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Preface

Neurodegenerative diseases, including Alzheimer’s disease and Parkinson’s di-
sease, are common afflictions of the elderly and account for a major amount of
morbidity and mortality in older individuals. Less common conditions such as
frontotemporal dementias, dementia with Lewy bodies, progressive supranuclear
palsy, corticobasal degeneration, and Huntington’s disease also are neurodege-
nerative diseases that cause progressive neurological dysfunction and eventual
death. Neurodegenerative diseases produce cognitive, functional and behavioral
disturbances, place tremendous demands on family caregivers, may lead to insti-
tutionalization, and are fatal. Many neurodegenerative diseases are age-related
and the increasing size of the aged population will inevitably result in a greater
number of patients suffering from neurodegenerative conditions unless means
of preventing, delaying or treating these disorders are found. There is an urgent
need to identify tractable therapeutic targets within the pathophysiology of neu-
rodegeneration.

Abnormalities of protein metabolism, including protein misfolding, are incre-
asingly recognized as central to the mechanisms of most neurodegenerative pro-
cesses. Amyloid beta protein production and accumulation is considered central
to the pathophysiology of Alzheimer’s disease; disturbances of proteasome and
alpha- synuclein metabolism are present in Parkinson’s disease, dementia with
Lewy bodies, and multi-system atrophies; disorders of tau or ubiquitin metabo-
lism have been identified in frontotemporal dementias, progressive supranuclear
palsy, and corticobasal degeneration. Abnormalities of huntingtin are characteri-
stic of Huntington’s disease. Other neurodegenerations have uniquely associated
protein abnormalities. Prion disorders also result in abnormal protein deposits
and self-propagating protein misfolding appears to be the major pathophysiolo-
gic event in prion diseases. Recent advances in understanding the role of prote-
in dysmetabolism in neurodegeneration was the theme of the Fondation IPSEN
meeting (September 13, 2004) addressing Genotype-Proteotype-Phenotype rela-
tionships. Experts from international laboratories contributed to the conference
and the current volume to produce a comprehensive overview of the role of pro-
tein misfolding in neurodegeneration. Links between genotype and protein cha-
racteristics and between proteotype and clinical phenomenology were discussed
across diseases categories. Progress in understanding the role of abnormalities of
protein metabolism may lead to the identification of biological markers relevant
to disease monitoring and to the development of new therapeutic agents capable
of modifying and ameliorating basic neurodegenerative mechanisms.
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Neurodegenerative Disorders as Proteinopathies:
Phenotypic Relationships

Jeffrey L. Cummings'

Summary

The phenotype of neurodegenerative diseases is defined by the distribution of
cellular changes, which in turn depends on vulnerability to specific abnormalities
of protein metabolism. Distinctive features have been identified that assist in the
recognition of specific diseases or specific types of abnormalities of protein me-
tabolism that are shared by several neurodegenerative disorders. Identification of
the earliest manifestations of the phenotype will facilitate early implementation
of therapy and improve understanding of protein metabolism abnormalities and
their secondary consequences. This will assist in drug development and effective
therapeutics for neurodegenerative disorders.

Introduction

Abnormalities in the production, aggregation, metabolism, and removal of pro-
teins are increasingly recognized as a shared feature of neurodegenerative disor-
ders (Cummings 2003a; Hardy and Gwinn-Hardy 1998; Lovestone and McLough-
lin 2002; Soto 2003; Taylor et al. 2002; Trojanowski and Lee 2000; Ross and Poirier
2004). Identification of protein misfolding across a wide variety of neurodegen-
erative diseases has stimulated new areas of research and may lead to promising
therapeutic interventions.

Each current distinguishable neurodegenerative disease is characterized by the
accumulation of a unique protein type (Table 1). In addition, each disease is char-
acterized by a uniquely vulnerable cell population. Protein disturbance occurs in
the most vulnerable (or least resistant) cell type, producing local dysfunction and
leading to an observable clinical phenotype. Thus, the well characterized pheno-
type can be viewed as relevant to the at-cell-risk population and to the proteotype
of neurodegenerative disease. This unique linkage between proteotype, vulner-
able cell population, and phenotype is the topic of this review.

Abnormalities of three proteins account for more than 90% of all neurode-
generative disorders. These include: amyloid beta protein, present in Alzheimer’s
disease (AD), Down Syndrome, and the common form of dementia with Lewy

! Departments of Neurology and Psychiatry and Biobehavioral Sciences, David Geffen School of
Medicine at UCLA, Los Angeles, CA, USA.

Cummings et al.

Genotype - Protéotype - Phenotype
Relationships in Neurodegenerative Diseases
© Springer-Verlag Berlin Heidelberg




2 Jeffrey L. Cummings

Table 1. Protein disturbances associate with neurodegenerative disease.

Disease Protein Abnormalities

Alzheimer’s disease Amyloid-p protein

Tau protein

Parkinson’s disease Alpha-synuclein

Dementia with Lewy bodies (pure form) Alpha-synuclein
Dementia with Lewy bodies (common form) Alpha-synuclein
Amyloid-f protein
Multiple system atrophy (indicate Shy-Drager disorder,
olivopontocerebellar degeneration, striatonigral degeneration)

Alpha-synuclein

Frontotemporal dementia Tau protein

Progressive supranuclear palsy Tau protein
Corticobasal degeneration Tau protein
Guamanian ALS *-parkinsonism dementia complex Tau protein
Pallidonigral degeneration Tau protein
Creutzfeldt-Jakob disease Prion protein
Gerstmann-Straussler-Scheinker disease Prion protein

Fatal familial insomnia Prion protein

Kurn Prion protein
Familial ALS* Superoxide dismutase
Huntington’s disease Huntingtin
Spinocerebellar ataxia Ataxin
Dentato-rubro-pallidoluysian atrophy Atrophin

Familial encephalopathy with neuroserpin inclusion bodies Neuroserpin

Adult polyglucosan body disorder Polyglucosan

Lafora progressive myoclonus epilepsy

Alpha-synuclein

Laforin

*ALS-amyotrophic lateral sclerosis

bodies; tau protein disturbances, found in frontotemporal dementia, progressive
supranuclear palsy, corticobasal degeneration, Guamanian amyotrophic lateral
sclerosis (ALS)-parkinsonism-dementia complex, pallidopontonigral generation,
and AD; and alpha-synuclein disorders, present in dementia with Lewy bodies
(pure and common forms), Parkinson’s disease, the multiple system atrophies
(including Shy-Drager disorder, olivopontocerebellar atrophy, striatonigral de-
generation) and neurodegeneration with brain iron accumulation (Hallervorden-
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Table 2. Differences between inherited and sporadic forms of neurodegenerative disorders.

Inherited Sporadic

Mutation present Mutation absent

Rare Common

Early onset Late onset

More rapid progression Slower progression

Protein production abnormalities Protein accumulation abnormalities

Spatz syndrome; Cummings 2003b). Inherited and Sporadic Forms of Neurode-
generative Diseases.

Many neurodegenerative diseases exist in two forms: an inherited form, in
which the genetic transmission of the disease can be delineated, and idiopathic
forms of the disease, in which genetic influences are subtle or absent. The pathol-
ogy of the two forms is typically identical or very similar. Investigation of the mo-
lecular genetics of the inherited forms has provided a window into the molecular
biology of both the inherited and the sporadic forms of neurodegenerative dis-
eases. In addition, characterization of mutations associated with inherited forms
of neurodegenerative disorders has provided an opportunity to create transgenic
animals that mimic some aspect of these diseases.

Clinical features may differ between the inherited and sporadic forms of neu-
rodegenerative diseases (Table 2). Inherited forms of neurodegenerative diseases
are much rarer than the sporadic forms of the disorder; for example, autosomal
dominant AD accounts for approximately 3% of all cases of AD (Blacker and
Tanzi 2000) whereas 97% are of the sporadic type. In addition, inherited forms of
neurodegenerative disorders tend to begin much earlier in life than the sporadic
forms (Bird 1999). Autosomal dominant AD often begins between ages 50 and 60;
the sporadic form typically begins after age 70. Disease duration also tends to be
shorter in inherited forms of neurodegenerative disorders than in sporadic forms.
Early onset and shorter duration typically are correlated (Bird 1999). Within fam-
ilies, distinctive phenotypes may be recognized such as familial cases of AD with
more psychosis or more language disturbance, but these features have not been
shown to be characteristic of early onset AD as a class.

Phenotype of Frontotemporal Dementia and Other Tauopathies

Tauopathies show a remarkable predilection for involvement of frontal lobes and
related structures of frontal-subcortical circuits. Such a grouping implies that
structures that participate in common functions share a common molecular vul-
nerability to specific proteotype abnormalities. The frontotemporal lobar degen-
erations (including frontotemporal dementia, semantic dementia, and primary
progressive aphasia) preferentially involve the frontal lobes and anterior tempo-
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ral lobes; corticobasal degeneration involves the basal ganglia and diverse regions
of the cerebral cortex, including the frontal lobes; progressive supranuclear palsy
involves the globus pallidus and thalamus (Hauw et al. 1994; Dickson et al. 2000;
Munoz 1998).

There are distinctive phenotypic manifestations of dysfunction of frontal-sub-
cortical circuits (Cummings 1993). Dorsolateral prefrontal subcortical circuits
mediate executive function involving planning, programming, implementing, and
adjusting traditional activity. Abnormalities in this circuitry are typically mani-
fested by disturbances in abstraction, judgment, insight, empathy, verbal fluency,
motor programming, the ability to ignore the routine in favor of novel responses,
attention, and concentration. Perseveration, poor recall with intact recognition,
reduced verbal and nonverbal fluency, and abnormalities of initiation, utilization,
and imitation behavior are typical of patients with disturbances of the dorsolat-
eral prefrontal subcortical circuitry (Cummings 2003b).

Disturbances of the medial frontal-subcortical circuitry are manifested pri-
marily by apathy, a common feature of conditions affecting the frontal lobe and
related subcortical structures (Levy et al. 1996, 1998; Litvan et al. 1996, 1998a,b).

Several unique behaviors have been recognized in the patients with frontotem-
poral lobar degeneration and in occasional other tauopathies that are sufficiently
distinctive that, when the phenotype is observed, it nearly invariably indicates
the presence of the underlying proteotype abnormality. Among these features are
compulsive behaviors with ritualistic and stereotype repetition of specific behav-
ioral patterns, unusual alterations in dietary intake with an emphasis on sweets
and carbohydrates, and the emergence of unusual artistic talents during the early
and middle phases of the frontotemporal lobar degeneration process (Ames et al.
1994; Miller et al. 1998; Cummings 2003b).

Differences in the distribution of pathological changes among the tauopathies
indicate that there is a differential cellular involvement even when the proteotype
is similar. Genetic, environmental, and developmental influences likely account
for these differences.

Phenotype of Parkinson’s Disease
and Other Alpha-Synucleinopathies

Pigmented brainstem neurons and glial cells are the cell populations that are
most vulnerable to alpha-synuclein abnormalities. The spread of alpha-synuclein
pathology from brain stem to limbic to neocortical structures provides an index
of relative cellular vulnerability (Braak et al. 2003). Intracellular alpha-synuclein
inclusions have been observed in glial cells in neurodegeneration with brain iron
accumulation and in the multi-system atrophies (Trojanowski and Lee 2000).
The principal phenotypic feature shared among the synucleinopathies is par-
kinsonism. Akinetic rigid manifestations are evident across the spectrum of alpha-
synuclein disorders. They may be mild in the case of dementia with Lewy bodies
or severe and combined with tremor in the case of Parkinson’s disease. Involve-
ment of dopaminergic neurons in the brain stem and consequent dopaminergic
denervation of basal ganglia structures results in executive dysfunction that over-
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laps phenotypically with the tauopathies. The severity of executive abnormalities
observed in alpha-synuclein disorders is typically more mild than that observed
in the tauopathies (Stout and Paulsen 2003). The aphasic type of language dis-
orders observed in some frontotemporal dementia patients and in AD are not
characteristic of Parkinson’s disease or other alpha-synuclein disorders (Cohen
2003). A distinctive neuropsychological feature of Parkinson’s disease dementia
and dementia with Lewy bodies is the marked fluctuation in cognition (Ballard et
al. 2001; Walker et al. 2000a,b; Ballard et al. 2002).

In addition to fluctuations, two other features assist in distinguishing alpha-
synuclein disorders from other neurodegenerative diseases. These include visual
hallucinations and rapid eye movement (REM) sleep behavior disorder. Fully
formed complex visual hallucinations are common manifestations of both de-
mentia with Lewy bodies and Parkinson’s disease. While they typically follow the
introduction of treatment with dopaminergic substances in patients with Parkin-
son’s disease, they occur primarily in patients with a risk profile that includes
cognitive impairment (Fenelon et al. 2000; Barnes and David 2001; Holroyd et al.
2001). A common feature of patients with alpha-synuclein disorders and promi-
nent formed visual hallucinations is the presence of cognitive impairment.

REM sleep behavior disorder is characterized by the apparent acting out of
dream content, with frequent shouting and violent behavior while the patient re-
mains asleep. The syndrome occurs when muscle atonia and sleep paralysis loses
its normal association with periods of REM (dreaming) sleep. REM sleep behavior
disorder has a nearly unique relationship to alpha-synucleinopathies (Fantini et
al. 2003; Ferman et al. 1999; Turner 2002; Ferini-Strambi et al. 2004; Gagnon et al.
2002, 2004; Comella et al. 1998).

Phenotype of AD and its Relation to Beta-Amyloid Protein

AD has a relatively stereotyped neuropsychological phenotype characterized by
an amnestic type of memory disorder, aphasia beginning with a deficit in con-
frontation naming and progressing to transcortical sensory aphasia, prominent
visuospatial deficits demonstrable by copying and drawing tasks and mild ex-
ecutive disturbances (Cummings 2000). Memory abnormalities differ from the
retrieval deficit disorder with impaired recall and intact recognition that are typi-
cal of the tauopathies and alpha-synucleinopathies. The language abnormality of
AD differs in character from the language changes that may characterize some
tauopathies; AD produces a lexical, selection-type anomia, whereas semantic de-
mentia features a semantic-type naming deficit and primary progressive aphasia
is characterized by a word-production type anomia (Kertesz 1998; Hodges et al.
1998; Cummings 2000).

Neuropsychiatrically, AD has no specific distinctive features, but it is
characterized by a plethora of neuropsychiatric manifestations, including apathy,
agitation, depression, anxiety, and irritability with less evidence of disinhibition,
delusions, and visual hallucinations (Mega et al. 1996).

AD is associated with a secondary tauopathy in the form of intracellular neu-
rofibrillary tangles. When the tau-related changes are particularly abundant, they
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Table 3. Distinctive phenotypic features of the major proteinopathies producing neurodegen-
erative disorders.

Protein Disease Phenotypic characteristics
Tau Frontotemporal dementia Executive dysfunction
Progressive supranuclear palsy ~ Compulsions
Corticobasal degeneration Dietary changes
Artistic creativity
Alpha-synuclein Parkinson’s disease Parkinsonism
Dementia with Lewy bodies Fluctuations in cognition

Visual hallucinations
REM* sleep behavior disorder

Amyloid protein Alzheimer’s disease Amnestic-type memory disorder
Lexical selection-type naming deficit

REM*-Rapid eye movement

occur disproportionally in the frontal lobe and produce a dysexecutive syndrome
and behavioral abnormalities similar to those observed in frontotemporal demen-
tia and other primary tauopathies Johnson et al. 1999; Tekin et al. 2001). Thus,
when the tauopathy occurs within the context of a primary amyloid disorder, it
retains its fundamental pathological distribution and associated phenotype.

Table 3 summarizes the distinctive phenotypic features of the major pro-
teinopathies.

Implications for Treatment

Many shared pathological processes are now recognized among neurodegenera-
tive disorders. Hereditary forms of neurodegenerative diseases tend to feature
protein overproduction, whereas late-onset sporadic forms of the disease appear
to result primarily from abnormal protein accumulation and reduced degrada-
tion. In both cases, cellular processes involved in protein metabolism are over-
whelmed, typically leading to cellular toxicity and the accumulation of abnormal
protein deposits. Deposition of beta-amyloid protein is primarily extracellular
in the form of neuritic plaques; alpha-synuclein deposits take the form of intra-
cellular Lewy bodies and tau accumulation may be in the form of neurofibril-
lary tangles or other tau-positive intracellular accumulations (Taylor et al. 2002;
Lovestone and McLoughlin 2002; Ritchie and Lovestone 2002). Conformational
changes in proteins with the associated neurotoxicity lead to a variety of second-
ary toxic and function abnormalities, including excitotoxicity, oxidative stress,
mitochondrial injury, synaptic failure, inflammation, and altered metal homeo-
stasis (Bossy-Wetzel et al. 2004; Scheff and Price 2003; Barnham et al. 2004; Masli-
ah et al. 1996; Selkoe 2002; Kermer et al. 2004). This multiplicity of events offers
a variety of molecular targets for therapies that may limit the changes in protein
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metabolism or ameliorate secondary consequences contributing to the cogni-
tive, behavioral, and motoric compromises exhibited by patients with neurode-
generative disorders (Shoulson 1998; Trojanowski 2004). Torsin proteins reduce
polyglutamine-induced protein aggregation in cellular models relevant to Hun-
tington’s disease and suppress alpha-synuclein aggregation in models relevant
to Parkinson’s disease (McLean et al. 2002; Caldwell et al. 2003). In preliminary
studies, minocycline appears to have neuroprotective effects in mouse models of
Huntington’s disease (Chen et al. 2000) and amyotrophic lateral sclerosis (Zhu et
al. 2002). In initial clinical trials, antioxidant therapy with co-enzyme Q slowed
the progression of Parkinson’s disease (Shults et al. 2002), and alpha-tocopherol
and selegiline slowed the loss of functional symptoms in patients with AD (Sano
et al. 1997). Memantine has been shown to improve cognition and function rela-
tive to placebo in AD, and the reduction in excitotoxicity mediated via n-methyl-
d-aspartate (NMDA) receptor antagonist may be relevant to other diseases as well
(Reisberg et al. 2003; Tariot et al. 2004). Evidence of inflammation has been ob-
served in many neurodegenerative disorders, and treatment with anti-inflamma-
tory compounds may delay the onset or slow the progression of cell dysfunction
and death.

