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From Bench to Bedside
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ABSTRACT

• Alzheimer’s disease (AD) is the most prevalent dementia 
(accounting for 50%–75% of cases of dementia in people 
aged over 65 years), followed by frontotemporal dementia 
(FTD) (10%–20% of cases).

• AD is characterised histopathologically by Aβ-containing 
amyloid plaques and tau-containing neurofibrillary tangles, 
whereas FTD exhibits neurofibrillary tangles alone.

• Current symptomatic treatments of AD are of limited benefit, 
as they are not directed at the underlying biological basis of 
the disease.

• The development of transgenic animal models has provided 
insight into disease mechanisms and helped define novel 
drug targets.

• More than 50 drugs are currently in clinical trials, and novel 
and more effective drugs targeting both AD and FTD are 
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expected to become available within 5–10 years.
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the ageing of the population, this will increase to an estimated
500000 by 2040. The annual cost to the Australian economy is
about $6.5 billion, corresponding to 1% of the gross domestic
product, and is estimated to reach 3.3% by the middle of this
century.3

Limitations of current treatment

The current symptomatic treatment of AD is of limited benefit, as
it is not directed at the underlying biological basis of the disease.
Treatments include the acetylcholine esterase inhibitors (eg,
donepezil hydrochloride, galantamine hydrobromide and rivastig-
mine tartrate), which stabilise the neurotransmitter acetylcholine
in the synaptic cleft, and the N-methyl-D-aspartate receptor
antagonist, memantine, which counteracts the deleterious effects
of high brain concentrations of the excitatory amino acid, gluta-
mate. Unfortunately, these drugs can have severe psychotropic side
effects in patients with FTD.4 Treatment in general is further
complicated by the fact that FTD is very heterogeneous, compris-
ing several clinical entities.5,6

Biological basis of AD and FTD

Histopathologically, both AD and FTD are characterised by insolu-
ble filamentous aggregates in the brain (Box 1). They share this
feature with Parkinson’s disease and Creutzfeldt–Jakob disease.
The biological basis of AD and FTD is discussed in Box 2. As both
diseases involve lesions containing the microtubule-associated
protein tau, they are classed as tauopathies (see Box 3 for
definitions). AD is characterised histopathologically by Aβ-con-
taining amyloid plaques and tau-containing neurofibrillary tangles,
whereas FTD exhibits neurofibrillary tangles alone.

Clinical features

The clinical presentation of AD is dominated by early memory
deficits, followed by gradual erosion of other cognitive functions
such as judgement, verbal fluency or orientation. Memory impair-
ment is usually the first and dominating feature and reflects the
fact that the most severe neuropathological changes occur in the

1  Hallmark lesions of Alzheimer’s disease and 
frontotemporal dementia

A: Temporal lobe of the brain in Alzheimer’s disease, revealing 
neurofibrillary tangles and neuritic plaques (Gallyas silver stain; scale 
bar, 12.5 μm). B: Neuritic plaque at higher magnification. 
C: Neurofibrillary tangle with sparing of the nucleus (centre) at higher 
magnification. Amyloid plaques are virtually absent in frontotemporal 
dementia, which thus can be considered a tau-only tauopathy. ◆
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hippocampal formation, followed by the association cortices and
subcortical structures.

FTD is the preferred term for a spectrum of dementias character-
ised by focal atrophy of frontal and anterior temporal regions. FTD is
mainly associated with behavioural impairment (such as unre-

strained behaviour resulting from a lessening or loss of inhibitions
and personal and social awareness), followed by affective symptoms,
speech disorder and memory problems. In many cases, additional
degenerative changes are observed in subcortical brain regions, such
as the substantia nigra, leading to Parkinsonian symptoms.16-18 One

2  Histopathology and genetic basis of Alzheimer’s disease and frontotemporal dementia 

Alzheimer’s disease (AD) was initially defined by the presence of 
extracellular amyloid plaques and intraneuronal neurofibrillary tangles 
(Box 1).

