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Genetic basis of neurodegeneration in familial Alzheimer’s disease.
A. KOWALSKA. Pol. J. Pharmacol, 2004, 56, 171–178.

Alzheimer’s disease (AD), the most common form of dementia, is chara-
cterized by two types of brain lesions, referred to as senile plaques and neu-
rofibrillary tangles. Moreover, neuronal cell loss and synaptic degeneration
appear in affected regions of the brain. A series of endoproteolytic cleavages
of the amyloid precursor protein (APP) controlled by �-, �-, and �-secretases
leads to a formation of non-amyloidogenic (the �-secretase pathway) and
amyloidogenic (the �-secretase pathway) products which are essential for
neurodegeneration. According to the “amyloid cascade hypothesis”, the ac-
cumulation of amyloid � (A�) peptides in the brain is a primary event in the
pathogenesis of AD. One of the strong pieces of evidence supporting this hy-
pothesis was the identification of pathogenic mutations within APP, preseni-
lin 1 and presenilin 2 genes responsible for familial autosomal dominant AD.
These mutations affect APP processing causing overproduction of A�42.
Finding specific inhibitors of the A�42 generation is a major goal of AD
drug development programs now and the key challenge for the treatment of
the most devasting disease of human brain.
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Abbreviation: A� – amyloid β� AD – Alz-
heimer’s disease, ADAM family – a disintegrin
and metalloprotease family, APOE gene – apoli-
poprotein E gene, APP – amyloid precursor pro-

tein, BACE – -site APP-cleaving enzyme, FAD –
familial Alzheimer’s disease, IL-1 – interleukin-1,
MAPs – microtubule associated proteins, NFT –
neurofibrillary tangle, PHF – paired helical fila-
ment, PS – presenilins, PS 1 gene – presenilin 1
gene, PS2 gene – presenilin 2 gene, TACE – tumor

necrosis factor- converting enzyme

Neuropathological hallmark of Alzheimer’s di-

sease

Alzheimer’s disease (AD), representing more
than 50% of all dementia cases, is the most com-
mon human disorder featuring accumulation of ab-
normal proteins in the brain. Brains from AD pa-
tients are characterized by cortical atrophy in the
form of gyral shrinkage, widening of the sulci and
enlargement of the ventricles. The first regions to
be affected are the hippocampus and the entorhinal
cortex [2]. Later in the disease, a pronounced neu-
rodegeneration occurs in the temporal and parietal
lobes. The frontal and occipital lobes may also be
affected in some patients. The main microscopical
alterations are: the presense of extracellular senile
plaques, intracellular neurofibrillary tangles, neu-
ronal cell loss and synaptic degeneration. The clas-
sical senile plaques consist of a central amorphous
core that can be identified by histopathological
stains such as Congo red and Thioflavin T. The
core is surrounded by neuronal and glial processes
[12]. Moreover, depositions may appear as diffuse
plaques and can also be found in the walls of small
cerebral blood vessels. The main constituent of the
plaques, the amyloid � (A�) peptide, is a prote-
olytic fragment of the amyloid precursor protein
(APP). Several other components, such as proteo-
glycans, inflammatory molecules and apolipopro-
tein E have also been identified in plaques. The
neurofibrillary tangles (NFTs) are primarily com-
posed of abnormally phosphorylated tau protein
which assembles into paired helical filaments
(PHFs) and accumulates in the cytoplasmic com-
partment of the neurons. In the brains of AD pa-
tients, neurofibrillary tangles can also appear as
ghost cells, having the shape of the dead neurons.
The density of NFTs correlates well with the loss of
cells and synapses and, hence, with neuropa-

thological disease stage. Tau, belonging to the fam-
ily of microtubule-associated proteins (MAPs), is
required for initiation and stabilization of neuronal
microtubules by binding tubulin. More than 40 dif-
ferent phosphorylation sites on tau have been identi-
fied, mainly on serine and threonine residues fol-
lowed by proline [14]. These sites are phosphory-
lated by different kinases (e.g. glycogen synthase
kinase 3�) and seem to confer different functional
properties on tau. Evidence for a link between the
cholinergic signal transduction system and tau phos-
phorylation has been provided as Sadot el al. [32]
showed that activation of m1 muscarinic acetylcho-
line receptors resulted in decreased phosphoryla-
tion of tau at residue Ser202. In AD, tau is hyper-
phosphorylated which causes an impaired microtu-
bule function leading to a fatal breakdown of the
neuronal cytoskeleton.