Earlier detection of patients at risk for neurodegenerative disease or evidenc-
ing the earliest manifestations, such as mild cognitive impairment, will allow ini-
tiation of therapy at a time when cellular injury is absent or mild. A better under-
standing of the processes that initiate protein misfolding may provide clues to
early clinical detection through better recognition of at-risk phenotypes.

Biological markers that identify patients who are therapeutic candidates
are also urgently needed. Proteomic analysis may allow detection of products of
abnormal protein metabolism early in the disease process. High sensitivity analy-
ses may also allow detection of evidence of secondary consequences (oxidation,
inflammation, apoptosis) and allow implementation of process-specific thera-
peutic interventions. Amelioration of disease progress through intensive charac-
terization of the phenotype remains the gold standard in determining the success
of therapeutic intervention.
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Towards a Molecular Classification
of Neurodegenerative Disease

John Hardy'

Traditionally, diseases have been classified as clinicopathological entities: a pa-
tient reports a distinctive set of symptoms, a clinician sees a distinctive set of
progressive signs and symptoms and, on pathological exam, the pathologist re-
ports lesions in brain regions that underpin these signs and symptoms. Nearly all
neuropharmacologic interventions are based on the pathoanatomy of the lesions.
This approach to disease has been extremely successful, and Western treatment
of disease is largely based on it. However, this approach to disease has been pal-
liative and there has been no knowledge of the causes of the damage.

Molecular genetic analysis is having an impact on this approach to disease in
two ways. First, it is offering a window on the etiology and pathogenesis of dis-
ease, making clear how diseases may be initiated. Second, it is showing that the
boundaries of diseases are not where they might have been expected to be (Hardy
and Gwinn-Hardy 1999). However, it has not yet had significant impact on clini-
cal practice beyond genetic counseling. It is to be hoped that treatment strategies
based on genetic knowledge will soon be developed.

The purpose of this chapter is threefold:

1) to discuss how genetic analysis has allowed the dissection of disease etiology,

2) to discuss how this has impacted on disease definition, and

3) to suggest how changing diagnostic and therapeutic practices may result from
genetics-based treatments.

Molecular Genetic Dissection Of Disease Etiology

The success of molecular genetic analysis in identifying the underlying defects in
Mendelian disease is well known; examples include prion mutations in heredi-
tary spongiform encephalopathies (Owen et al. 1989), APP (Goate et al. 1991) and
presenilin mutations in autosomal dominant Alzheimer’s disease (Sherrington
et al. 1995; Rogaev et al. 1995; Levey-Lahad et al. 1995), tau in Pick’s disease
(frontal temporal dementia with parkinsonism linked to chromosome 17: FTDP-
17) (Poorkaj et al. 1998; Hutton et al. 1998), a-synuclein in Parkinson’s disease
(Polymeropoulos et al. 1997) and multiple other genes in other parkinsonian syn-

! Laboratory of Neurogenetics, National Institute on Aging, National Institutes of Health,
Building 35, Room 1A1015, MSC 3707, Bethesda, MD 20892, USA

Cummings et al.

Genotype - Protéotype - Phenotype
Relationships in Neurodegenerative Diseases
© Springer-Verlag Berlin Heidelberg




12 John Hardy

dromes (Kitada et al. 1998; Bonifati et al. 2003; Valente et al. 2004), superoxide

dismutase mutations in ALS (Rosen et al. 1993) and multiple genes in other motor

neuron disease syndromes (Yang et al. 2001; Hadano et al. 2001; Hafezparast et al.

2003) as well as multiple genes in ataxic syndromes (Pulst 2003). In each of these

cases, the identification of the pathogenic mutations clearly marks the initiating

event in disease pathogenesis. Two issues are more complex, however:

1) if there are mutations in more than one gene that lead to disease, to what
extent can one suppose they mark a single pathway to cell death?

2) to what extent is it appropriate to infer that the pathogenetic mechanisms
from the rare Mendelian varieties of disease are involved in the more
common sporadic forms of disease?

One pathway to cell death in different Mendelian forms of disease?

In Alzheimer’s disease, parkinsonian syndromes, motor neuron disease and atax-
ic syndromes, there are mutations in multiple genes that can lead to disease, and
clearly it is important to determine whether these mutations mark a single path-
way to neurodegenerative disease or whether each acts in an entirely independent
way.

The most data are available for Alzheimer’s disease, in which the Mendelian
mutations are to the substrate and the enzyme responsible for liberating A from
APP by y-secretase cleavage (Wolfe et al. 1999). Clearly, in this case, it is parsimo-
nious to suggest that these mutations lead to disease through the same pathway,
starting with AP and leading through the other aspects of the pathology: tangles,
Lewy bodies and cell death (Hardy 1997). However, it is likely that the pathways to
cell death overlap with those of Pick’s disease and Parkinson’s disease, since cases
of Alzheimer’s disease with either APP or presenilin mutations develop tangles
and Lewy bodies (Lantos et al. 1992; Lippa et al. 2001) and APP transgenes poten-
tiate both tau (Lewis et al. 2000, 2001) and synuclein pathology in mice (Masliah et
al. 2000, 2001) with the relevant transgenes. Thus, in Alzheimer’s disease, it seems
that AP can initiate two (at least) pathways to cell death: one, through tau and
tangles, that resembles the cell death pathway initiated by tau mutations (Hardy
et al. 1998), and one through a-synuclein and Lewy bodies that resembles the cell
death pathway initiated by a-synuclein mutations (Hardy 1994).

The situation in parkinsonian disorders is more complex. Autosomal domi-
nant mutations in a-synuclein lead to a disease that often resembles idiopathic
Parkinson’s disease (Golbe et al. 1999) but sometimes resembles Lewy Body De-
mentia (Muenter et al. 1998; Zarranz et al. 2004); however, the disease always has
a pathology that is similar to, though often more extreme than, typical idiopathic
disease (Gwinn-Hardy et al. 2000Db).

Mutations in parkin cause a disease that usually has an early onset (Kitada et
al. 1998) and a very slow course, is recessive in inheritance and has no Lewy body
pathology (Hattori and Mizuno 2004). However, exceptions to all these state-
ments have been reported; associations with late onset and typical course have
been reported (Lucking et al. 2000), as have kindreds with autosomal dominant
disease (Klein et al. 2000) and Lewy body pathology. Parkin is a E3 ubiquitin ligase
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(Shimura et al. 2000), and one of its functions seems to be in protein degradation,
although there may be other functions. The one report of a direct interaction be-
tween parkin and a-synuclein has not been replicated (Shimura et al. 2001).

Mutations in DJ-1 (Bonifati et al. 2003) and PINK1 (Valente et al. 2004) seem
to lead to phenotypes that are similar to typical parkin encoded disease:, that is,
early onset, recessive inheritance with a slow course, and good response to dopa-
minergic medication, but no neuropathological examinations have been reported
yet. DJ-1 seems to be involved in signaling to the mitochondria when there are
conditions of oxidative stress (Canet-Aviles et al. 2004) and PINK1 is a mitochon-
drial kinase (Valente et al. 2004).

Thus, with hereditary parkinsonisms, it is very difficult to be certain whether
there is one or more pathways to cell death. The main problem is that there are
few or no reports of neuropathological examinations of mutation carriers and no
definitive molecular experiments linking the cognate genes to a single pathway.

With respect to motor neuron diseases, the nomenclature is even messier than
with the parkinsonisms, and the clinical phenotypes of ALS overlap with that of
Charcot Marie Tooth disease and hereditary motor neuronopathies (De Jonghe et
al. 2000). The major locus, ALS1, is superoxide dismutase (SOD1; usually autoso-
mal dominant; Rosen et al. 1993), and others include alsin (a GTPAse regulator of
unknown function; Yang et al. 2001; Hadano et al. 2001) and dynactin (dominant;
Puls et al. 2003), part of the retrograde transport system. There is no molecular
evidence of interactions between these molecules, and the dearth of pathological
reports concerning the pathology of such cases makes it very difficult to assess
whether these proteins and others that are implicated in the loss of motor neu-
rons mark one or many pathways.

The majority of ataxias are polyglutamine expansion disorders and they, to-
gether with Huntington’s disease, show intranuclear inclusions of polyglutamine
(Davies et al. 1999). With the similarity of the mutations and the pathology, as
well as the usual overlap of the clinical symptoms (but see below), one has to sup-
pose that disease mechanisms are shared. One interesting possible exception is
SCA®6, which involves polyglutamine expansion in a calcium channel (Zhuchenko
et al. 1997), other mutations in which cause episodic ataxia (Ophoff et al. 1996),
leaving open the possibility that, with this disease if not the others, there may be
other routes to cell death in play.

Is the pathogenic mechanism implicated in Mendelian forms
of disease relevant to sporadic disease?

In general, the sporadic forms of all the diseases are more common than the ones
with simple modes of inheritance: in Alzheimer’s disease and in Parkinson’s,
for example, less than 1% of the “typical” cases have clear modes of inheritance.
Clearly, it is of great importance to have some insight into whether the common
forms of disease are related, in terms of disease mechanism, to the hereditary
forms.
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On this issue, the most data are available for prion diseases; it is clear that the
prion protein is central and of initiating importance in all cases of the disease
(Prusiner 1998), and prion protein is the major component of the infectious agent
in these diseases. Prion genotype influences susceptibility to infectious (Collinge
et al. 1991) and sporadic disease (Palmer et al. 1991), and genetic evidence sug-
gests that expression levels of the prion protein are important in determining
susceptibility to sporadic disease (Mead et al. 2001). However, puzzlingly, many
of the mutant forms of protein do not lend themselves to infectivity, suggesting
there may well be some subtle differences in pathogenesis.

In Alzheimer’s disease, the argument about whether one can extrapolate from
the Mendelian forms of the disease to the more common, sporadic forms of dis-
ease has a long history. However, there are two moderately strong arguments that
this extrapolation is justified. First, the only established genetic risk factor for
typical late onset disease is apolipoprotein E (Corder et al. 1993): the precise role
of apoE in Alzheimer’s disease remains unclear but it does seem that it is involved
in AP metabolism (Bales et al. 1999). Second, genetic analysis of sibpairs with
late onset Alzheimer’s disease suggests two loci - one on chromosome 10 (My-
ers et al. 2000; Erteken-Taner et al. 2000) and the other at the APP gene itself on
chromosome 21 (Wavrant-DeVrieze et al. 1999) - that influence Ap metabolism.
Of course, the occurrence of Alzheimer’s disease in Down syndrome (Olson and
Shaw 1969; Prasher et al. 1998) implicates overproduction of AP as a risk factor
for the disease in general.

In the tau diseases, the position is very interesting: tau mutations cause a wide
range of phenotypes ranging from parkinsonism to dementia (Foster et al. 1997),
with very variable tau pathology (Spillantini et al. 1998). Among the sporadic dis-
eases, it is clear that the tau haplotype is a risk factor locus for the diseases, in-
cluding progressive supranuclear palsy (Baker et al. 1999), corticobasal degenera-
tion (Houlden et al. 2000) and argyrophilic grain disease (Togo et al. 2002). Thus,
in these diseases at least, the “diagnoses” are different between the hereditary
and sporadic diseases, but in some cases at least, the pathogenic mechanisms are
similar and are presumably shared with some of the pathogenic mechanisms of
cell loss in Alzheimer’s disease.

The situation in Parkinson’s disease is perhaps the most clear with respect to
a-synuclein. Genetic variability at the a-synuclein locus contributes to the risk of
sporadic disease (Farrer et al. 2001), with the high expressing haplotypes being as-
sociated with greatest risk (Chiba-Falek and Nussbaum 2001). This observation is
concordant with the observation of individuals with triplication and duplications
of the synuclein locus having autosomal dominant disease (Singleton et al. 2003).
The roles of parkin, DJ-1 and PINKI1 in idiopathic disease remain unclear.

For ALS and for the ataxias, the lack of detailed histopathology in most cases
of disease and the lack of genetic association studies mean that there is little that
can be adduced concerning the relationship between Mendelian and sporadic dis-
ease.

In conclusion, therefore, the bulk of the evidence suggests that, certainly in
prion disease, Alzheimer’s disease, and the tau and synuclein diseases, genetic
variability at the autosomal dominant loci contributes to the risk of sporadic
disease, suggesting that the sporadic diseases and the Mendelian diseases share
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pathogenic mechanisms (Singleton et al. 2004). This finding is an enormously im-
portant consideration for the development of treatments because these, in large
part, are validated on genetic models of disease.

The impact of molecular genetics on disease classifications

Whenever a gene is discovered for disease, it always leads to the realization that

the disease has a different and broader spectrum than was suspected. Again,

prion diseases led the way, first, with the realization that “spongiform encepha-

lopathies” (as the diseases were then named) included cases without spongiform

change (Collinge et al. 1990) and, later, with the realization that fatal familial in-

somnia was a prion disease (Medori et al. 1992). In these cases, while we do not

fully understand the reasons for the phenotypic variability in disease expression,

there are always five options that need to be considered:

1) genetic variability in cis in other words, the mutation itself or something else,
such as the variability in the promoter influences phenotype

2) genetic variability on the trans allele: in this case, variability on the patients’
other prion allele influences phenotype

3) variability elsewhere in the genome influences phenotype

4) environmental influences on phenotype

5) stochastic effects influence phenotype

In the prion diseases, it is clear that cis effects are important: the mutant al-
lele haplotype clearly influences the phenotype with, for example, fatal familial
insomnia and Creuzfeldt Jakob disease, because it is caused by the same muta-
tion on different backgrounds (Goldfarb et al. 1992). In addition, trans alleles
can often affect the age of onset of prion disease with codon 129 homozygosity,
but not always, because they are associated with earlier onset ages (Owen et al.
1990). There are no data yet concerning variability elsewhere in the genome af-
fecting the disease phenotype, but recent mouse data suggest that there are prion
disease-susceptibility alleles (Lloyd et al. 2001). It will be interesting to test these
as phenotype modifiers when they are identified.

In Alzheimer’s disease, the phenotype is extraordinarily constant. However,
even here the precise mutation leads to different ages of onset, probably deter-
mined partly by the size of its cellular effects on AP production (Murayama et al.
1999). In addition, it is clear that apoE genotype affects onset ages in both APP
and presenilin families (Houlden et al. 1993; Pastor et al. 2003). There are one defi-
nite and two possible exceptions to this homogeneity of phenotype of Alzheimer’s
disease. The definite exception is the occurrence of the spastic paraparesis/cotton
wool plaque variant of Alzheimer’s disease (Crook et al. 1998), which is caused by
those presenilin mutations that, in cell systems, have particularly large effects on
APP processing (Houlden et al. 2000). In addition, it seems that some presenilin
mutations present as a frontal dementia (Tang-Wai et al. 2002; Dermaut et al.
2004). The possible and potentially most important exception is the suggestion
that the presentation of Alzheimer’s disease in some of those of African back-
ground can be more “frontal,” with personality disorder being a presenting sign
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(Rippon et al. 2003), although this finding is not true in all families of African
descent (Heckmann et al. 2004).

In tau diseases, the range of the phenotype, both pathological and clinical, is
extraordinarily large, with purely dementing and purely parkinsonian phenotypes
being at the clinical extremes (Foster et al. 1997). The precise mutation clearly af-
fects the pathological phenotype to a great extent (Hutton et al. 1998; Spillantini
et al. 1998), but the cis haplotypic background and the trans allele haplotype may
also play a role, with the suggestions that H1 homozygotes (Baker et al. 1998) tend
to have a parkinsonian phenotype and H2 alleles may be more likely to lead to a
dementing phenotype (Walker et al. 2002; Woodruff et al. 2004).

In a-synuclein diseases, there has been an ongoing and previously inconclu-
sive debate about whether Parkinson’s disease and Lewy body dementia are one
disease or distinct entities: they are characterized by similar Lewy body pathology
but with different, though overlapping, distributions (Gibb 1989; McKeith et al.
1996). Genetic analysis has shown that these phenotypes can occur in the same
families, showing clearly that they involve the same pathogenic process (Zarranz
et al. 2004; Muenter et al. 1998). The variables influencing this phenotypic spread
are not clear, but the apolipoprotein E genotype may contribute to this variability
(Lippa et al. 1995). Apolipoprotein E4 alleles predispose to A pathology (Bales et
al. 1999) and, in mice, AP pathology potentiates synuclein pathology (Masliah et
al. 2001), so such an interaction is mechanistically plausible.