Amyloid plaques: The major component of amyloid plaques is Aβ,  
an aggregated peptide comprising 40–42 amino acids (Aβ40 and Aβ42). 
This peptide is derived by proteolytic cleavage from the larger 
amyloid precursor protein. The precursor protein is cleaved first 
by β-secretase and then by γ -secretase, which together generate 
the Aβ peptide. β-Secretase activity has been attributed to a single 
protein, BACE (β-site amyloid precursor protein-cleaving enzyme), 
whereas γ -secretase activity was shown to depend on four 
components: presenilin, nicastrin, APH-1 (anterior pharynx defective 
1) and PEN-2 (presenilin enhancer 2) (Figure). Alternatively, amyloid 
precursor protein can be proteolytically cleaved by α-secretase, which 
cleaves it within the Aβ domain. This pathway is non-amyloidogenic 
(ie, it does not generate the toxic Aβ species6-8).

Neurofibrillary lesions: These lesions are the second histopathological 
hallmark of AD. They are found in cell bodies and apical dendrites as 
neurofibrillary tangles, in distal dendrites as neuropil threads, and in the 
abnormal neurites associated with some Aβ plaques (neuritic plaques). 
The major components of these lesions are abnormal filaments of the 
microtubule-associated protein tau. In the course of AD, tau becomes 
abnormally phosphorylated, adopts an altered conformation and is 
relocalised from axonal to somatodendritic compartments. 
Phosphorylation tends to dissociate tau from microtubules. As this 
increases the soluble pool of tau, it might be an important first step in 
the assembly of tau filaments. Furthermore, microtubules disintegrate 
in the course of this process, thereby severely compromising the 
transport machinery of the neurones.7-9 Evidence is increasing that 
toxicity is not restricted to the fibrillar species, but that oligomeric 
forms of tau and Aβ may be even more toxic.

Lewy bodies: In more than 50% of AD cases, neurofibrillary tangles 
and plaques coexist with a third type of protein deposit, Lewy 
bodies.10 The latter are the hallmark lesions of Parkinson’s disease, 
where they are composed of aggregated α-synuclein. In comparison, 
the Lewy body variant of AD is defined by the presence of all three 
protein aggregates — Aβ, tau and α-synuclein. These share “amyloid” 
properties: they have a β-pleated sheet structure and can be stained 
with dyes such as thioflavin-S.11 Hence, the term “brain amyloidosis” 
has been coined.

Tauopathies: Tau-containing lesions are found in about two dozen 
diseases collectively termed tauopathies, with AD being the most 
common subtype.7-9 However, unlike AD, most tauopathies are 
characterised by the absence of plaques.12 This has important 
implications, as an Aβ-directed therapy will likely be ineffective unless 
it targets common pathogenic mechanisms or common “amyloid” 
characteristics of the aggregates. In AD, tau aggregates are confined to 
neurones, but in corticobasal degeneration and progressive supranuclear 
palsy, they are also abundant in glial cells, such as astrocytes and 
oligodendrocytes. In Pick’s disease, a specific form of frontotemporal 
dementia, tau aggregates are found in spherical lesions termed Pick’s 
bodies. Further differences are in the tau species found in the aggregates, 
the degree and sites of tau phosphorylation, and the affected brain 
areas.1 Given the pronounced heterogeneity of frontotemporal dementia 
and high frequency of mixed types, drug screening efforts should not be 
restricted to Aβ, but should also target tau. 

Cleavage pathways for amyloid precursor protein (APP)

APP may be cleaved by membrane-associated α-secretase (a 
disintegrin and metalloproteinase [ADAM] 10), which cleaves it within 
the Aβ domain, thus precluding formation of Aβ peptide. This pathway 
is therefore non-amyloidogenic.

Alternatively, APP may be cleaved through the endosomal–lysosomal 
pathway, first by β-secretase and then by γ -secretase, generating the 
Aβ peptide. Mutations found in familial cases of Alzheimer’s disease 
are indicated by asterisks.

Sporadic and familial cases

In the rare familial forms of AD, pathogenic mutations have been 
identified in both the gene encoding the Aβ precursor (amyloid 
precursor protein) and in the presenilin genes that encode part of the 
protease complex involved in Aβ formation13 (Figure). As carriers of 
these mutations inevitably develop both plaques and neurofibrillary 
tangles, this genetic evidence has led to the amyloid cascade 
hypothesis, which claims that, at least in familial forms of AD, Aβ 
induces neurofibrillary tangles.