Neurodegeneration in Alzheimer’s disease

Both apoptotic and necrotic processes have
been suggested to be involved in the neuronal loss
associated with AD. Signs of apoptosis in brains
from AD patients include increased DNA damage,
increased caspase activity and altered expression of
other apoptotic-related genes [28]. Studies on ani-
mal and cell culture model systems indicate that the
mechanism of apoptosis in AD is associated with
increased oxidative stress, perturbed calcium ho-
meostasis, mitochondrial dysfunction and caspase
activation. In addition, A� has been shown to in-
duce apoptosis in vitro by a mechanism involving
altered intracellular Ca�# metabolism [29]. Ne-
crotic cell death is characterized by swelling of the
cell followed by rupture of the plasma membrane
and release of the cellular contents to the surround-
ing area. The necrotic tissue is eventually removed
by inflammatory reactions. A� has been described
to mediate necrotic processes by altering intracellu-
lar Ca�# homeostasis and free radical formation. It
appears then that apoptosis and necrosis overlap in
causing neuronal cell death in AD. Both extracellu-
lar deposition of A� and damaged neurons and
neurites trigger chronic inflammatory reactions in
the brain and activate a variety of inflammatory
pathways [38]. Inflammation is a defense reaction
against insults. However, the inflammatory reac-
tion can also be harmful and altered expression of
different inflammatory factors can either promote
or counteract neurodegenerative processes. Recent
studies suggest that intracellular accumulation of
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abnormal proteins can trigger inflammatory reac-
tions. Microglia and astrocytes are activated in re-
sponse to inflammation and they provide more fuel
to the reaction by producing new mediators. A local
up-regulation of complement, cytokines, acute phase
reactants and other inflammatory mediators follows
the activation. One of the cytokines up-regulated in
AD is interleukin 1 (IL-1). IL-1 seems to be over-
expressed early in the plaque formation process,
possibly by activated microglia [13]. IL-1 promotes
synthesis and processing of APP and as conse-
quence it may directly stimulate further A� produc-
tion and deposition in plaques. A� fibrils have in
fact been detected in microglia of AD brains [37].

“Amyloid cascade hypothesis”

According to the “amyloid cascade hypothesis”
presented by Hardy and Higgins [15] and Hardy
and Selkoe [16], abnormalities in APP metabolism

with subsequent accumulation of A peptides in the

brain is a primary event in the pathogenesis of AD.

Others pathological features (neurofibrillary tan-

gles, neuronal damage and cell death) are regarded

as secondary. A� is produced by specific endopro-

teolytic cleavages of the APP. The APP is a type I

cell surface glycoprotein of up to 770 amino acids

which is involved in nuclear signaling processes. It

is likely that the protein is important in wound re-

pair and may have a growth-stimulating function.

The APP gene, localized on chromosome 21q21.2,

is a house-keeping gene since it is expressed abun-

dantly in a variety of tissues. After synthesis on ri-

bosomes, a small part of APP molecules reaches

the plasma membrane where it undergoes specific

endoproteolysis by three proteases: �-, �-, �- secre-

tases. Present candidates for �-secretase activity

are three members of the ADAM (a disintegrin and

metalloprotease) family: ADAM-9, ADAM-10,

and TACE (tumor necrosis factor-� converting en-

zyme)/ADAM-17 [3]. The protein responsible for

�-secretase activity was identified as aspartyl pro-

tease and named BACE (�-site APP-cleaving en-

zyme) [18]. A large complex of different proteins,

including neprilysin, insulin-degrading enzyme,

and presenilins as a part of catalytic centre, is sug-

gested to be responsible for �-secretase cleaving ac-

tivity [11]. Due to the action of the secretases, the

40- to 43-residue-long A� peptides are produced.