Finally, in the ataxias, an interesting observation has been that SCA2 and SCA3
in European populations are associated with ataxia (Pulst 2003), but in Chinese
populations, SCA2 mutations, and in African populations, SCA3 mutations are
often associated with parkinsonian phenotypes (Gwinn-Hardy et al. 2000, 2001).
These observations relate to the distributions of the phenotypes and are not abso-
lutes (Furtado et al. 2004; Subramony et al. 2002), but they most likely relate to the
influence of genetic variability elsewhere in the genome (Hardy et al. 2003).

Thus, the effects of cis variability on varying disease phenotype have been
frequently established: trans allele effects have been demonstrated in prion and
possibly in tau diseases; the effects of genetic variability on disease phenotype
have been firmly demonstrated for the apolipoprotein E locus in Alzheimer’s dis-
ease and may also be important in synuclein diseases; and genome-wide allelic
effects are likely to be important in the observation of racial differences of disease
expressivity. Environmental and stochastic influences have never been system-
atically examined but probably also play a role in determining disease outcome:
indeed, if one considers drug treatment as an “environmental influence,” it is our
hope that we can influence disease outcome through a changing environment.

Changing diagnostic practices will result
from genetics-based treatments

Presently, most treatments are neurotransmitter based and their prescription is
largely determined by diagnosis. Diagnosis is dependent on the pathoanatomy of
the disease, which underpins the transmitter deficit. Of course, this is a simplistic
view and fuzzy logic operates at all points in this chain: in practice, clinicians



Towards a Molecular Classification of Neurodegenerative Disease 17

use whatever “works” in their patient. However, to effectively use therapies based
on genetic knowledge, which are aimed at pathogenesis rather than at pallia-
tion, clinicians will need to be able to recognize etiologies: “Parkinson’s disease”
caused by a SCA2 repeat expansion will respond differently to treatment than
Parkinson’s disease: Lewy Body Dementia and Parkinson’s disease will, however,
probably respond to the same treatments. Progressive supranuclear palsy and Al-
zheimer’s disease may respond to the same drugs if they target tau-based neuro-
degeneration, but only Alzheimer’s disease will respond to therapies aimed at Ap.
Clearly, the major problem ahead of us is developing therapies guided by genetic
knowledge (Hardy 2004), but a subsidiary issue is making sure that our diagnostic
practices ensure the right patients receive each drug. While it may seem as if this
is just a theoretical concern, it is possible that the reason a recent therapeutic trial
for ALS failed in humans (Groeneveld et al. 2003) but worked in SOD1 transgenic
mice (Klivenyi et al. 1999) was because it is not yet clear whether idiopathic ALS is
pathogenically related to SOD1-encoded disease. Thus, determining pathogenesis
on a patient-by-patient basis will be increasingly important.
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Racial and Ethnic Influences on the Expression
of the Genotype in Neurodegenerative Diseases

Katrina Gwinn-Hardy'

Introduction

Although racial and ethnic variability and genetics are the subjects of consid-
erable modern hype, the concepts underlying them are longstanding in clinical
practice. Current and developing genetic techniques make it possible to study
genomic variation between population groups and allow testing of the hypothesis
that diseases have divergent clinical features between populations. There is grow-
ing evidence that race and ethnicity modulate disease via genetic background, al-
though it is difficult to consider this separately from the influence of environment
on the phenotype, since ethnicity may correlate with geographic and behavioral
differences. Additionally, phenotypes differ within as well as across different ra-
cial and ethnic groups. Genetic, epidemiologic and pathologic investigations of
neurodegenerative disease in different populations are required to further clarify
the importance of these findings. Such investigations present challenges from a
design standpoint and require consideration of political concerns. However, they
are essential if we are to achieve appropriate diagnosis and treatment globally.
The definition of the most appropriate treatment is that which addresses the un-
derlying biology of disease. Once the diagnosis and treatment for neurodegenera-
tive diseases are based on an understanding of pathogenesis, these differences in
the phenotype will be of even greater clinical relevance.

Definitions of Race, Ethnicity

The terms “race,” “ethnicity” and “ancestry” are often used interchangeably and

overlap with the terms “culture” and “geographical isolates.” It is likely that these

terms will have some important distinctions from each other as the science of
genetic epidemiology evolves. A recent Nature Genetics editorial defined race as
one of the following:

- “avague unscientific term for a group of genetically related people who share
certain physical characteristics; a distinct ethnic group characterized by traits
transmitted through offspring; each of the major divisions of humankind, hav-
ing distinct physical characteristics; a group of individuals who are more or
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less isolated geographically or culturally, who share a common gene pool, and
whose allele frequencies at some loci differ from those of other populations”
(Editorial 2000).

That editorial further defined an ethnic group as:

- “apopulation of individuals organized around an assumption of common cul-
tural origin or those individuals with a common national or cultural tradition:
a social group or category of the population that, in a larger society, is set apart
and bound together by common ties of race, language, nationality or culture”
(Editorial 2000).

It is notable that the definition of race includes genetic features prominently. Both
race and ethnicity have relevance for genetic studies, especially genotype-pheno-
type studies. However, how these terms are best applied in biomedical research
remains to be further refined.

Complex Disease
Racial and Ethnic Differences in Classical Medical Teaching

That disease may appear differently in different racial groups is not a new concept
to medicinal practice. When a clinician considers treatment based on gender or
family history, he/she is, broadly speaking, using genetic principles, since gender
and family history are determined by genotype. Individuals with a family his-
tory of heart disease or colon cancer, for example, will undergo more aggressive
screening than those who do not. Asking patients to list their allergies is also a
form of rudimentary genetic inquiry, since many allergies “run in families” and
are likely due to genetic variations. This tendency is particularly well known in
the field of anesthesiology, where a family history of a “bad reaction” to anes-
thesia is considered a red flag prior to surgery. It is widely accepted among clini-
cians that some racial and ethnic groups differ significantly in terms of incidence
and mortality rates from different types of disease. For example, black Americans
have a higher risk of esophageal cancer, multiple myeloma, and stomach cancer,
whereas white Americans have a higher incidence of melanoma, leukemia, and
some lymphomas (Perera 1997). Note that, because exposures may also differ be-
tween these groups, studies designed to determine the effect of ethnicity on these
phenotypes are methodologically complicated.

There are clear cases of Mendelian mutations leading to disease in primar-
ily a single racial group. Examples include hereditary hemochromatosis due to
Cys282Tyr mutation homozygosity, which is rare among Indians and Chinese but
occurs in 7.5 % of Swedes (Beckman et al. 1997). Sickle cell anemia is prevalent
among African origin people; no one would fault a clinician for ordering a lab
test for sickle cell anemia only on black Americans with stroke. These examples
are some among many, which not only underscore the importance of clinical and
genetic differences across racial and ethnic groups but also their broad clinical
utility. A particularly interesting example is that of the BRCA mutation, which



Racial and Ethnic Influences on the Expression 27

increases the risk of early-onset breast cancer in females and is more common
in Ashkenazi Jews; a significant minority of Jewish women surveyed have grave
concerns regarding testing based on ethnicity (Lehmann et al. 2002). The con-
troversies surrounding genetic testing of Jewish women and prophylactic mas-
tectomy in those who have mutations will inform decision-making processes in
other disease areas as our knowledge increases.

Ethnicity and race: political or scientific?

How terms are defined depends on their intended use and scope. The Nature Ge-
netics definition (above; Editorial 2000) will guide science (see also Rosenberg
et al. 2002; Balter and Gibbons 2003). Other definitions have been developed for
the formulation of public policies and other governmental and societal functions
(Schwartz 2001). What is the best means of racial and/or ethnic identification? Re-
cently, self-identification has become the standard. However, even self-identifica-
tion of race can be problematic, particularly in a country such as the United State
of America where admixture is common. The Office of Management and Budget
of the US allows multiple responses to a question on racial identification in the
US Census. According to a New York Times article on the subject, about seven
million people identified themselves as members of more than one racial group in
the 2000 census (Schmitt 2001). Furthermore, about 800,000 people in that same
census apparently defined themselves as being both white and black (Schmitt
2001). This degree of multiracial identification underscores the heterogeneity of
the US population and reveals how difficult it might be to ask a scientific question
regarding ethnic or racial identity in the existing culture of US society.

Only relatively recently has there been adequate recognition of the fact that,
in the past, certain subgroups of people were not adequately represented in clini-
cal research, including in clinical trials. To address this significant concern, the
US National Institutes of Health (NIH) has developed a policy on the inclusion
of women and minorities as subjects in clinical research, http://grants.nih.gov/
grants/funding/women_min/guidelines_amended_10_2001.htm, which states
that all NIH-funded clinical research must be carried out in a manner sufficient
to elicit information about individuals of both sexes/genders and diverse racial
and ethnic groups. Additionally, particularly in NIH-defined Phase III clinical tri-
als, trials must include women and minorities in order to examine differential
effects on such groups. Since a primary aim of research is to provide scientific
evidence leading to a change in health policy or standard of care, it is imperative
to determine whether the intervention or therapy being studied affects women,
men, or members of minority groups and their subpopulations differently. It
remains unclear, however, how subset analysis should be considered (Brennan
1999; Iannuzzi et al. 2002; Wacholder et al. 2000). A principal tenet of clinical tri-
als design is that the intervention should not be expected to operate differently
among the various subsets of participants (Friedman et al. 1998). This tenet raises
a methodological issue: additional subgroup analyses require larger sample sizes
and run the risk of erroneous conclusions due to multiple testing. It is likely that
these concerns will become increasingly important as the realm of clinical tri-
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als expands towards pharmacogenetics, which will require the evolution of both
clinical trials methodology and public policy.

Diagnostic Criteria for Neurodegenerative Diseases
How Is a Diagnosis of a Neurodegenerative Disorder Reached?

The brain is not generally examined directly during life; exceptions include biop-
sy in the case of tumors, some infections, and suspected prion disease. Classically,
diagnostic criteria were developed once the clinical entity was defined and those
entities were correlated with the neuropathological findings felt to be pathogno-
monic. Therefore, diagnoses of neurodegenerative disease are made post-mor-
tem, when the brain can be examined and findings can be correlated with a his-
tory of similar symptom constellations during life. These defining studies were
largely done in Caucasians and in the Japanese population, to a lesser degree.
With genetic testing now available, there are exceptions where diagnoses can be
made during life, and even before the onset of symptoms. When these molecular
diagnoses do not fit with what is expected clinically or pathologically, dogma is
challenged, which is disconcerting to the academic community.

An important example showing the shift in how neurodegenerative diagnosis
is made is Pick’s disease. Classically, Pick’s disease is defined as a dementing ill-
ness during lifetime that has the pathologicial features of frontotemporal lobar
atrophy and argyrophilic inclusion bodies within the cytoplasm (Pick’s bodies;
Bradley et al. 1991). Pick’s disease, then, is classically a clinicopathological entity.
As genetic information on this disorder expanded, the disease was enveloped in
the broader term, frontotemporal dementia, linked to chromosome 17 (FTDP-
17). This renaming was precipitated by an international consensus conference
that brought researchers together who had studied 13 apparently unrelated kin-
dreds whose autosomal dominant neurodegeneration syndrome showed link-
age to chromosome 17 (Foster et al. 1997). Ultimately, mutations in the tau gene
revealed a single genetic cause. (Hutton et al. 1998; Spillantini et al. 1998). This
shift from neuropathological diagnosis to genetic or underlying cellular process,
analysis as a means of diagnosis has allowed us to rethink our classic categoriza-
tions. Part of this rethinking is the idea that a given genotype leads to a rigidly
defined phenotype.

It is difficult to determine whether disease phenotypes, used for gene discov-
ery, diagnosis, and treatment, are similar across racial and ethnic groups because
of the paucity of clinicopathological studies in non-Caucasians. This lack of infor-
mation has led to a fundamental, although possibly flawed, assumption in epide-
miological cross-cultural comparisons of disease: that clinically defined disorders
are similar in cause and outcome across racial and ethnic groups (Hardy et al.
2003).
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Influences of Race and Ethnicity on the Phenotype
Monogenic Neurodegenerative Diseases as an Example

Taking monogenic neurodegenerative diseases as an example, one notes that, as
reports of disease in various racial and ethnic groups increase, there are increas-
ing numbers of disparate phenotypes between these groups.

The spinocerebellar ataxia (SCA) 2 gene was discovered on chromosome 12q
in 1996 (Pulst et al. 1996; Sanpei et al. 1996). The classic phenotype is that of ataxia
with other features, including ophthalmoplegia and peripheral neuropathy; this
phenotype is known to be variable not only across racial and ethnic groups but
also across, and even within, families (Gwinn-Hardy et al. 2000). SCA2 mutations
usually present with a pure ataxia syndrome in Caucasians (Schols et al. 1997),
but in some Chinese families a phenotype occurs that is almost indistinguish-
able from Parkinson’s disease (PD) clinically and on PET neuroimaging (Table 1;
Gwinn-Hardy et al. 2000; Shan et al. 2001; Lu et al. 2002). As noted in Table 1, the
phenotype within a given family, the Taipei Kindred, ranges from ataxia to mixed
ataxia-parkinsonism to “pure” parkinsonism (Gwinn-Hardy et al. 2000). As re-
peat sizes increase, the phenotype more closely resembles ataxia. In comment-
ing on these findings, Kock et al. (2002) stated that, in a study of 270 unrelated,
largely Caucasian and a few east Indian PD patients, they found no expanded
SCA2 alleles, confirming that genetic contributions to a given clinical diagnostic
entity differs, across racial and ethnic populations. Subsequently, Lu et al. (2002)
revealed that, in their series of ethnic Chinese in Taiwan, SCA2 is responsible for
almost 10% of familial parkinsonism cases. Pathological studies of SCA2 (done in
Caucasians) show degeneration of the olivopontocerebellar regions as well as se-
vere neuronal loss in the substantia nigra, striatum, pallidum, and even neocortex
(Estrada et al. 1999). Thus, one would not be surprised to find parkinsonism, and
even dementia, as a phenotypic manifestation in addition to that of ataxia even in
Caucasians. Such is indeed the case (Furtado et al. 2002). Clearly, this difference is
quantitative rather than qualitative, since nigral loss probably occurs in all SCA2
cases, but in Caucasians this nigral loss may not typically be enough to be clini-
cally relevant. Related observations have been made in SCA3 mutation carriers
(Rosenberg and Fowler 1981). As in SCA2, in SCA3 (Machado Joseph disease),
affected members of Caucasian families typically present with ataxia, although
mixed ataxia-parkinsonism is also seen (Tuite et al. 1995): in contrast, in people
of African origin with SCA3, ataxia overlapped by parkinsonism in a given patient
is common (Table 2; Gwinn-Hardy et al. 2001; Subramony et al. 2002). Chinese
kindreds in whom affected members have typical PD have also been found with
SCA3 expansions (Chung et al. 2003).

It is notable that the PD phenotype for both SCA2 and 3 may be more common
in those with intermediate-range repeat numbers; this narrow range requires pre-
cise determination of repeat size, which is not done by all diagnostic laboratories
(Hussey et al. 2002). Therefore, when ruling out SCA2 and SCA3 as a cause of PD,
itis important that methods that accurately assess the repeats in this intermediate
(a.k.a. borderline) range be used.
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Table 1. Clinical features in SCA2 Chinese subjects

Taipei Kindred SCA2
Subject # Ataxia Parkinsonism Dopamine Diagnosis
features esponsive

3013 n y y PD
4017 n y y PD
4002 n y n PSP

SCA2, spinocerebellar ataxia type 2; SCA3, spinocerebellar ataxia type 3; PD, Parkinson’s dis-
ease; PSP, progressive aupranuclear palsy; u, unknown. Diagnoses were clinical diagnoses by
the subjects’ neurologist. Those with ataxia are shaded in red, mixed features in tangerine, and
Parkinsonism, including PD and PSP, in lemon (see also Gwinn-Hardy et al. 2001, 2002).

Other examples include in Dentatorubropallidoluysian Atrophy (DRPLA) and
Alzheimer’s disease (AD). The DRPLA phenotypes in Japanese and European pop-
ulations and Haw River syndrome in African Americans were disparate enough to
hide the fact these diseases were caused by the same gene mutation (Burke et al.
1994; Nagafuchi et al. 1994). Presenilin mutations, known to cause typical, albeit
early onset AD, have been described widely in Caucasian and Japanese patients,
usually causing predominant memory loss (Warrington et al. 2001), but in the
single reported example of a presenilin mutation occurring in an African kindred,
personality changes and disinhibition were early features (Rippon et al. 2003).

Note, however, that none of the above discussed studies are population based.
To truly determine if these trends are reflective of an overall racial difference,
genetic epidemiology studies are needed. If these findings are, indeed, verified
across populations, there would be a significant impact on our understanding of
the incidence and prevalence of neurodegenerative disease categories. Although
the burden of disease may be similar between racial and ethnic groups, the clini-
cal diagnoses may differ. Studies of diseases such as AD and PD, diagnosed based
on consensus criteria designed in Caucasians, may give lower rates of disease in
other populations (because true cases will be “missed” that are phenotypically
outside the traditional syndrome). These criteria have been fine-tuned to exclude
all “similar” diseases, which may actually be the clinical manifestations of that
same disease in another population. A recent review (McInerney-Leo et al. 2004)
noted that many articles on PD state that this disease is less common in African
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Table 2. Clinical features in SCA3 African American/Caribbean and Caucasian families (multi-
ple kindreds)

SCA3 African American, Caribbean

Subject Ataxia Parkinsonism Dopamine Diagnosis
features responsive

9717 n y u u
21 y y y PD

9718 y y y PD

2001 n y y PD

3002 n y y PD

3012 n y y PD

018 n n u dystonia

SCA3 Caucasian
Subject # Ataxia Parkinsonism Dopamine Diagnosis
features responsive

SCA2, spinocerebellar ataxia type 2; SCA3, spinocerebellar ataxia type 3; PD, Parkinson’s Dis-
ease; PSP, progressive supranuclear palsy; u, unknown. Diagnoses were clinical diagnoses by
the subjects’ neurologist. Those with ataxia are shaded in red, mixed features in tangerine, and
Parkinsonism, including PD and PSP, in lemon (see also Gwinn-Hardy et al. 2001; Subramony
et al. 2002).
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origin people than in Caucasians. Additional study is needed, but, one reason this
might appear to be the case could be that alpha-synucleinopathy, which is proba-
bly a major cause of typical PD in Caucasians, may present with different diagnos-
tic features in non-Caucasians. There is a call for appropriate neuropathological
and genetic epidemiological studies across all racial groups to answer some basic
questions regarding genotype-phenotype.