For the more frequent forms of late-onset sporadic AD, two dozen 
risk-conferring genes have so far been identified, including (very 
recently) ubiquilin,14 but only the apolipoprotein E gene has been 
confirmed unanimously.15 When sporadic AD is compared with 
familial AD, the histopathological hallmarks are indistinguishable. 
This implies that lessons learned from familial AD may also apply to 
sporadic AD, in particular those derived from animal models 
expressing familial AD mutant genes.

No mutations have been identified in the tau gene in AD. However, 
tau mutations have been identified in more than 100 families with 
familial forms of frontotemporal dementia (FTDP-17), proving that 
tau dysfunction in itself can lead to neurodegeneration and 
dementia. ◆
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category of FTD lacks tau aggregates; this includes FTD with motor
neurone inclusions (tau-negative and ubiquitin-positive inclu-
sions).17,18 In exciting work published this year, mutations were
identified in affected families in the progranulin gene (PGRN).19

PGRN has also been strongly linked to tumorigenesis. Moreover,
PGRN expression is increased in activated microglia in many
neurodegenerative diseases, including Creutzfeldt–Jakob disease,
motor neurone disease and AD. The identity of the ubiquitinated
protein in the inclusions is not known.19,20

AD and FTD have a distinct neuropathological profile but, as
outlined above, mixed states are probably more frequent than pure
dementia syndromes.1 Also, in clinical practice, AD and FTD are
sometimes difficult to differentiate.

Transgenic animal models

During the past 15 years, transgenic mice have evolved as the
preferred model for AD research. Expression of the amyloid
precursor protein carrying mutations found in familial AD cases
(see Box 2, Figure) has been found to cause Aβ plaque formation
and concomitant memory deficits that progress with age; however,
neurofibrillary tangle formation has not been reproduced
(reviewed by Götz et al9). Similarly, tau transgenic models have
been developed, with the first strain being established by Götz et al
in 1995, showing aggregation of hyperphosphorylated tau,21

followed by more advanced transgenic lines modelling formation
of neurofibrillary tangles, but not plaques.22-24 The tau transgenic
mice also displayed memory impairment that correlated with the
expression pattern of the transgene (reviewed by Götz et al9).

These models have been used to test a range of hypotheses to
explain how plaques and neurofibrillary tangles interact and how
they impair neuronal functions and eventually lead to massive
neuronal degeneration (Box 4). For example, by combining the
plaque and the neurofibrillary tangle pathology in double trans-
genic mice, and by intracerebral injection of Aβ into tau transgenic
mice, the amyloid cascade hypothesis has been strengthened.24,25

Impaired axonal transport was found in amyloid precursor protein
and tau transgenic mice, and subsequently in early, but not late,
stages of AD.26 A mitochondrial dysfunction, as well as an
upregulation of antioxidant enzymes in response to oxidative
stress, was found in tau transgenic mice.27 Finally, cell cycle re-
entry and cell death were reported in wild-type tau transgenic
mice, supporting the mitosis failure hypothesis.28

Potential drug targets and clinical trials

More than 50 drugs are now in clinical trials.29 These can be
divided into several categories.30

Drugs targeting Aβ pathology: To combat Aβ pathology, early
efforts concentrated on inhibiting β- and γ -secretase, the enzymes
that release toxic Aβ from amyloid precursor protein.6 A major
problem associated with γ -secretase is that it has a range of
physiological substrates potentially causing toxic side effects.
Indirect inhibition of γ -secretase may be achieved using inhibitors
of glycogen synthase kinase-3β (GSK3β; see below). Aβ vaccina-
tion (both active and passive) has been shown to be effective in
animal models, prompting an active immunisation trial in humans.
However, this trial had to be halted because of cases of meningo-
encephalitis in a subset of patients. Currently, efforts are underway
to eliminate side effects using novel active and passive immunisa-

tion strategies. Furthermore, statins are used, based on epidemio-
logical studies suggesting that high cholesterol levels have a role in
AD pathogenesis. The metal-chelating compound clioquinol has
been shown in a phase II trial to decrease Aβ levels in AD patients.
Compounds are in phase III trials that have been designed to
interfere with the association between glycosaminoglycans and
Aβ,  and thus to block Aβ fibril formation.