The �-secretase cleaves APP inside the A� se-

quence generating not amyloidogenic peptide frag-

ments: a soluble N-terminal part of APP (�APPs)

and a C-terminal fragment C83 anchored in the

membrane (Fig. 1). Further �-secretase cleavage of

the C-terminal fragment releases a 3kD peptide p3.

The �-secretase cleaves APP at the N-terminal of the

A� sequence leading to the formation of N-terminal

part of APP (�APPs) and C-terminal fragment C99.

Subsequent cleavage of the C99 protein intermedi-

ate at the C-terminal side of the A� sequence by the

�-secretase generates the amyloidogenic form of

the protein. The �-secretase processing is heteroge-

nous event forming A� with different C termini.

The A�40 and A�42 are the most common forms.

The �-secretase usually cuts at Val at position 40

or/and at Ala at position 42. By contrast to A�40,

A�42 has a greater tendency to form fibrillary A�.

The deposition of “seeding” A�42 accelerates A�40

accumulation and stimulates a cascade of processes

leading to formation of plaques and neurofillary tan-

gles followed by neuron death [19].
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Full length APP
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Fig. 1. A series of endoproteolytic cleavages of the amyloid
precursor protein (APP) leading to a formation of non-amyl-
oidogenic (the �-secretase pathway) and amyloidogenic (the
�-secretase pathway) products which are essential for the
pathogenesis of Alzheimer’s disease



Genetic heterogeneity of Alzheimer’s disease

Alzheimer’s disease can be classified into sev-
eral subgroups. Familial (FAD) versus sporadic AD
are separated according to presence or absence of
other demented persons in the family. Early versus
late-onset AD distinguishes the disease depending
on whether the patient presented the first symptoms
before or after the age of 65 years. AD was long
considered to be a subgroup of early-onset demen-
tia, but careful pathological examinations per-
formed in the 1970’s demonstrated that early and
late onset AD were the same disease [20]. However
a pathological hallmark of particular forms of AD
seems to be the same, their genetic background is
different. Approximately 10% of all familial Alz-
heimer’s disease cases are inherited in an autoso-
mal dominant Mendelian pattern [33]. Other famil-
ial cases and sporadic AD have more complex
mode of inheritance.

The observation that Down’s syndrome, which
is caused by an extra copy of chromosome 21,
leads to dementia with neuropathology similar to
AD targeted chromosome 21 as a candidate locus
[30]. A partial amino acid sequence of A� was re-
ported in 1984 [12]. This sequence provided the ba-
sis for the cloning of APP, later identified to be the
first AD gene [36]. To date, three genes responsible
for familial autosomal dominant AD have been
identified in the human genome: APP gene, prese-
nilin 1 (PS1) gene and presenilin 2 (PS2) gene
(Tab. 1). Pathogenic mutations in these genes ac-
count for up to 50% of familial cases of early-onset
AD. If one of the genes is mutated, the gene product

leads to development of AD with almost always
100% penetrance. Apolipoprotein E (APOE) was
identified as a risk factor or a susceptibility gene
for AD in 1993 [35]. APOE plays a major role in
lipoprotein metabolism and cholesterol homeosta-
sis in the brain [27]. There are three isoforms of the
protein: E2, E3, and E4, which are encoded by
three different alleles �2, �3, and �4 [25]. Carriers
of the APOE �4 allele are at higher risk of develop-
ing AD in a dose dependent manner [23]. Homozy-
gotes for the APOE �4 allele usually develop AD at
an earlier age than heterozygotes [7]. However,
presence of the APOE �4 allele is neither necessary
nor sufficient to develop AD [21]. It has been sug-
gested that as much as 50–60% of all AD cases
might be genetically influenced by different sus-
ceptibility genes, such as IL-1, tumor necrosis fac-
tor-� and �2-macroglobulin [9]. Recently new sus-
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Fig. 2. A part of APP containing the A� sequence (from the
�-secretase cleavage site before residue D1 of the A� to the
�-secretase cleavage site after residue Val40 or Ala42 of the
A�).The seventeen pathogenic mutations (one is a double
mutation: K/M670/671N/L) responsible for FAD are indicated
by arrows (APP mutations determinating other phenotypes than
AD are not shown). A part of the sequence located in the
membrane is indicated by black color
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ceptibility loci for late-onset AD have been identi-
fied on chromosomes 1, 9, 10, 12, and 13 [1].