Therapeutic Implications

Of great importance are the therapeutic implications of racial and ethnic differ-
ences in phenotype. Patients with similar clinical phenotypes might need differ-
ent treatments if that phenotype has an entirely different molecular cause. Once
therapies are based on an understanding of pathogenesis, these differences will
need to be recognized.

Some argue against the use of racial/ethnic categories in genetic and other
clinical research studies because of the risk of furthering divisiveness and allow-
ing perpetuation of harmful stereotypes that might arise from classifying people
by race/ethnicity (Bogue and Edwards 1971; Terris 1973; Azuonye 1996; Fullilove
1998). Others have argued that documenting health disparities justifies contin-
ued racial and ethnic categorization of clinical study participants (LaVeist 1996;
Williams 1997; Kreiger et al. 1999; Srinivasan and Guillermo 2000; Flores 2001).
An additional argument in favor of continued classification is that it may aid the
study of pharmacogenetics and genetic epidemiology. A “race-neutral” approach
to genetic research would not reveal the influence of race on the phenotype. Ad-
ditionally, the above data suggest that such an approach would increase the risk
of misclassification of some neurodegenerative disease entities. Determining if
Caucasians, African Americans, Hispanics, Native Americans, Pacific Islanders
or Asians respond similarly to a given treatment requires that these groups be
considered individually (Risch et al. 2002). Careful consideration must be given
in clinical studies to the way in which race and ethnicity are conceptualized, the
choice and definition of categories, and the way in which individuals are assigned
to categories. It is likely that the definitions given by Nature Genetics, which are
extremely valuable, will become even more refined as our sensitivity grows.

Summary and Recommendations for Directions

The above discussion is important for several reasons. First, it is important ge-
netically; it suggests that there are modifier genes that subtly alter disease phe-
notypes. As we understand the pathogeneses of these diseases more clearly, we
should expect some of the genes in the pathogenic pathways to have different
allele frequencies in different racial groups.

Second, it is important diagnostically and therapeutically. The classical path-
way of disease definition had been to clarify a constellation of symptoms, as James
Parkinson did at the turn of the century. Subsequently, pathological correlates
were sought. Thereafter, gene discovery took place, based on a single “diagnosis,”
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i.e., a constellation of symptoms and signs to allow categorization during life and
predict natural history and treatment response. Future treatments for neurode-
generative diseases are likely to be based on molecular pathogenesis, not merely
palliative measures, as they are currently. This approach will allow treatment to
stem from the underlying biology of disease and, hence, to tackle the disease at
its root cause rather than in a series of what might be common final pathways
for a variety of biological processes, all leading to similar or the same phenotype.
Patients with similar clinical phenotypes might need very different treatments,
depending on genetic cause or risk factors. For example, based on the above-dis-
cussed data, treatment decisions in ataxia will be relevant to a subset of PD pa-
tients, and the size of this subset will differ in differing populations. This is likely
to be true for a variety of disorders. Inclusion/exclusion criteria for clinical stud-
ies may need to consider molecular characterizations as well, in order to refine
diagnostic categories and allow more sophisticated treatment response analyses.

We need additional genetic, epidemiologic and pathologic investigations of
neurodegenerative disease in different populations. In these investigations, it will
be inappropriate to naively and uniformly apply consensus criteria derived from
the analysis of Caucasian populations: rather, criteria will have to be considered
in many ethnic and racial groups. Such investigations, despite their challenges
from a design standpoint, are essential if we are to achieve appropriate diagnosis
and treatment for non-Caucasian and Caucasian populations alike.

Several studies have looked at a given disease and, within that diagnosis, deter-
mined differences in genotype for differing manifestations. It is time to tackle this
from the opposite angle: by using genetic factors to define the underlying biology,
we can broaden our understanding, both clinical and, ultimately, pathological,
of the possible phenotypes that might be manifest as a result of a given genetic
variant.

These differences in phenotype that are influenced by racial and ethnic back-
ground are not silos: they do not stand in isolation from other diagnostic entities.
Though admixture could certainly explain the overlap in phenotypes in Caribbe-
an black families and Caucasian families (Gwinn-Hardy et al. 2001; Subramony et
al. 2002), such admixture cannot explain the overlap in the Mendelian families in
Taiwan (ethnic Chinese; Tables 1, 2). In these cases, the phenotypic range is most-
ly the same as that of Caucasians: the differences lie at the edges of the phenotype.
However, these edges are extremely important from a public health standpoint,
as we may be making diagnoses that we suspect reflect one underlying biological
process but actually reflect another.

A major discussion has arisen recently regarding optimal strategies for racial
categorization, especially in the United States, for the purpose of biomedical re-
search. (Risch et al. 2002) It is important to know whether particular individu-
als within the population are more susceptible to particular diseases or are most
likely to benefit from certain therapeutic interventions. The data reveal, paradox-
ically, that both are right: Racial and ethnic divisions are meaningless, since dis-
eases can and often do look the same across racial and ethnic groups; conversely,
racial and ethnic variability can influence the phenotype in ways that can have
dramatic therapeutic implications. As inscribed on the frieze on the facade of the
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National Academy of Sciences building, in Washington DC, USA, the advice from

Aristotle's "Metaphysics" is fitting indeed. In English, it reads:

- "The investigation of truth is in one way hard and in another way easy. An indi-
cation of this is found in the fact that no one is able to attain the truth entirely,
while on the other hand no one fails entirely, but everyone says something true
about the nature of things, and by the union of all a considerable amount is
amassed." (Kelly 2004)

A single gene or genetic risk factor can no longer simplistically be considered as-
sociated with a single phenotype: the phenotype is likely to vary based on many
factors, including ethnicity and race. Genotype-phenotype studies are neither lin-
ear nor even bi-directional but spiral, informing each other and allowing ongoing
refinement of our understanding of each.
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Causes and Consequences of Oxidative Stress
in Neurodegenerative Diseases

Domenico Pratico’

Summary

As people worldwide live to an older age, dementia, whose best-known risk factor
is aging, has become a serious growing public health problem. While Alzheimer’s
disease (AD) is the most frequent cause of dementia, other progressive neurode-
generative disorders can be responsible for it. For these reasons, they are grouped
as non-AD dementias. There is evidence that reactive oxygen species-mediated
reactions, particularly of neuronal lipids, are present in brains affected by both
types of dementing disorders. Traditional views have claimed that oxidative-me-
diated brain injury in these diseases is merely the result of the neurodegenera-
tive processes. While numerous investigations have shown that oxidative stress
is increased in AD, conflicting results exist for the heterogeneous group of non-
AD dementias. The availability of specific and sensitive markers to monitor in
vivo oxidative stress, in combination with studies performed in living patients,
are helping us to elucidate these issues. This paper summarizes some of the most
recent research on the relevance of oxidative stress and lipid peroxidation in AD
and non-AD dementias. The evidence accumulated so far clearly indicates that
oxidative stress is an early and specific aspect of AD pathogenesis but not of the
pathogenesis of other dementias. This new concept implies that this phenomenon
is not a general and common pathway of the neurodegenerative process, but it
may play a more specific and important role in AD than in non-AD dementias.

Introduction

As people worldwide live to an older age, dementia, whose best-known risk fac-
tor is aging, has become a serious growing public health problem. Alzheimer’s
disease (AD) is the most frequent form of neurodegenerative disease associated
with dementia in the elderly (Clark 2000). Aging, or senescence, the strongest risk
factor for developing AD, is a typical feature of the post-reproductive phase of
life. It manifests in all multinuclear organisms and is characterized by a progres-
sive reduction in the efficacy of a number of physiological processes. This decline
translates into a reduced capacity to maintain homeostatic control of important
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functions and finally results in death of the organism (Pratico 2002). Almost 50
years ago, Deham Harman (1956) proposed that the aging process is the result of
a free radical-mediated damage to tissues or organs. At the core of this theory is
the hypothesis that a progressive accumulation of oxidative damage is the funda-
mental cause underlying senescence-associated alterations. Following this theory,
it has been proposed that oxidative stress may also be of functional importance
in the pathogenesis of several neurodegenerative disorders (Pratico and Delanty
2000). In a situation of oxidative imbalance, an excessive production of reactive
oxygen species (ROS) in the brain would lead to oxidative stress and possibly, as
a final result, to neuron degeneration. The brain is highly sensitive to oxidative
stress since it is very rich in easily peroxidizable fatty acids, has a high request for
oxygen, and has a relative paucity of antioxidant systems. Furthermore, it has a
high content of transition metals, such as iron, and high ascorbate levels, which
together act as potent pro-oxidants (Floyd 1999).

Depending on the substrate attacked by ROS, oxidative stress will manifest as
protein oxidation, DNA oxidation or lipid peroxidation. All of these signature
markers of oxidative damage have been described in the AD brain, and a role
for it has been widely discussed in the pathogenesis of AD (Smith et al. 2000;
Christen 2000). In general, oxidative damage in the central nervous system pre-
dominantly manifests as lipid peroxidation, because the brain has a very high
lipid content and, in particular, high levels of polyunsaturated fatty acids that
are easily susceptible to ROS attack (Pratico 2002). However, oxidative stress and
subsequent lipid peroxidation could also be secondary to neuronal degeneration
per se. Despite this evidence, efforts to elucidate the role of lipid peroxidation in
vivo have been hampered by the limited availability of markers, which have been
of marginal value for research or diagnosis owing to their chemical instability or
their lack of sensitivity or specificity (Halliwell and Gutteridge 1999). F,-isopros-
tanes are a new class of lipids produced by free radical-catalyzed peroxidation of
free or esterified fatty acids present in cell membranes, from which they can be
cleaved, can circulate in blood and can be excreted in urine (Pratico et al. 2001).
Differently from other lipid peroxidation products, they are chemically stable and
present in detectable amounts in all normal biological fluids and tissues (Pratico
et al. 2001). For these reasons, they provide a reliable index for assessing the oxi-
dant component of several diseases in vivo, and growing amounts of data have
accumulated clearly showing that they are specific and sensitive markers of lipid
peroxidation.

Oxidative stress in AD

A considerable number of studies have been published on lipid peroxidation and
AD. Most have been performed on post-mortem brain tissues, some using quanti-
tative (biochemical) and some qualitative (histochemical) assays to demonstrate
lipid peroxidation. In this article I will focus my attention only on the quantitative
analyses.

Historically, malonaldehyde (MDA) and the thiobarbituric acid-reactive sub-
stances (TBARS) assays have been the first and most employed techniques to bio-



Causes and Consequences of Oxidative Stress in Neurodegenerative Diseases 39

chemicallly quantitate lipid peroxidation in AD. The majority of these investiga-
tions have shown higher MDA and/or TBARS levels in AD than in control brains
(Subbarao et al. 1990; Balazs and Leon 1994). Several studies have attempted to
measure serum and plasma levels of MDA in living patients with AD, but con-
flicting results have been reported (Jeandel et al. 1989; Bourdel-Marchyasson et
al. 2001). Another by-product of the oxidation of PUFA that has been quantified
is 4-hydroxy-2-nonenal (4-HNE). Its levels have been reported to be elevated in
AD brain tissue as well as in ventricular cerebrospinal fluid (CSF) (Markesbery
and Lovell 1998; Lovell et al. 1997). However, its use in biological systems has
been relatively limited, because its levels are generally low and large quantities of
sample are needed to measure it.

Initially, we investigated levels of two distinct F,-isoprostanes isomers — iPF2,-
III and iPF,,4-VI - in post-mortem brain tissues from AD patients. We compared
them to levels in tissues of patients with other neurological disorders and to neu-
rologically healthy controls (Pratico et al. 1998). We found that the levels of these
two isomers were markedly higher in both frontal and temporal poles, as well as
in the ventricular CSF of AD subjects than in the other groups. Remarkably, no
such difference was observed in the cerebellum, an area traditionally devoid of
the pathological hallmarks of the disease. This study confirmed that oxidative
stress is a feature of AD, and that it localizes in areas specifically affected by the
disease.

However, the study did not address the question of whether or not oxidative
imbalance and subsequent lipid peroxidation are early components or final com-
mon steps of the neurodegenerative process in AD. For this reason, we collected
urine, plasma and CSF from subjects with a clinical diagnosis of AD and from age-
matched controls (Pratico et al. 2000a). We found that, compared with controls,
AD patients had increased CSF, plasma and urinary levels of a major F,-isopros-
tane, 8,12-is0-iPF,,-VI. Urinary and circulating plasma levels of this isoprostane
directly correlated with the levels in CSF of AD patients, suggesting a common
mechanism of formation: brain oxidative stress. Interestingly, we observed a di-
rect correlation between CSF 8,12-1s0-iPF,,-VI levels and CSF tau and an inverse
correlation with the percentage of CSF Af1-42 in AD patients. Furthermore, we
found a significant correlation between 8,12-is0-iPF,4-VI CSF levels and the se-
verity of the dementia in AD patients, as measured by two of the most common
cognitive tests, the mini-mental state examination and the dementia severity rat-
ing scale (Pratico et al. 2000a).

Taken together, these findings suggest that elevation of this isoprostane not
only reflects brain oxidative stress but also correlates with the progression of the
disease. To further confirm this observation, we assayed plasma levels of several
endogenous anti-oxidants in these patients. We found that, while there was no
difference between AD patients and controls for vitamin A, uric acid and p-caro-
tene levels, a significant difference was observed for vitamin C, E, lycopene and «-
carotene levels (Pratico and Sung 2004). Our studies support the hypothesis that
oxidative imbalance and subsequent lipid peroxidation occur early in the course
of this dementing disorder, thereby implicating them as potential contributors
to brain degeneration in AD. Furthermore, the fact that urine levels correlated
with CSF levels offers, for the first time, the potential for using a non-invasive tool
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to investigate brain oxidative damage and to monitor therapeutic responses in
AD. These findings were recently confirmed by two different groups (Tuppo et al.
2001; Kim et al. 2004).

To further confirm that brain oxidative imbalance is an early event in AD, we
assayed levels of 8,12-is0-iPF,,-VI in young patients with Down’s syndrome. It is
known that these subjects exhibit increased concentration of A in the brain, with
a precocious AD-like pathology and dementia later in life (Coyle et al. 1986). We
found elevated 8,12-is0-iPF,,-VI levels in urine samples of subjects with Down’s
syndrome compared with those of matched controls, which correlated with the
duration of the disease (Pratico et al. 2000b).

AD has a long stage of neuropathological changes and cognitive decline before
it is diagnosed. In recent years, it has been shown that the onset of AD is preceded
by an interim phase known as mild cognitive impairment (MCI). Despite the po-
tential heterogeneity of an MCI diagnosis, some studies have suggested that this
condition is associated with up to a 50% probability of progressing to symptomat-
ic AD within a four-year period (Petersen et al. 2001). Since individuals with MCI
are felt to be at high risk to progress to a clinical diagnosis of AD, we have inves-
tigated if they, similar to AD patients, have signs of brain lipid peroxidation and
oxidative stress. For this purpose we compared the levels of 8,12-i50-iPF,,-VI in
urine, plasma and CSF in AD and MCI subjects and age-matched controls (Prat-
ico et al. 2002). First, we confirmed that the AD patients had the highest levels of
this marker among the three groups. However, we found that the patients who
met standardized clinical criteria for MCI also had increased CSF, plasma and
urinary levels of 8,12-is0-iPF,4-VI compared with cognitively normal elderly con-
trols. In accordance with previous reports, we found that, among the three groups
studied, AD patients had the highest values for CSF tau and the lowest percentage
of CSF AP1-42 (Andreasen et al. 2001). No significant difference was observed
between MCI subjects and age-matched controls for either CSF marker. By con-
trast, MCI subjects had CSF 8,12-is0-iPF,4-VI levels that were significantly higher
than those in controls. Taking into account that CSF tau and the percentage of
CSF AP1-42 levels are considered to be good markers of AD neuropathology and
disease progression, this observation would further support the hypothesis that
brain oxidative stress is present before the detection of the typical neuropatho-
logical changes of early AD (Nanomura et al. 2001). Remarkably, in our study
we found that MCI subjects are different from elderly control subjects only with
respect to this marker of oxidative stress. This finding suggests that measurement
of 8,12-is0-iPF,,-VI may provide a reliable biomarker that could help in identify-
ing those MCI subjects who have an early brain oxidative stress. This subset of
individuals could be at higher risk for progression to AD and might also be the
most responsive to antioxidant treatment. However, future longitudinal studies
measuring this marker in MCI patients are needed to test these hypotheses. Sup-
porting this concept, a recent study reported that peripheral levels and activities
of several anti-oxidants are lower in MCI and AD subjects as compared to healthy
controls (Rinaldi et al. 2003).
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Oxidative stress and non-AD dementia

As stated previously, AD is the most frequent cause of neurodegeneration with
dementia. However, there is a large group of neurodegenerative diseases with de-
mentia that are histopathologically different from AD and can be grouped under
the general term of non-AD dementias. Among them, frontotemporal dementia
(FTD) is probably the most representative group.