Drugs targeting tau pathology: To combat tau pathology, inhibi-
tors of tau phosphorylation and filament formation are attractive
targets. In diseased brain, only a subset of phosphoepitopes of tau
are pathological epitopes.31 We have shown two of these to be
associated with the Aβ-mediated induction of neurofibrillary
tangles.22-24 Many sites are also phosphorylated under physiolog-
ical conditions, albeit to a lesser extent. Of the kinases regulating
tau phosphorylation, GSK3 is a prime suspect. Several GSK3
inhibitors are in development, with sodium valproate in phase III
trials as therapy for agitation in AD patients. Another candidate
drug is CEP-1347, an inhibitor of stress kinase activation, which
is in clinical trials for Parkinson’s disease. As tau aggregation is
accompanied by microtubule disassembly, drugs that stabilise

3  Terminology defined

Aβ plaques: Extracellular aggregates mainly composed of highly 
fibrillogenic 40–42 amino acid polypeptides, which are derived by 
proteolytic cleavage from the larger amyloid precursor protein.

Frontotemporal dementia (FTD): Category of non-Alzheimer 
dementias including progressive supranuclear palsy, corticobasal 
degeneration, FTD with Parkinsonism linked to chromosome 17, 
and Pick’s disease.

Lewy bodies: Major type of lesion found in Parkinson’s disease, 
composed of aggregated forms of the protein α-synuclein.

Neurofibrillary tangles: Insoluble filamentous aggregates of 
hyperphosphorylated tau eventually filling the entire soma of 
a dying neurone.

α-Synuclein: Major proteinaceous constituent of the Lewy bodies 
of Parkinson’s disease that shares many features with tau.

Tau: A microtubule-associated protein critical for assembly and 
maintenance of microtubules in axons; it contains an unusually 
high number of phosphorylated amino acids.

Tau hyperphosphorylation: Post-translational modification of tau, 
with physiological epitopes of tau phosphorylated at a higher 
percentage, and pathological epitopes being phosphorylated de 
novo.

Transgenic mouse: A mouse carrying a foreign gene (eg, human tau 
targeted to neurones) introduced by pronuclear injection of oocytes.  ◆

4  Hypotheses linking Aβ and tau to neuronal cell death 
(ie, dementia) and potential therapeutic strategies

Amyloid cascade hypothesis: Drugs targeting enzymes involved in 
Aβ production (β- and γ -secretase) and clearance (insulin-degrading 
enzyme, neprilysin), and aggregation blockers/helix breakers.

Tau phosphorylation hypothesis: Drugs targeting kinases, 
phosphatases, and proteases.

Mitosis failure hypothesis: Drugs targeting cyclins and other cell-
cycle regulator proteins.

Oxidative stress hypothesis: Antioxidants.

Transport failure hypothesis: Microtubule-stabilising agents. ◆
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microtubules, such as the anti-cancer drug paclitaxel, are cur-
rently being evaluated.

Drugs targeting oxidation and inflammation: Finally, some drugs
target mechanisms underlying both Aβ- and tau-mediated toxicity.
These include drugs aimed at detoxifying reactive oxygen species:
vitamin E (α-tocopherol) is undergoing trials for mild cognitive
impairment, and various antioxidants for mild cognitive impair-
ment and AD. Non-steroidal anti-inflammatory drugs (NSAIDs)
may help prevent or delay the onset of AD by decreasing brain
inflammation. These include ibuprofen, naproxen and rofecoxib,
which are in phase III trials, but in general do not seem to delay
functional decline in AD patients.32

Conclusions

The identification of pathogenic mutations in AD and FTD has
greatly increased our understanding of these dementias and
paved the way for the development of animal and tissue culture
models. These have been invaluable tools in dissecting patho-
genic mechanisms and identifying drug targets. It is hoped that a
biochemical dissection of disease mechanisms will ultimately
lead to tailored treatment strategies, and that new drugs will
enter the market within the next 5–10 years to effectively treat
patients with AD and FTD.
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