APP and presenilin mutations and their molecu-

lar effects on APP metabolism

So far, 20 mutations in the APP gene, 124 muta-
tions in the PS1 gene and 8 mutations in the PS2
gene have been described worldwide [4, 8, 22, 24,
31]. All APP mutations are clustered near the �-, �-,
and �-secretase cleavage sites, demonstrating that
they have a direct effect on APP processing and A�
formation (Fig. 2). A majority of the mutations af-
fect an activity of secretases leading to the overpro-
duction of the amyloidogenic and toxic A�42 pep-
tide [6]. Recent data show that PS mutations also
affect the APP processing causing an increased
production of A�42 [33]. Presenilins are trans-
membrane proteins localized mainly in the endo-
plasmic reticulum and Golgi membranes of neu-
ronal and non-neuronal cells. The proteins are in-
volved in several signaling pathways (e.g.: Notch,
Wnt/�-catenin), apoptosis and the unfolded protein
stress response. PS play also a critical role in
�-cleavage of APP. However their exact role in the
cleavage of the APP is unclear, multiple lines of
evidence suggest that the proteins are essential for
�-secretase activity. The cells from transgenic
PS1-deficient mice [10] and the cells from PS1 and
PS2 doubly deficient mice [17] show markedly re-
duced and almost undetectable accumulation of
APP fragments: C83 and C99, the immediate sub-
strates for �-secretase. Moreover, PS copurified
with �-secretase-like activity in the high molecular
complex, and a direct interaction between PS and
the �-secretase substrates, including the APP C-
terminal fragments, has been recently shown [39].
PS probably constitute the active site of the large
complex of different proteins which is responsible
for the processing of the APP protein by �-secretase.
Presenilins may also act as a co-factor for �-secretase
or a modifier of trafficking of APP derivatives and
�-secretase. However PS1 sequence does not point
to a specific enzymatic activity for this protein, it
may have a role as chaperone in the �-secretase
complex that includes other elements like nicastrin.
This molecule has been recently identified in asso-
ciation with PS1 and influences APP metabolism
[40]. PS mutations (Tab. 2) may disturb protein in-
teractions in the complex through subtle conforma-
tional alterations [8]. The effects of PS1 and PS2

mutations on A� levels have been analyzed in cel-
lular models and in biological samples from pa-
tients. Overproduction of A�42 was found in the
media of several cell types co-transfected with PS1
and APP cDNA in wild-type or mutant form. The
expression of mutated PS1 or 2 leads to a 1.5–5-
fold increase in the concentration of A�42 in media
compared to the cells expressing PS1 and 2 wild-
type. Few studies have measured the amount of
A�42 in brain or peripheral tissues of FAD subjects
with PS1, PS2 and APP mutations. In the brain
overproduction of A�42 is a phenotype seen con-
stantly in all studies with different FAD mutations.
Results are less uniform for A�42 in the plasma.
Although the high levels of A�42 in the plasma
have been proposed as a biological marker for FAD
mutations, in several cases the PS1 mutations were
not associated with the increase.

Secretases as targets for Alzheimer’s disease

treatment

In light of the “amyloid cascade hypothesis”
presented above, the imbalance between A� pro-
duction and A� clearance releases a cascade of sub-
sequent cellular processes leading to AD. The exis-
tence of APP, PS1 and PS2 mutations which result
in the full AD histopathology is a clear evidence that
indeed A� mismetabolism may induce neurodegen-
eration. One of the proposed therapeutic strategies
in management of AD is a partial inhibition of the
A�42 generation from APP. Finding of inhibitors of
the �- and �-secretases seems to be a major goal of
AD drug development programs now. Although
various low molecular weight inhibitors that fit in
the large active site of the proteases and can pene-
trate the blood-brain barrier have been discovered
[5], the generation of more new drug-like com-
pounds that could be useful for therapeutic pur-
poses remains still the key challenge in the treat-
ment of the most common and devasting neurode-
generative disorder.
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