FTD is a heterogeneous group of neurodegenerative conditions that accounts
for 3 to 10% of all dementia. Typically, all FTDs are characterized by a striking
and profound degeneration of the frontal and temporal lobe, similar to AD (McK-
hann et al. 2001). However, while these brain regions are affected in most FTDs,
several FTD subtypes have been proposed, depending on the prevalent patho-
logical involvement of other cortical, subcortical, white matter and brain stem
regions (Mann et al. 1993). One of the most common sporadic FTD subtypes is
known as dementia lacking distinctive histopathology (DLDH), but other FTD
groups include progressive supranuclear palsy (PSP), FTD with parkinsonism
linked to chromosome 17 (FTD-17), and Pick’s disease (Arnold 2000). Despite
this phenotypic heterogeneity, there are reports showing evidence of oxidative
stress in some cases of FTDs (Castellani et al. 1995; Gerst et al. 1999), suggesting
that, similar to AD, brain oxidative stress may be a common disease pathway or a
final common step of the neurodegenerative process.

Even though AD and FTD are both neurodegenerative dementias, their neu-
ropathologies are significantly different. For instance, abundant neurofibrillary
tangles and amyloid plaques are diagnostic for AD, whereas some FTD variants
have disease-specific tau lesions (e.g., Pick’s bodies) and others are not associated
with tau or any other specific lesions (DLDH). All FTDs present several common
aspects of all neurodegenerative disorders (e.g., neuronal loss, reactive astrocyto-
sis, and microglia proliferation) that are considered to be common responses of
the brain to different insults, such as oxidative stress and inflammation. However,
conflicting results have been reported regarding the notion that brain oxidative
stress also plays a role in most of the FTDs. A possible explanation for these con-
trasting findings is that some of these studies used markers of lipid peroxidation
that are known to lack specificity and sensitivity, such as MDA and TBARS as-
says (Albers et al. 2000). For example, a study performed with PSP brain tissues
reported immunocytochemical and biochemical evidence for lipid peroxidation,
but not protein oxidation or glycoxidation (Odetti et al. 2000). By contrast, an-
other group using an antiserum against 4-HNE pyrrole adducts failed to show any
positive immunostaining in PSP, and only a minimal reaction in one case of Pick’s
disease (Montine et al. 1997).

To investigate whether an increase in brain lipid peroxidation is part of a ge-
neric response to neurodegeneration, we recently compared levels of 8,12-iso-
iPF,,-VIin different brain regions from patients assigned a post-mortem diagno-
sis of FIDs, or AD or age-matched normal elderly. In this study, we demonstrated
that brain levels of 8,12-is0-iPF,4-VI were significantly increased in AD but not in
any of the FTD subtypes considered, and no difference in the levels of this marker
was found between FTD and controls. This finding was true when we analyzed
each FTD subtype alone, and also when we divided all of the subgroups into cases
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with and without tau deposition and abnormalities (Yao et al. 2003). We extended
this observation in ventricular CSF of histopathologically confirmed cases of FTD
as well as in CSF of living patients with a clinical diagnosis of FTD (Grossman et
al., submitted for publication). In this study, we found that, when compared with
controls, levels of 8,12-is0-iPF,,-VI in AD patients were elevated, but this was
not the case for FTD subjects. These findings support the hypothesis that oxida-
tive stress to the brain is highly specific to AD, and it is not uniform across neu-
rodegenerative diseases, even among those associated with similar clinical and
pathological features, such as FTDs. This finding would suggest that mechanisms
of diseases underlying FTDs are not able to induce an increase in brain oxidative
stress.

Conclusions

The fact that age is a risk factor for dementia has provided the initial basis for
the involvement of oxidative stress in this disease. While an increase in lipid
peroxidation has been widely and extensively demonstrated in AD, conflicting
results have been reported for non-AD dementias, because for many years our
understanding of the role that oxidative stress plays in neurodegeneration has
been hampered by the lack of sensitivity and specificity of many of the assays
used. However, while some traditional views maintain that oxidative stress is the
simple result of neurodegeneration, the contribution of ROS-mediated reactions
to neuronal loss in AD and non-AD dementias is now beginning to be elucidated.
F,-Isoprostanes are a new class of lipids derived from the peroxidation of polyun-
saturated fatty acids. Consistent data have been accumulated that clearly pinpoint
them as a reliable and non-invasive approach for studying oxidative stress in vivo.
Today we have consistent evidence to support the concept that oxidative stress to
the brain is not a general and final common pathway of the neurodegenerative
process, but it may involve specific mechanism(s) characteristic of the disease
process that are present in AD but not in other dementias. Thus, oxidative stress
is an early event during the evolution of AD and it might play a more important
role in its pathogenesis than in the pathogenesis of non-AD dementias. This new
concept provides a rational basis for therapeutic intervention with antioxidants
in AD subjects at the earliest possible stage of the disease.
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Early Onset Familial Alzheimer’s Disease:
Is a Mutation Predictive of Pathology?

Douglas Galasko'

Summary

In patients with familial Alzheimer’s disease (FAD) with early onset, mutations
have been identified in three genes: Presenilin 1 (PS1), Presenilin 2 (PS2) and
amyloid protein precursor (APP). Although many different mutations have been
recorded for each gene, in most cases the clinical picture is typical of AD, with
earlier onset than in sporadic AD. The question of whether mutations in these
genes invariably predict AD pathology is the subject of this review. Almost all
mutations in APP, PS1 and PS2 promote the development of neuropathological
findings of AD, with deposition of amyloid beta protein (Af) to form prominent
amyloid pathology. Progress has been made in correlating the effects of mutations
on species of AB with vascular versus parenchymal deposition of AP. There are
some exceptions to what appears to be an otherwise inevitable relationship. First,
a few innocent mutations in APP and PS1 have been described. Second, in rare
families with PS1 mutations, there are mutation-bearing individuals who may have
escaped clinical disease. Third, some APP mutations alter the sequence of Ap and
lead to severe angiopathy with hemorrhage, rather than the plaques and tangles
of AD. Finally, some families with fronto-temporal dementia (FTD) have shown
PS1 mutations. Although neuropathologic studies are limited at present, the FTD
association raises questions about whether amyloidogenic disease pathways are
the only mechanisms that lead to neuropathological changes in early onset AD
with presinilin (PS) mutations.

Introduction

In over 95% of patients with Alzheimer’s disease (AD), the onset of dementia oc-
curs in late life, after age 60, and the prevalence rises exponentially at higher ages.
The brain pathology that defines AD includes deposition of amyloid to form senile
plaques (SP), loss of synapses and neurons, and degenerative changes within neu-
ronal processes (neurites) and within neuronal cell bodies [neurofibrillary tangles
(NFT)]. There are also variable degrees of vascular amyloid deposits [amyloid
angiopathy (AA); reviewed in Dickson 2001]. A common structural theme in AD
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lesions is aggregation of molecules: beta-amyloid protein (AB) is deposited in SP,
and the microtubule-associated protein tau forms aggregates in neurites and in
NFT. Some patients also develop aggregates of a-synuclein, which form neurites
and Lewy bodies. These are found in the amygdala in about 40% of patients with
AD and in a wider distribution with involvement of the neocortex in about 20%
of patients. Early onset AD refers to an important minority of patients with onset
arbitrarily defined as before age 60. Familial cases of early onset AD are typically
inherited in an autosomal dominant pattern and are found to be associated with
mutations in three genes: amyloid precursor protein (APP; Goate et al. 1991), Pre-
senilin 1 (PS1; Sherrington et al. 1995), and Presenilin 2 (PS2; Levy-Lehad et al.
1995a). Many new mutations in these genes have been subsequently identified.
This review will examine the general question of whether pathology consistent
with AD is inevitable in people who bear mutations in APP, PS1 or PS2. A more
nuanced question is whether knowledge of the specific mutations involved can
help predict age at onset of dementia, variations in the clinical syndrome, and the
neuropathological picture.

APP Processing, the Presenilins, and Af} Protein

The proteins encoded by the genes for APP, PS1 and PS2 interact along pathways
of the cellular processing of APP (reviewed in Annaert and De Strooper 2003, and
see Fig. 1). APP is a Type I transmembrane protein, with three main isoforms
consisting of 695, 751 and 770 amino acids. APP is enriched in the brain and un-
dergoes sequential proteolytic cleavage that produces secreted forms of APP, C-
terminal stubs, and A, a 37-43 amino acid protein. AP is contained within the
sequence of APP and is released after APP is cleaved by the enzyme [-secretase
followed by y-secretase (Vassar and Citron 2000). AP is normally produced in the
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Fig. 1. Schema of APP processing by f-amyloid secretase and y-secretase (containing the Pre-
senilins), giving rise to Af. The figure illustrates the production of different lengths of Ap from
APP. Longer forms of AP, particularly A42, are more prone to aggregate.
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brain and is rapidly cleared, with a relatively short half-life. In AD, the balance
between production and clearance is altered, so that AP aggregates and becomes
deposited in the brain. This process results in the formation of SP, which are
thought to precede NFT and other changes. It is not clear which forms or species
of AP are the most important in AD pathogenesis. There is evidence to support
pathogenic roles for soluble AP, oligomers ranging from 2-12 molecules of Ap,
fibrils and plaques, and a role for intracellular A is difficult to exclude. Recent
experimental data favor oligomers as being potentially toxic to synapses and neu-
rons (Klein et al. 2001; Walsh et al. 2002).

PS1 and PS2 are integral membrane proteins that are predicted to span the
membrane 6-8 times. The PS form part of the multiprotein y-secretase complex,
and appear to contain the active site of the enzyme, characterized by two aspartyl
residues in PS. y-Secretase cleaves a number of proteins other than APP. The
cleavage of APP results in a series of species of AP of varying lengths at the C-
terminus and includes AP peptides ending at amino acids 37, 38, 40, 42 or 43.
Most of AP ends at amino acid 40, whereas about 10-15% ends at amino acid
42. AP42 aggregates more readily than AP40, shows relatively greater in vitro
toxicity, and is the predominant form of Ap deposited in plaques in AD (Hardy
and Selkoe 2002).

Reported Mutations in APP and the Presenilins

To date, over 10 mutations have been reported in APP (Table 1). Many of these
flank the APsequence, which alters APP processing and AP production. Other
mutations are within the Ap sequence and lead to the production of forms of AP
with altered amino acid composition, which alters the solubility Af or its potential
to aggregate. Over 100 mutations have been reported in PS1, located throughout
the length of this 467 amino acid protein. Some examples are listed in Table 2 and
Table 3. At least nine pathogenic PS2 mutations have been reported (well-charac-
terized PS2 mutations are shown in Table 3). FAD associated with these genes has
an age at onset of generally before 60, and often markedly earlier. PS1 mutations
account for the majority of cases of FAD and have a mean age of onset in the early
40s. The youngest documented patients have onset recorded in their early 20s. In
patients with APP mutations, the mean age at onset is about 50. PS2 mutations
show the greatest heterogeneity, with mean onset in the late 50s, but a wide range
exists within and between families. For an extensive list of specific mutations, see
www.alzforum.org or www.uia.ac.be/ADMutations.

The penetrance of mutations in these three genes is extremely high. However,
there are rare PS1 pedigrees that include mutation-bearers who have lived beyond
age 60 without developing AD (Rossor et al. 1996, Poorkaj et al. 1998). APP muta-
tions are similarly almost always associated with early onset AD. In PS2 families,
onset after age 65 sometimes occurs, which raises the possibility of coincident
sporadic AD in older family members. Age at onset is an imprecise measure in
AD. Within families, the onset of AD can vary, at times dramatically, even though
people harbor the same mutations; differences in age at onset of as much as 20
years have been noted (Lopera et al. 1997). The Apolipoprotein E gene (APOE)
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Table 1. APP mutations associated with early onset FAD, with reported neuropathology and/or
mechanism involving Ap.

Mutation Clinico-pathologic Ageatonset  Effect on AP Reference

phenotype (Mean

or range)
LysMet670/  AD ->-> SP, NFT, 44-59 T AB40 and 42 Mullan et al. 1992,
AsnLeu mild AA Better substrate Bogdanovic, 2002
“Swedish” for BACE
His677Arg AD ->- SP, NET 55 Janssen et al. 2003
D678N AD. ? pathology 60 Wakutani et al.
2004

Ala692Gly Dementia, 40-60 T AB40 and 42 Cras et al. 1998
“Flemish” hemorrhagic strokes.

CAA + large plaques
Glu693Gly Dementia, 57 slight | AB Nilsberth et al.
“Arctic” hemorrhagic strokes. The mutant 2001

CAA, large plaques A forms

T protofibrils

Glu693GIn Dementia, +50 { plasma Ap42 Bornebroek et al.
“Dutch” hemorrhagic strokes. T oligomers and 2003

CAA, hemorrhage aggregation of Af
Glu693Lys Brain hemorrhage, ? ?
“Italian” ? pathology
Asp694Asn  Brain hemorrhage 56-70 T aggregation Grabowski et al.

“Towa” or AD. of Af 2001

CAA, SP with mainly

AP40, NFT
Thr7141le AD. 34 T AB42 Kumar-Singhw

Diffuse plaques, production et al. 2000

almost all AP42,

N-terminal truncated,

non-fibrillar
Val715Met ~ AD. ? pathology 40-60 LAB4o0, Ancolio et al. 1999
(French) T N-terminally

truncated AB42

Ile716Val AD. ? pathology 55 T AB42/AB40 Eckman et al. 1997
(Florida)
Val717Leu AD. ? pathology 38 T AB42/AB40 Murell et al. 1991
(Indiana)
Val7171le AD. ? pathology 50-60 T AB42/AB40 Goate et al. 1991
(London)
Leu723Pro  AD.? pathology 45-60 slight T AB42/AB40 Kwok et al. 2000

Not shown: mutations that are non-pathogenic or of dubious pathogenic status: Glu665Asp,
Ala673Thr, Ala713Thr, Ala713Val. Abbreviations: AD = Alzheimer’s Disease, CAA = Cerebral
Amyloid Angiopathy, SP = senile plaques, NFT = neurofibrillary tangles, AA = amyloid
angiopathy, BACE = beta amyloid cleavage enzyme, Af= amyloidf -protein, ? pathology =
unknown or unreported neuropathology, T = increase, | = decrease
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Table 2. Selected PS1 mutations associated with early onset FAD, with unusual clinical pheno-

types
Mutation Clinico-pathologic Ageatonset  Effect on AP Reference
phenotype (Mean
or range)
AD + Parkinsonism/Lewy bodies
M233V AD + Parkinsonism, 32 T AB42 Houlden et al.
seizures, 2001
rapid course 2>
AD + DLBD
Glul84Asp  AD + Parkinsonism, 40 Yokota et al. 2002
hallucinations.
AD + DLBD
AD + Spastic  AD, spasticity, 20-61 T Ap42 Crook et al.1998,
paraparesis  increased reflexes, Kwok et al. 1997
A exon 9 poor gait
Finnish; Cotton wool plaques
Australian
Alle83/ AD, leg spasticity 42-28 T Ap42 Steiner et al. 2001
AMet84 Cotton wool plaques
Scottish
Arg278Thr ~ AD, spastic paraparesis. T Ap42 Kwok et al. 1997
Leu271Val AD, spasticity 22-35 T Ap42 Kwok et al. 2003
(A exon 8) Cotton wool plaques
insIle157 AD plus spastic 28-33 Moretti et al. 2004
paraparesis,
dystonia and dysarthria.
Plaques and tangles,
widespread
Fronto-temporal dementia
Leull3Pro Personality and 38-50 Raux et al. 2000
behavior changes.
Preserved memory.
? pathology
insArg352 Personality and 56 Plasma Ap Amtul et al. 2002
behavior changes. unchanged
? pathology { processing of
notch
Gly183Val Antisocial behavior, 52 L AB Dermaut et al
apathy, withdrawal, Altered splicing of 2004
disinhibition. PS1with??
Pick bodies. (is this clear?)loss
of function

DLBD = diffuse Lewy body disease, ? pathology = unknown or unreported neuropathology.
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Table 3. Selected PS1 and PS2 mutations associated with early onset FAD, with typical clinical
features and reported neuropathology and/or mechanism involving Ap.

