of Apoptosis in Alzheimer Disease

Alzheimer disease is characterized by enhanced oxidative stress
and intracellular Ca?* concentration-both of which may serve as
stimuli to induce the intrinsic pathway.”>!*>!% Mutations in pre-
senilins (particularly presenilin 2) may not only lead to familial
Alzheimer disease but also render neurons more vulnerable to
apoptosis. Further evidence for apoptosis in Alzheimer disease
includes the detection of elevated levels of caspases 3, p53 and
Bax in neurons of AD patients.'”” AR induces apoptosis through
a number of mechanisms largely through the interaction of these
peptides with cell surface receptors. AR activates microglial cells,
through interaction with the scavenger receptors present on their
surfaces (Table 1), and this interaction results in the enhanced
expression of TNFa (a ligand of the TNF death receptor) and
thereby triggers the extrinsic pathway.!'”” Af interactions with
neuronal cell surface receptors (p75™'™®, FAS, TNFR1, RAGE,
APP) (Table 1) may not only induce the production of reactive
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oxygen species but may also, through signal transduction cas-
cades, induce the expression of caspases and pro-apoptotic genes
such as p53, p35 and tumor necrosis factors'? as well as enhance
mitochondrial permeability. It must be emphasised that these pro-
apoptotic interactions need not necessarily involve death recep-
tors as receptors lacking these domains (such as APP, RAGE, 37
kDa/67 kDa LRP/LR) may indirectly lead to apoptosis through

such signaling pathways.
Apoptotic Potential of the AB-LRP/LR Interaction

The 37 kDa/67 kDa LRP/LR is a critical cell surface receptor
with regards to the maintenance of cell viability and siRNA
mediated downregulation of this receptor has been reported to
induce apoptosis in transformed liver cells (Hep3B).""! The sig-
nificance of the receptor may be proposed to be a result of recep-
tor interactions with cognate ligands and/or receptor mediated
signaling. Thus the possibility that AB-LRP/LR interactions may
inhibit these conventional interactions and thereby reduce the
receptor’s ability to promote cell viability may not be excluded.
Furthermore, strong evidence suggests that AB-cell surface
receptor interactions may be directly or indirectly apoptotic.'
Therefore, owing to structural similarity and common cellular
localization between the 37 kDa/67 kDa LRP/LR and receptors
such as RAGE, P75N™® and others, if an AB-LRP/LR interaction

is identified, further investigation of the possible apoptotic induc-
ing potential of this AB-LRP/LR interaction is warranted as it
may contribute to neurodegeneration and may be an alternative
target for Alzheimer disease therapeutics.

Conclusion

AR induced neuronal apoptosis is mediated through the interac-
tions of AR with the plasma membrane as well as cell surface
proteins and receptors. The prion protein plays a vital role in
AP aggregation and serves as a link between prion disorders and
Alzheimer disease. The similarities between these neurodegen-
erative disorders offer alternatives for the development of thera-
peutic tools to target both diseases.
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