Mutation Clinico-pathologic Age atonset  Effect on AP Reference
phenotype (Mean
or range)

Presenilin 1 - typical AD phenotype
(selected from over 100 reported families with mutations for cases
with well-studied pathology)

A4 (deletion
at an intron
4 splice-donor

AD. Plaques and NFT 40 T A B42, most likely Tysoe et al. 1998
due to a form of PS1

with a Thr113-114

site) insert
Prol17Ser AD. Plaques, many 24-28 T Ap42 Dowjat et al. 200
tangles and severe
neuritic change 4
Glul20Asp  AD.Plaques and NFT = 34-53 T AP42/40 ratio Bird et al. 1989
Asnl135Asp  AD. Plaques and very many NFT 30-35 Crook et al.
1997
Ala260Val AD. Plaques and NFT = 36-54 T Ap42 Bird et al. 1989
Glu280Ala AD. Plaques and NFT = 34-62 T AB42/40 ratio Lopera et al. 1997
Colombian
Leu282Val AD. CAA with 41-53 T AP42/40 ratio Cruts et al. 2001
surrounding NFT. Dermaut 2001
Gly384Ala AD. Plaques and NFT, marked CAA 36 T AP42/40 ratio
Mann et al. 2001
Presenilin 2
Arg62His AD Cruts et al. 1998
Asnl4llle AD. Plaques, 50-70 T AB42/40 ratio Levy-Lehad et al.
“Volga tangles, 1995
German” variable AA
Met239Val  AD. Plaques, NFT, 50-70 T AB42/40 ratio Marcon et al. 2004

ectopic neurons in
subcortical white
matter

There are over 100 reported mutations in PS1 and 11 reported mutations in PS-2. Websites that
catalog these are mentioned in the text.

modifies the age at onset of sporadic AD. APOE has been difficult to study in
patients with FAD, because of the relatively few affected individuals from any
particular family (Levy-Lahad et al. 1995b). In a large extended kindred with AD
associated with the PS1 E280A mutation, patients with AD who also had an APOE
€4 allele had younger age at onset than patients without an €4 allele (Pastor et al.
2003).
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Finding a mutation in APP, PS1 or PS2 in an individual patient with early
onset AD is strongly suggestive that the mutation is pathogenic. However, there
are benign amino acid substitutions within these proteins that do not appear to
alter their function and are not associated with an increased risk of AD (Lleo et
al. 2002). Stronger evidence that a novel mutation in any of these genes is causal
can be provided by neuropathologic examination of brain tissue from an affected
person to verify AD pathology, and by further DNA studies to demonstrate that
the mutation segregates with a clinical picture of dementia in affected members
of a family and is not found in healthy older individuals in the population at large.
This evidence is not always available, e.g., in small families or when parents died
at an early age. Thus, in a single affected patient, the predictive value of a novel
mutation, although high, will be influenced by factors such as the age at onset. A
positive family history increases the yield of finding mutations in patients with
early onset AD (Janssen et al. 2003).

Clinicopathological Phenotypes in FAD Mutations
Typical clinical and pathological findings

As in sporadic AD, FAD is associated with the gradual onset and progression of
memory impairment, followed by impairment of abilities such as language, ex-
ecutive function, calculation, and other abilities, leading to impaired daily func-
tion. Myoclonus and seizures occur to a varying extent in late-onset AD but are
slightly more common in early onset FAD (Bird et al. 1989; Mann et al. 2001). The
duration of dementia from onset to death varies widely in FAD, analogous to late
life AD, where a range of three to 20 years has been reported. On average, the du-
ration from onset to death might be expected to be longer in dementia with early
onset, because younger patients have better general medical health. The fact that
FAD has a similar or shorter duration than late onset AD suggests that the build-
up and progression of pathology is accelerated in FAD. Comparisons between
families bearing mutations in PS1, PS2 and APP suggest that PS1 mutations are
usually the most malignant. Patients with PS2 mutations tend to have onset later
in life, with longer disease duration and increased variability of disease expres-
sion. APP mutations lead to intermediate ages of onset.

The pathology of PS1 mutations has been extensively studied and compared
with that of late onset AD (Gomez-Isla et al. 1999; Mann et al. 2001). There ap-
pears to be an overall increase in AP deposition in PS mutation-bearers relative
to late onset AD, but the same regions of the brain are affected. Immunostaining
with antibodies selective for different species of A shows that the increase is
primarily due to AP42, not AB40. This finding is consistent with studies of cells
transfected with mutant forms of PS1, which typically show relative overproduc-
tion of AP42 relative to cells transfected with wild type PS1. There is a striking
correlation between the extent of Ap deposition in the brain and the levels of se-
cretion of AP42 in cell lines transfected with a range of PS1 mutations. Two broad
patterns of AP pathology have been described in PS1 mutations: a type 1 pattern
is more likely for mutations in the first 200 codons of PS1, and a type 2 pattern for
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mutations after codon 200 (Mann et al. 2001). Type 1 shows many diffuse plaques,
few cored plaques and mild or moderate amyloid angiopathy, usually limited to
leptomeningeal vessels. This pattern corresponds to a marked predominance of
deposition of AP42 versus AB40 and resembles the pattern found in sporadic AD.
Type 2 shows relatively fewer diffuse plaques and relatively more abundant and
larger cored plaques that often surround blood vessels with severe amyloid an-
giopathy. This pattern corresponds to deposition of AB40 as well as Af42. The
reasons for greater amyloid angiopathy in the type 2 pattern are not clear. Type 1
is associated with a slightly earlier age at onset and shorter disease duration than
type 2.

Pathological changes in PS2 mutations generally include plaques and tangles,
with similar immunostaining patterns using antibodies selective for AB40 and
Ap42 as described for PS1 (Gomez-Isla et al. 1999). However, in the large Volga
German family with a PS2 Asn141Ile mutation, several affected members had se-
vere amyloid angiopathy and cerebral hemorrhage (Nochlin et al. 1998). Factors
such as age and modifying genes such as APOE may influence the pathologic phe-
notype of patients with mutations in PS2.

Neurofibrillary tangles are prominent in patients with PS mutations, and in
some patients they exceed the numbers of tangles found in sporadic AD. Addi-
tional neuronal changes can be found in early onset FAD. Lewy bodies and neu-
rites containing aggregates of insoluble a-synuclein are found in the amygdala in
about 20% of patients with PS or APP mutations (Lippa et al. 1998). It is not clear
whether they contribute to the clinical picture, because they are usually restricted
to the amygdala. Patients with PS or APP mutations sometimes show clinical fea-
tures of prominent Parkinsonism or visual hallucinations, which can be associat-
ed with more widespread Lewy body formation (e.g., Houlden et al. 2001; Yokota
etal. 2002). Other less common findings include vacuolar change (Met146Val and
Glu280Ala), and ubiquitin-positive inclusions in the dentate gyrus (Ala260Val).

Atypical clinical pictures and underlying neuropathology

As more well-characterized families are screened for mutations in APP and PS,
a more complex clinical spectrum, with phenotypic heterogeneity, is emerging.
In several families with PS1 alterations, including splice acceptor site mutations,
deletions involving exon 9 or exon 4, and a few missense mutations, the clinical
picture is AD plus spastic paraparesis (Kwok et al. 1997; Crook et al. 1998; Steiner
et al. 2001; Brooks et al. 2003). The paraparesis often precedes early onset demen-
tia in these families by as much as 5 years. Clinical features of the dementia are
typical, with an initial decline of memory followed by impairment in other cogni-
tive abilities. In a recently reported family associated with a novel insert in PS1
(inslle157), affected individuals showed early onset of dementia, with rapid clini-
cal progression, and additional clinical features of spastic paraparesis, dysarthria,
limb apraxia and dystonia (Moretti et al. 2004). The combination of dementia
and spastic paraparesis may occur in several genetic disorders, including famil-
ial British Dementia, some forms of Hereditary Spastic Paraparesis, and Gerst-
mann-Strausser-Schenkler syndrome (a prion disorder). In families with AD plus
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spastic paraparesis, “cotton wool” plaques are prominent in the brain (Crook et
al. 1998; Brooks et al. 2003). These are large uncored plaques, almost exclusively
containing APB42 with very little AB40, and neuritic responses around the plaque
are minimal or lacking. Additional pathology includes degeneration of the lateral
corticospinal tracts. In the family with AD plus spastic paraparesis, dystonia and
dysarthria (PS1 mutation with insIle157), neuropathologic findings were amyloid
plaques and tangles with a more widespread distribution than that typical of AD,
including involvement of the motor cortex and basal ganglia.

In patients with APP mutations within the Af sequence, the clinical picture
is often that of hemorrhagic stroke with dementia and death, as described in
Dutch, Flemish, Italian, Swedish and Iowa families (Cras et al. 1998; Grabowski
et al. 2001; Nilsberth et al. 2001). The age at onset is in the fifth or sometimes
sixth decade. Vascular amyloid deposition predominates, leading to progressive
dementia, often with stroke due to cerebral hemorrhage. The hemorrhages vary
from microscopic to large lobar hemorrhages and can lead to stepwise progres-
sion of dementia, as well as to death from a large hemorrhage. Cerebral amyloid
angiopathy (CAA) is the predominant pathological finding. Widespread deposi-
tion of amyloid is seen in the walls of leptomeningeal and cortical arterioles, with
evidence of hemorrhage, often in a lobar distribution, and white matter pallor is
frequently found. Some patients have varying degrees of parenchymal plaques
and tangles, but the burden of these typical AD lesions is generally quite low (Cras
et al. 1998; Grabowski et al. 2001; Nilsberth et al. 2001). Inherited CAA can also
occur in mutations of other genes such as cystatin and transthyretin.

Finally, a few families have recently been reported with a clinical syndrome
of fronto-temporal dementia, with prominent changes in personality and behav-
ior such as anti-social acts and disinhibition, in whom novel PS1 mutations were
identified. There is only a single brain autopsy from an individual in one family to
date. The brain showed frontal (lobar) atrophy, with neuronal loss, Pick bodies,
and the absence of plaques (Dermaut et al. 2004).

Mechanisms of disease

The large number of mutations in PS1, PS2 and APP do not include any that are
out of frame or that result in a markedly dysfunctional protein. The most parsi-
monious explanation of how the mutations lead to the early onset of FAD is gain
of function, in a way that promotes the aggregation or deposition of Ap. Studies of
plasma from patients with APP, PS1 and PS2 mutations have almost all shown an
absolute increase in the concentration of AB42 (often accompanied by an increase
in AB40) or a relative increase in the percentage of AB42 to AP40 (Scheuner et al.
1996). These findings have been recapitulated by studies of conditioned medium
of cultured cell lines transfected with mutant forms of PS or APP (Murayama et
al. 1999; reviewed in Lleo et al. 2004). The increased AB42 levels promote aggrega-
tion, deposition and toxicity at an earlier age than in sporadic AD. Deposition of
AP40 is likely to occur only once there has been considerable seeding of plaques
by AB42, but AB40 predominates in amyloid angiopathy. Patients with PS1 mu-
tations associated with cotton wool plaques show evidence of increased Ap42
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production (Houlden et al. 2000). Interestingly, in the exon 9 deletion associated
with spastic paraparesis and dementia, the deletion creates a new point mutation
(Ser290Cys) at the new exon8/10 splice junction, which is responsible for altering
PS function in a way that markedly increases production of Ap42 (Steiner et al.
1999).

In APP mutations that alter the sequence of AP and are associated with CAA,
only the Flemish (Ala692Gly) mutation leads to an increased concentration of A40
and AB42. In the other mutations, levels of AB40 and 42 are normal or decreased,
but the abnormal forms of AP have accelerated rates of fibril formation (Nilsberth
et al. 2001). Why this favors vascular deposition of amyloid is not clear.

In a few PS mutations, there appears to be loss of PS function as measured
by the processing of other substrates of PS, or by assays that examine whether
transfection with human PS can rescue mutant Drosophila deficient in the activ-
ity of a PS homolog. One of the key substrates of y-secretase is Notch, a protein
with important roles in determining cell fate during development but which is
also expressed in adult life in the brain. It is not known whether changes in Notch
processing contribute to any of the neuropathology found in patients with PS
mutations. At least one of the PS1 mutations associated with a FTD-like clinical
picture does not increase plasma Ap42 (Dermaut et al. 2004). It is possible that
PS1 mutations associated with FTD could operate through mechanisms related to
loss of y-secretase function (Amtul et al. 2002).

Finally, many other deficits have been reported in animal and cellular studies
using mutant PS. For example, transgenic mouse models that express mutant PS1
show abnormal calcium signaling (Leissring et al. 2000) and sensitivity to excito-
toxicity and other stresses (Guo et al. 1999), which may increase the vulnerability
of neurons to damage or degeneration. In the hippocampus of adult mice that
overexpressed a PS1 mutant, the survival of newly generated neural progenitor
cells was impaired (Wen et al. 2004). There is evidence for neuronal lysosomal
pathology in brains of humans with PS mutations and in transgenic mice that
overexpress mutant PS (Cataldo et al. 2004).

Implications and Conclusions

The large number of well-described families with early onset AD and pathogenic

mutations, and the pathological characterization of many affected individuals,

supports the general conclusion that there is an extremely strong relationship
between the presence of these mutations and the early development of AD pathol-
ogy. A number of clinical scenarios arise:

1) In a patient with a typical clinical picture of AD, with age of onset below 60,
finding a known pathogenic mutation in PS1, PS2 or APP carries the almost
certain prediction of AD pathology. This is likely to be true even if the family
does not have multiple affected individuals available for clinical assessment.
Documenting a positive family history, and finding that the mutation segre-
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gates with disease in the family of interest and does not occur in asymptomatic
individuals in the wider population, helps to strengthen the case.

2) In an individual with typical early onset AD, without affected first-degree rela-
tives, finding a novel mutation may require more careful scrutiny. For exam-
ple, typical AD with onset in the sixth decade could be due to the APOE €4
allele, especially if the individual is homozygous for e4. While novel mutations
in PS1, PS2 or APP are likely to be pathogenic, there are a few non-pathogenic
mutations in PS1 and APP. The topography of the site of the mutation in PS1
(pathogenic mutations appear to involve amino acid substitutions that are lo-
cated along predicted faces of transmembrane alpha helices; Crook et al. 1997),
and the nature of the change in the altered amino acid provide useful informa-
tion. Measuring plasma AB40 and AB42 may be helpful, particularly if plasma
samples can be obtained from unaffected first-degree relatives. A higher level
of certainty can be assigned if autopsy brain tissue becomes available.

3) Unusual syndromes make clinical-pathological predictions less certain. Fa-
milial spastic paraparesis with dementia could be due to mutations in genes
other than PS1. Because of the rarity of this syndrome as part of FAD, putative
novel mutations in PS1 should be supported by additional evidence such as the
mutation tracking with affected individuals in a multiplex family or increased
plasma AB42, to increase the predictive value of finding AD pathology. The re-
cently reported familial FTD kindreds with PS mutations could lead to a radi-
cal revision of how these mutations lead to neurodegeneration and disease, but
will require more extensive neuropathological correlation.

4) Progress has been made in predicting some of the subtleties of pathological
variation in early onset AD, including differences in plaque morphology and
varying degrees of associated amyloid angiopathy. The mechanisms that lead
to pathological changes in other molecules, leading to NFT and associated neu-
ritic pathology, neuronal death, and the variable presence of synuclein pathol-
ogy are part of the wider puzzle of AD in general.

5) Within families with the same mutations, there can be heterogeneity regarding
age at onset and clinical and pathological features. This finding is consistent
with modulation of disease pathways by modifying factors such as other genes
and environmental factors.
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Summary

We have identified more than 20 nuclear Alzheimer’s disease (AD) families in
Colombia that carry a single point mutation, E280A, in the presenilin 1 (PSENI)
gene. Genealogical and genetic studies have demonstrated that these families
share a common founder more than 400 years ago. The mean age of onset of AD
in these families is 45.2 years but the range is almost 30 years (35-62 years). The
wide range in age of onset suggests that genetic and/or environmental risk fac-
tors modify the age of onset. We are using two complementary approaches to the
identification of genetic modifiers: candidate gene analyses and a whole genome
screen analysis.

We have genotyped polymorphisms in each of the known AD genes: S-amyloid
protein precursor gene (APP), presenilin 1 (PSEN1) gene, presenilin 2 (PSEN2)
gene and apolipoprotein E gene (APOE). Several polymorphisms in these genes
have previously been associated with risk for AD in some but not all studies. To
determine whether these polymorphisms modify the age of onset in the Colombian
kindreds, we initially used survival curve analysis. The only gene that modified age
of onset with this methodology was APOE. The APOE4 allele was associated with
an earlier age of onset whereas the presence of the APOE2 allele was associated
with later age of onset. This result is consistent with the observations of the effect
of APOE alleles on sporadic AD and suggests that genes that influence the risk for
late onset AD may also modify age of onset in familial early onset Alzheimer’s
disease (FAD).

We have also used survival analysis to examine several putative environmental
risk factors. These studies demonstrated that both years of education and urban
dwelling were associated with an earlier age of onset. Since these two factors were
highly correlated in this study, it was not possible to determine which one was
primarily the responsible risk factor.

To identify novel genetic risk factors for AD, we have used two complementary
approaches: genetic analysis of a large series of late onset AD sibling pairs and a
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search for genes that modify age of onset in the Colombian families. Our genome
screen in AD sibling pairs has provided evidence of AD susceptibility genes on
chromosomes 9, 10, and 12 and suggestive evidence of an age of onset modifier
gene on chromosome 12.

Introduction
Genes involved in FAD

Familial early onset AD (FAD) is a heterogeneous disorder that can be caused
by mutations in at least three different genes: 3-amyloid protein precursor gene
(APP) on chromosome 21, presenilin 1 (PSEN1) gene on chromosome 14, and
presenilin 2 (PSEN2) gene on chromosome 1 (Goate et al., 1991; Levy-Lahad et
al., 1995; Sherrington et al., 1995). The APP gene accounts for only a minority
of cases of autosomal dominant AD whereas mutations in the PSENI and PSEN2
genes are thought to cause up to 80% of FAD cases. To date, more than 130 PSENI
mutations but less than 10 missense mutations in PSEN2 have been identified.
Most of the PSENI mutations are missense mutations predominantly located
in the highly conserved transmembrane domains. The PSENI mutations are
associated with an age of onset younger than 60 years and complete penetrance
(Rosenberg, 2000).

The presenilin genes code for highly homologous, multi-spanning transmem-
brane proteins, with a high degree of conservation among species. Presenilins are
located in intracellular membranes and at the cell surface (Kovacs et al., 1996) and
are predicted to have eight transmembrane domains and a hydrophilic intracel-
lular loop region. PSEN undergo a physiologic endoproteolytic cleavage to gener-
ate stable N- and C- fragments (Thinakaran et al., 1997). There is growing evi-
dence that PSEN form the catalytic center of y-secretase, a multi-protein aspartyl
protease. In vivo and in vitro experiments have demonstrated that mutant PSEN
increase A342 levels (Borchelt et al., 1996; Wolfe et al., 1999). Functional studies
suggest that PSEN mutations lead to a gain of PSEN protein function with respect
to A3 generation, which is consistent with the inheritance pattern of early-onset
FAD cases. Some FAD mutations in PSEN exhibit a partial loss of function with
respect to y-secretase cleavage of other substrates (Walker et al., 2005).

APOE polymorphisms

Apolipoprotein E (APOE) exists as three isoforms in all populations, although
the relative frequency of the isoforms can vary (Zannis et al., 1981). APOES3 is the
major isoform in all populations. APOE2 and APOE4 vary from APOES3 at residues
112 and 158. Approximately 50% of AD cases carry one or more APOE4 alleles
(Henderson et al., 1995; Martins et al., 1995; Kukull et al., 1996). APOE4 shows a
dose-dependent increase in risk for sporadic AD: heterozygotes have a three-fold
increased risk for disease and homozygotes have an eight-fold increased risk for
disease in Caucasians (Henderson et al., 1995; Martins et al., 1995; Kukull et al.,
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1996; Corbo and Scacchi, 1999). Most individuals who are homozygous for the
APOQOE4 allele develop AD by age 80 (Corder et al., 1993). APOE4 alleles are as-
sociated with an earlier age of onset, with each allele causing a decrease in onset
of approximately five years. In contrast, the APOE2 allele decreases risk for AD
and increases age of onset of disease (Corbo and Scacchi, 1999). The association
between AD and APOE4 has been confirmed in most populations worldwide
(Tang et al., 1998; Graff-Radford et al., 2002). There are several in vitro and in
vivo studies that have tried to reveal the role of APOE in the pathogenesis of AD.
Invitro, APOE binds to synthetic A8 peptide (the primary constituent of the senile
plaque) with high avidity (Strittmatter et al., 1993). Transgenic experiments have
demonstrated that APOE4 increases risk for disease by promoting Af3 deposition
(Mahley, 1988). APOE4 most likely influences fibril formation and/or clearance
of AR3, thus accelerating A3 deposition (Holtzman et al., 2000). The APOE4 allele
is strongly associated with an increased number of neuritic plaques and cerebral
amyloid angiopathy in AD (Olichney et al., 1996).

Genetic modifiers of the phenotypic presentation of AD

In the last decade, several groups have attempted to dissect the clinical pheno-
type to try to identify a more genetically homogeneous subgroup of families and
increase the statistical power to detect linkage. Among the phenotypic traits of
AD, the most reliable seems to be the age of onset of disease. The identification of
genetic factors that can modify the onset could lead us to new therapeutic strate-
gies to delay the onset of the disease.

APOE and other modifiers of the age of onset in FAD

Age of onset is clearly an important covariate for the identification of genes for
AD. Segregation analysis of large pedigrees with AD suggests that multiple loci
associated with age of onset exist (Daw et al., 1999). In this study, when age of onset
was examined as a quantitative trait, it was estimated that up to four additional
major genes as well as several minor AD genes remained to be identified (Daw
et al.,, 1999). The presence of APOE4 alleles is correlated with earlier age of onset
of AD (Poirier et al., 1993; Chartier-Harlin et al., 1994; Tsai et al., 1994; Meyer et
al., 1998). Daw and colleagues analyzed 75 families with late-onset AD and found
a dose effect for the APOE4 allele and a protective effect for the APOE2 allele.
However, the estimate of the contribution of APOE to the total variation in onset
of AD was between 7 and 9% (Daw et al, 2000).The role of APOE4 in modifying age
of onset has also been examined in AD families with known causative mutations.
Early studies reported an association between the presence of the APOE4 allele
and age of onset in small kindreds carrying APP mutations, but not in those
carrying PSEN mutations (Haan et al., 1994; Van Broeckhoven et al., 1994; Sorbi
et al., 1995; Lendon et al., 1997).

In 1987, a Colombian family with early-onset autosomal dominant AD was de-
scribed (Cornejo et al., 1987). Screening of the PSENI gene revealed a missense
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Fig. 1. Map of Colombia showing the regions in which the E280A mutation families are located.

mutation at codon 280 of PSENI (Lendon et al., 1997). In subsequent years, 24
more families with the E280A PSENI mutation were identified from several towns
and villages in the province of Antioquia (Fig. 1; Lopera et al., 1994). Genetic and
genealogical studies have demonstrated that each of these families has a common
founder dating back to the mid-eighteenth century (Fig. 2). This large family with
similar environmental exposures and homogeneous disease etiology is a unique
resource for the study of modifier genes. We first analyzed the influence of certain
APOE isoforms in the onset of the AD symptoms (Pastor et al. 2003). A total of 109
individuals carrying a copy of the E280A PSENI mutation made up the sample.
Among these 109 individuals, 57 remained asymptomatic throughout the study
period, and 52 individuals developed or already had AD symptoms. Age of onset
ranged from 35-62 years, with a mean of 45.2 years (SD: 5.7), and 75% of AD
patients had an age of onset between 39 and 51 years. For patients without AD, age
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Fig. 2. Pedigree showing how 13 of the families are linked to a common founder. Each family is
numbered (CI....). Roman numerals indicate the generations in the pedigree plus the approxi-
mate year of birth in those generations.

at last assessment ranged from 24 to 65 years, with a mean of 40.5 years (SD: 8.5).
APOE polymorphism analysis showed that only one (0.9%) of the 109 carriers of
the E280A mutation was homozygous for the APOE4 allele. Twenty-eight (25.7%)
were heterozygous (N = 25 for E4/E3 and N = 3 for E4/ E2) and 80 (73.4%) had no
E4 alleles (N = 72 for E3/E3 and N = 8 for E3/E2).

Kaplan-Meier Product Limit and Cox Proportional Hazard Models were
used in the statistical analyses of age onset in this set of E280A carriers, after
subjects were dichotomized into two groups based on the presence or absence of
the APOE4 allele. The results showed that APOE4 allele carriers were more likely
to develop AD at an earlier age than subjects without the E4 allele (hazard ratio
[HR]=2.07, 95% CI = 1.07 - 3.99, p = .030; Fig. 3A). The survival curve of time to
AD onset of subjects with E3/E2 and E4/E2 genotypes (N = 11) was compared to
the survival function of subjects with E4/E3 and E4/E4 genotypes (N = 26), and
with all subjects without the APOE2 allele (N=98) using Kaplan-Meier Product-
Limit. Although the survival curves suggest a modest protective influence of the
APOE?2 allele (Fig. 3B), the difference between the groups did not reach statistical
significance (p = 0.106 and p = 0.15, respectively).

We also used survival analysis to evaluate the impact of several demographic
factors on age of onset. Previous studies of late onset AD have suggested that a low
level of education is associated with increased risk for AD (Lindsay et al.,2002; Stern
et al. 1994), whereas other studies have suggested that late diagnosis of dementia
is associated with lower levels of formal education, rural residence and lower
occupational role (Antonelli et al. 1992). To investigate whether educational level
was associated with age of AD onset within this kindred, subjects were stratified
into low (0 to 3 years, N = 52) and high (more than 3 years, N = 48) education
groups. The mean educational level of subjects was low (4.6 years, SD: 3.5 years).
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Fig. 3. Survival curves of age of AD onset for subjects carrying the E280A PSENI mutation.
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types versus with the E4/E3 or E4/E4 genotypes. C With high and low levels of education (Pastor
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Kaplan-Meier analyses indicated that subjects in the low education group were
more likely to develop AD at a later age than were subjects in the high education
group (log-rank test, p = 0.017; Fig. 3C) and that subjects residing in a rural area
were more likely to develop AD at a later age than were those who lived in an
urban setting (log-rank test, p = 0.007; Fig. 3C). Educational level was related to
residential area (chi-square test, p < .001), such that 68.6% of individuals in the
low education group lived in a rural area, compared with 35.4% of those in the
high education group. A regression model testing APOE4 status, education group,
and the interaction term indicated that APOE4 status and education did not have
an interactive effect (p = 0.278) on age of onset. This finding demonstrates that the
APOE isoform and environmental factors independently influence age of onset in
a kindred with an FAD mutation.

Interestingly, Wijsman and colleagues (2004) have recently found a significant
but small role of the APOE isoforms in modifying the age of onset in several
kindreds of Volga German ancestry with a PSEN2 mutation. These authors also
estimated an 83% posterior probability of at least one age of onset modifier locus
in addition to APOE.

Other candidate genes

Several recent studies have shown that certain variants in the regulatory region
of the PSENI and PSEN2 genes can be associated with risk for AD (Theuns et al,,
2000; Riazanskaia et al., 2002). We used the same statistical approach as for the
APOE analysis to investigate the possible role of those single nucleotide poly-
morphisms (SNPs) in age of onset in the Colombian AD kindreds. Neither the
PSEN1 -48C/T nor the PSEN2 24914delA variants showed a significant effect on
the age of onset. Similarly, a polymorphism within the APP gene failed to show
any effect on the age of onset. Since each of these studies only analyzed one SNP in
each gene, these results do not preclude the possibility that other polymorphisms
within these genes may influence age of onset. To test this hypothesis we are car-
rying out a rigorous analysis of multiple SNPs in each gene in late onset AD cases.
If we are able to establish evidence of association with specific SNPs or haplotypes
in these AD cases, we will re-evaluate these genes in the Colombian kindreds.

Effect of other candidate chromosomal regions
on FAD onset

We have also used several approaches to test for genes that modify age of onset
in late onset AD. One approach is to use age of onset as a quantitative trait lo-
cus (QTL) in either parametric or nonparametric analyses. A second approach
is to include age of onset as a covariate. Using age of onset as a QTL in our late
onset AD sibling pair data, we observed evidence of linkage on chromosomes 7,
12 and 19. The peak on chromosome 19 localizes close to APOE and the locus on
chromosome 12 is in the same position as the peak observed in our original ge-
nome screen in late onset AD (LOAD;(Myers et al. 2002). When mean age of onset
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was included as a covariate, the strongest evidence for linkage was observed on
chromosome 21 [Lod score (LOD) increase = 2.01], whereas analyses using age of
onset difference as a covariate resulted in suggestive evidence of linkage on the
short arm of chromosome 12 (LOD increase =1.38). Interestingly, both of these
studies support the previous evidence for an AD susceptibility gene on the short
arm of chromosome 12. Recently, we have performed a large-scale, SNP-based as-
sociation study in this region of chromosome 12 in three large case control series
(Li et al. 2004). Several SNPs in the glyceraldehyde-3-phosphate dehydrogenase
(GAPD) gene showed evidence of association in two of the three case control se-
ries, raising the possibility that GAPD genes may influence risk for AD.

Other studies have also used age of onset as a covariate in a genome-wide
screen (Pericak-Vance et al., 2000; Scott et al., 2003) and observed significant non-
parametric multipoint LOD scores for several different intervals of age of onset.
They observed a LOD score of 3.2 at D252944 on chromosome 2q34 in families
with an age of onset between 50 and 60 years and a LOD score of 4.6 at D9S741 in
the chromosome 9p region previously linked to AD in families with an age of onset
between 60 and 75 years. A LOD score of 2.8 was detected at D15S1507 with age of
onset >/=79 years, and a peak LOD score of 3.1 was obtained at D155153 (62 cM)
in families with mean age of onset >80 years. Another study, using a combined
data set of FAD and familial Parkinson disease families, reported evidence for a
locus on chromosome 10q controlling the age of onset of both disorders (Li et al.,
2002).

Conclusions

FAD is a genetically heterogeneous disorder. Mendelian forms of the disease
show genetic heterogeneity with at least three genes that act through a common
biochemical pathway to cause disease. To date, the APOE4 allele is the only estab-
lished modifier of genetic risk in late-onset AD. Survival analyses and segregation
analyses in families with PSENI and PSEN2 mutations demonstrate that APOE
alleles also influence the age of onset in FAD. In a PSENI mutation family, we
also demonstrate evidence of the role of environmental factors in the age of onset.
Segregation analyses in LOAD and PSEN2 families suggest that there are addi-
tional genes that modify age of onset. Studies from our own lab and from others
have implicated several other chromosomal regions but no other specific genes
have yet been identified.
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Summary

Pedigrees with familial Alzheimer’s disease (FAD), caused by mutations in ei-
ther the amyloid precursor protein (APP) or the presenilin 1 (PS1) or presenilin 2
(PS2) genes, show considerable phenotypic variability. Monogenic diseases typi-
cally exhibit variations in biological features, such as age of onset, severity, and
multiple clinical and cellular phenotypes. This variation can be due to specific
alleles of the disease gene, environmental effects, or modifier genes.

Spastic paraparesis (SP), or progressive spasticity of the lower limbs, is fre-
quently hereditary, with over 20 loci being identified for uncomplicated (para-
paresis alone) and complicated (paraparesis and other neurological features)
disease subtypes. Moreover, over 10 different genes have been identified with
mutations that lead to SP. While dementia is a common feature of complicated
SP, a reciprocal observation has also been made since the earliest clinical reports
of FAD: namely, that a number of AD families have been reported in which some
individuals have SP. In 1997, the key observation was made that PS1 mutations
were associated with the presence of SP, suggesting that there was a complex rela-
tionship between SP and AD. In addition, in 1998, it was also shown that PS1 AD/
SP pedigrees frequently have variant, large, non-cored plaques without neuritic
dystrophy, named cotton wool plaques (CWP). The PS1 mutations associated
with CWP secrete unusually high levels of the amyloid 42 peptide, suggesting a
molecular basis for the formation of this distinctive plaque type.

The SP phenotype in PS1 pedigrees appears to be associated in some cases
with a delayed onset of dementia, compared with affected individuals who pres-
ent with dementia only. Some individuals who present with SP have remained
dementia-free for up to 10 years. Variations seen in neuropathology and neu-
rological symptoms in PS1 FAD suggest that modifier genes may underlie this
phenotypic heterogeneity. As PS1 mutations are almost always associated with
a particularly aggressive form of presenile dementia, these findings suggest the
existence of a protective factor in some individuals with SP.
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Introduction

Alzheimer’s disease (AD) is one of the most common neurodegenerative diseases,
with a prevalence of 5-10% in individuals over 65 years of age. Approximately
70% of all cases of dementia are due to AD (Hardy 1997) AD is characterised
by memory loss associated with neuronal degeneration, amyloid plaques and
cholinergic deficiency in many areas of grey matter, with the death of neurons
accompanied by formation of abnormal cytoskeletal structures (neurofibrillary
tangles). The duration of AD varies widely between 5 and 15 years, and the disease
represents a large medical, social and economic problem.

The Bavarian psychiatrist, Alois Alzheimer, described the first case of AD in
1907. Post-mortem examination of the brain revealed both senile plaques and
neurofibrillary tangles (NFT), the classical hallmarks of AD, in the neocortex and
hippocampus (Alzheimer 1907). Senile plaques consist of extracellular deposits of
the beta amyloid (AB) peptide and can be present either with or without neuritic
infiltrate (neuritic or diffuse plaques; Selkoe 1994) NFT consist of intracellular
bundles of straight and paired helical filaments of an abnormally hyperphosphor-
ylated form of the microtubule-associated protein, tau. NFT are believed to be a
general sign of neurodegeneration, since they are evident in other neurological
diseases such as progressive supranuclear palsy and frontotemporal dementia
(Grundke-Igbal et al. 1986).

The majority of AD cases present as sporadic, late-onset forms, where no fa-
milial link has been established. However, approximately 5% of all AD cases oc-
cur as an autosomal dominant familial form, which is usually characterised by
an early age at onset of disease (<65 years of age). Many pedigrees with familial
Alzheimer’s disease (FAD) have been shown to carry mutations in one of the APP,
PSI or PS2 genes (Hardy 1997; Price and Sisodia 1998). The PS1 and PS2 genes
were identified by positional cloning in 1995 and have been shown to be involved
in the proteolysis of the APP protein, generating the AP peptide (De Strooper et
al. 1999; Herreman 2000; Levy-Lahad et al. 1995a b; Rogaev et al. 1995). To date,
139 PS1 mutations, 10 PS2 mutations and 16 APP mutations have been identified
that result in FAD (see AD mutation databases http://www.alzforum.org or http://
www.molgen.ua.ac.be/ADMutations).

Monogenic diseases typically exhibit variations in biological features, such as
age of onset, severity, and multiple clinical and cellular phenotypes. These varia-
tions can be due to specific alleles of the disease gene, environmental effects, or
modifier genes. Genetic factors that modify the age of onset of AD have been pro-
posed; the Apolipoprotein E €4 allele results in an earlier age of onset in FAD
pedigrees with APP mutations (Chartier-Harlin et al. 1994). With the increasing
number of identified mutations, especially PS1 mutations, it has become appar-
ent that there are a number of associated clinical phenotypes, all characterised by
cognitive dysfunction but with various other neurological symptoms and variant
pathology.
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Spastic paraparesis

Spastic paraparesis (SP) is frequently hereditary and is characterised by insidi-
ously progressive lower extremity weakness and spasticity. SP is classified as
either uncomplicated or complicated (“complex”). Uncomplicated SP occurs
when the neurologic impairment is limited to progressive lower extremity spas-
tic weakness, hypertonic urinary bladder disturbance, and mild diminution of
lower extremity vibration sensation and, occasionally, of joint position sensation
(Harding 1983). Uncomplicated SP can begin at any age from early childhood
through to late adulthood. Affected individuals experience progressive difficulty
walking and often require canes, walkers, or wheelchairs. The patients retain nor-
mal strength and dexterity of the upper extremities and have no involvement of
speech, chewing, or swallowing. Though typically disabling, uncomplicated SP
does not shorten life span.

If the impairments present in uncomplicated SP are accompanied by other sys-
tem involvement or other neurological findings, such as seizures, dementia, amy-
otrophy, extrapyramidal disturbances or peripheral neuropathy, the SP is clas-
sified as complicated. Neurologic examination of SP demonstrates corticospinal
tract deficits affecting both lower extremities, often accompanied by mildly im-
paired vibration sensation in the distal lower extremities and hypertonic urinary
bladder. MRIs of the brain and spinal cord are usually normal in uncomplicated
SP; however, some patients have atrophy of the thoracic spinal cord (Hedera et
al. 1999). The primary pathology of uncomplicated SP is axonal degeneration at
the distal corticospinal tracts (Behan and Maia 1974; Harding 1993; Schwarz and
Liu 1956). Family history is consistent with autosomal dominant, autosomal re-
cessive, or X-linked recessive inheritance. Over 20 genetic loci have been identi-
fied for SP with mutations identified in genes that give rise to complicated and
uncomplicated SP that is inherited in dominant, recessive and X-linked forms
(Table 1; reviewed in Fink 2003). Of particular interest are the SPG7, SPG20, AR-
SACS and SPGI5 loci, which are recessive forms of complicated SP; mutations
have been identified for the first three in the paraplegin, spartin and sacsin genes,
respectively (Casari et al. 1998; Engert et al. 1999; Patel et al. 2002). No gene has
been identified at the SPG15 locus, but families linked to this locus present with
dementia as the principal additional clinical feature (Hughes et al. 2001). Simpson
et al. (2003) reported a base-pair insertion in the acid-cluster protein (ACP33)
gene in an Old Order Amish family with an autosomal recessive, complicated
form of hereditary SP with dementia called Mast Syndrome. The frameshift re-
sults in premature termination of the ACP33 gene, which is designated “maspar-
din” (Simpson et al. 2003).

Spastic paraparesis and Presenilin 1 mutations

From the very earliest reports of AD, there have been patients studied who also
have SP. The first such report was by Barrett (1913), who described a patient with
AD in her 30s with unusual neurological disturbances that included SP. Later, van
Bogaert et al. (1940) reported a Belgian pedigree (family DC or CO) with FAD and
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Table 1. Genetic loci and genes that cause spastic paraparesis (SP).

Classification Inheritance Locus Location Gene

Complicated SP Dominant SPG9 10923.3-q24.1 Unknown
Dominant SPG17 11q12-q14 Unknown
Dominant SAX1 12p13 Unknown
Recessive SPG7 16q24.3 Paraplegin
Recessive SPG14 3q27-q28 Unknown
Recessive SPG15 14q22-q24 Unknown
Recessive SPG20 13q12.3 Spartin
Recessive Mast 15q21-q22 Maspardin

Syndrome (ACP33)

Recessive ARSACS 13q12 Sacsin
X-linked SPG1 Xq28 LICAM
X-linked SPG2 Xq22 PLP1
X-linked SPG16 Xql1.2-23 Unknown

Uncomplicated SP  Dominant SPG3A 14ql11-q21 Atlastin
Dominant SPG4 2p22-p21 Spastin
Dominant SPG6 15q11.1 NIPA1
Dominant SPG8 8q23-q24 Unknown
Dominant SPG10 12q13 KIF5A
Dominant SPGI12 19q13 Unknown
Dominant SPG13 2q24 Hsp60
Dominant SPG19 9q33-q34 Unknown
Recessive SPG5A 8pl2-ql13 Unknown
Recessive SPG11 15q13-q15 Unknown
Recessive SPG21 13q14 Unknown

SP. In three of five affected individuals, cognitive problems preceded SP, but in the
two subjects whose initial problem was gait difficulty, cognitive decline was not
noted for two years and 12 years, respectively. In addition to the typical plaques
and NFT of AD, both Barrett (1913) and van Bogaert et al. (1940) documented
generalised atrophy of the brain together with degeneration of the corticospinal
tract (Barrett 1913; van Bogaert et al. 1940).

In 1997, we reported the first definitive association of SP with PS1 mutations,
thereby defining a potential genetic etiology to this neurological variant of FAD
(Kwok et al. 1997). Each of the pedigrees with AD and SP that also carries a PS1
mutation is described in further detail in Table 2. A significant number of AD/SP
pedigrees have PS1 exon 9 deletions, although a number of other missense muta-
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Table 2. Alzheimer’s disease (AD) pedigrees carrying Presenilin 1 mutations that have spastic
paraparesis (SP) and cotton wool plaques (CWP).

Family Mean age PS1 Genera- Affected CWP Clinical References
ofonset  mutation tions indivi- presenta-
duals tion
EB 36 AI83/M84 3 5 + AD + SP  Houlden et al.
2000; Steiner et
al. 2001
Japanese 40 Y154N 2 2 nd. AD+SP Hattorietal
(2004)
Michigan <30 InsFlex5 4 5 + AD + SP  Moretti et al.
2004; Rogaeva
etal. 2001
M 40 G217D 2 5 + AD + Takao et al. 2002
parkin-
sonism
Japanese 31 F2371 1 1 nd. AD+SP Sodeyama
etal. 2001
- 38 V261F 2 4 nd. AD+SP Farlow etal. 2000
French 20-54 P264L 3 4 + Atypical Jacquemont
AD +SP  etal. 2002
Tas-1 49 L1271V 3 13 + AD Kwok et al. 2003
P-2 37 R278T 1 1 - AD + SP  Kwok et al. 1997
Italian 45 R278K - 3 nd. AD+SP Assinietal 2003
Irish 42 E280G 3 9 + AD +SP  O’Riordan
et al. 2002
Canadian 52 E280G 2 5 + AD + SP  Rogaeva
et al. 2003
Japanese 32 P284L 1 1 + AD + SP  Tabira et al. 2004
EOFAD1 46 Aex9 3 13 + AD + SP  Smith et al. 2001
(5.9 kb)*
EOFAD2 39 Aex9 3 14 + AD +SP  Kwok et al. 1997
(G/A s.a.)*
EOFAD3 44 Aex9 2 6 + AD + SP  Brooks et al. 2003
(G/T s.a.)*
FINN2 50 Aex9 4 23 + AD +SP  Crook et al. 1998
(4.6 kb)*
FINN3 42.5 Aex9 2 4 + AD Hiltunen
(4.6 kb)* et al. 2000
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Table 2. Continued

Family Mean age PS1 Genera- Affected CWP Clinical References
of onset  mutation tions indivi- presenta-
duals tion
TK-1 47 Aex9 4 12 + AD + SP  Sato et al. 1998;
(G/A s.a.)* Mann et al. 2001;
Tabira et al. 2002
F74 42 Aex9 3 7 + Dys- Perez-Tur et al.
(G/T s.a.)* kinesia 1995; Mann
+ SP et al. 2001
TOR - Aex9* 4 14 + AD +SP  Rogaeva
(personal comm.)
Japanese 48 N405S 1 1 + AD + SP  Yasuda et al. 2000
SYD-1 <30 P436Q 1 1 - AD + SP  Taddei et al. 1998
D 29 P436Q 2 3 + AD + SP  Houlden et al.
2000
UK 35 P436Q 2 2 + AD + SP  Beck et al. 2004
CO 31 n.d. 3 5 + AD + SP  Houlden et al.
2000;Van Bo-
gaert et al. 1940
Japanese 28 n.d. 1 1 + AD + SP  Tabira et al. 2002
Japanese 26 n.d. 1 1 + AD + SP  Tabira et al. 2003

* Sometimes called Aexon10 due to an untranslated exon identified in the 5’ end of the gene

tions have been reported. Three Australian AD pedigrees with SP have a deletion
of exon 9. EOFADI has a 5.9 kb genomic deletion, and EOFAD2 and EOFAD3
have two different splice acceptor mutations (Kwok et al. 1997; Smith et al. 2001;
Brooks et al. 2003). A consequence of the loss of PS1 exon 9 is that the truncated
transcript also carries an additional amino acid substitution, $290C, arising from
the codon spanning the splice site. Steiner et al. (1999) examined the effect of the
$290C mutation and showed that this mutation also resulted in increased AP pro-
duction, indicative of a pathogenic mutation.

The EOFAD1 pedigree is a three-generation early-onset pedigree with 13 af-
fected subjects. Members of two generations developed presenile AD, confirmed
by autopsy in two cases. Members of one sibship in the third generation, at 50%
risk, remained asymptomatic until their mid-40s, an age at which affected family
members usually had established cognitive decline. Four siblings subsequently
developed SP in their mid-40s or later. One of these individuals, IV:11, has been
examined repeatedly and has remained without significant dementia for many
years (Fig. 1). He is currently in a nursing home because of severe physical dis-
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Fig. 1. MMSE score versus age in a EOFAD1 pedigree member with SP. Physical signs of SP
documented over time in patient IV:11. Note that MMSE demonstrates that, despite carrying the
PS1 exon 9 deletion mutation, the patient has remained dementia free for over 10 years.

ability, but until recently he was able to use a keyboard to conduct telephone con-
versations, though physically unable to speak owing to motor speech difficulty. A
second sibling with SP died prematurely of breast cancer at 53 and was considered
not to have dementia. At autopsy, there was pyramidal tract degeneration in the
medulla and spinal cord, consistent with SP, but in the cortex there were signifi-
cant numbers of non-cored plaques, of a type later to be known as “cotton wool”
plaques (CWP), with very few tangles and no significant cell loss. An example is
seen in Figure 2. Congophilic angiopathy was prominent. A third sibling became
cognitively impaired in her 50s at about the same time as she developed SP. Brain
MRI showed severe white matter disease, though this was not found in her broth-
er, IV:11, who has remained without significant dementia (Fig. 3). AD with CWP
and pyramidal tract degeneration was found at autopsy, together with congophil-
ic angiopathy. Her daughter has developed dementia in her late 40s without SP,
indicating that the dementia phenotype can be inherited from a parent with SP as
well as vice versa In this family, apart from the striking preservation of cognitive
performance in individual IV:11, it is also notable that the mean age at onset of
symptoms in individuals with SP at presentation is later than that for individuals
with a dementia presentation (Fig. 4).

Brooks et al. (2003) also described the EOFAD3 family with six affected indi-
viduals in two generations who carry the exon 9 G/T splice acceptor mutation first
described in British family F74 by Perez-Tur et al. (1995). The index case had typi-
cal familial AD with onset at 40 years. When examined at 43, she had frontal re-
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lease signs, positive glabellar tap and moderate rigidity of upper and lower limbs
with some cogwheeling but no spasticity. She died at age 45. Her mother and an
older sister had been similarly affected, but an older brother, while not considered
to have dementia, had developed problems walking at 47 after a fall; a neurologist
diagnosed SP. Again, this was a relatively late age of symptom onset. At 51 he was

Fig. 2. CWP in the cortex of a patient from the EOFADI pedigree. Significant numbers of CWP,
with very few tangles and no significant cell loss, were visualised in the cortex with (A) silver
staining and (B) Hematoxylin and eosin (H&E).

»
P>

Fig. 3. Brain MRI of members of the EOFAD1 pedigree. A-C. Three coronal sections of the brain
of a patient with spastic paraparesis and dementia, showing severe white matter disease. Age 60,
eight years after onset, MMSE 6/30. D-G. Four transverse sections of the brain of a patient with
spastic paraparesis but no dementia. Age 54, six years after onset, MMSE 27/30.
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Fig. 4. Onset age and disease duration in members of the EOFADI pedigree. Individuals pre-
senting with SP had a later dementia mean onset age (49.5 years) than those presenting with
dementia (44.4 years).

Fig. 5. Neuropathological examination of a patient from the EOFAD3 pedigree. The patient had
both dementia and SP. A. Myelin staining in the cervical spinal cord showed corticospinal tract
degeneration (filled arrowheads) using the Luxol fast blue (LFB) method. B. Hematoxylin and
eosin (H&E) staining of the motor cortex showed degeneration of the corticospinal cells (open
arrowheads).
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still living alone; he scored 23/30 on the Mini-Mental State Examination (MMSE;
Folstein et al. 1975), losing points for the date and season and for subtraction
of serial sevens, though he remembered three objects after an interference task.
He had left school at 14 years and claimed he had never learned to write but was
able to copy intersecting pentagons. At age 54, he was found to have pseudobul-
bar palsy; by age 55, he had bladder problems and was in a wheelchair but was
still living alone. The following year he was admitted to a nursing home, where
he deteriorated over several years with slurred speech and, eventually, complete
aphasia, intermittent confusion and agitation, which were worse during episodes
of urinary infection and septicaemia. At 58 years, he had several generalised sei-
zures. He recovered but died a few weeks later. Another sibling developed cogni-
tive decline in her mid-40s and, at 47 years of age, she scored 11/30 on the MMSE.
Some years later she developed a spastic gait and required a wheelchair. She died
at 51, and neuropathological examination of the cervical spinal cord showed bi-
lateral degeneration of the corticospinal tracts (Fig. 5).

The EOFAD2 family has 14 affected subjects in three generations with a dele-
tion of exon 9, this time because of the G/A splice acceptor mutation, first re-
ported in a Japanese family by Sato et al. (1998). Pedigree members had FAD with
age at symptom onset ranging from the late 30s to the early 50s. Four affected
members who we examined had typical AD without SP; one, however, again with
a relatively late onset age of 48 years, developed SP concurrently with cognitive
impairment. At 52, he scored 19/30 on the MMSE and, although physically dis-
abled, could drive a motorised wheelchair to the local swimming pool about 1 km
from home without getting lost (Brooks et al. 2003).

The Finnish pedigree (FINN2), which is a four-generation pedigree, has 23 af-
fected subjects; 10 of the 14 affected individuals had both AD and SP. This fam-
ily has a 4.6 kb genomic deletion in the PS1 gene that leads to the loss of exon 9
(Crook et al. 1998; Hiltunen et al. 2000; Prihar et al. 1999; Verkkoniemi et al. 2000,
2001). Co-occurrence of the SP phenotype with AD delayed the onset of dementia
symptoms by five years. Neuropathology showed a profusion of CWP (see below)
concentrating in the frontal motor cortices and degeneration of the lateral cor-
ticospinal tracts. Memory impairment was present in all patients but appeared
simultaneously with, or was preceded by, walking difficulty due to SP (in 10 of 14
cases). Impaired fine coordination of hands (9/14) and dysarthria (6/14) in some
patients suggested cerebellar involvement. EEG showed intermittent generalised
delta-theta activity. Head MRI showed temporal and hippocampal atrophy; PET
showed bilateral temporo-parietal hypometabolism. In a branch of this family,
FINNS3, the clinical and neuropathological phenotype is that of typical AD with-
out indications of SP or CWP (Hiltunen et al. 2000). A Canadian family, the large
TOR pedigree with a PS1 exon 9 deletion, has a sibship comprising six affected
individuals with variable occurrence of dementia and SP (Dr. E Rogaeva, personal
communication).

Mann et al. (2001) described a British family, F74, also described by Perez-Tur
et al. (1995), and a Japanese family, TK1, both of which have a splice acceptor
mutation causing a deletion of PS1 exon 9. The F74 family has seven affected in-
dividuals in three generations, and the F74 proband was said to be dyskinetic and
have CWP in the frontal cortex. The Japanese family had 12 affected subjects in
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four generations, and Tabira et al. (2002) described identical twins from this fam-
ily: one developed memory disturbances followed by SP and the other reported
trembling and neuralgic pain of the left lower leg with an earlier onset of memory
impairment. Both brothers had numerous senile plaques in hippocampus and
frontal, temporal and parietal cortices. Some plaques were cored but CWP were
also demonstrated by hematoxylin-eosin staining (Mann et al. 2001; Perez-Tur et
al. 1995; Sato et al. 1998; Tabira et al. 2002).

Despite the predominance of PS1 exon 9 deletion mutations in pedigrees with
AD and SP, a number of other PS1 mutations leading to AD/SP have been de-
tected (Table 2). Houlden et al. (2000) reported two families with AD and SP that
share the characteristic CWP pathology: 1) the Scottish family EB, with three gen-
erations and five affected individuals, had a deletion of two nucleotides and con-
sequently two amino acids in PS1 exon 4 (DelI83/M84). This family was studied in
more detail by Steiner et al. (2001), who demonstrated that the deletion caused an
increase in AB42 generation and reduced activity in Notch signaling, as has been
reported for other PS1 mutations (Steiner et al. 2001); and 2) the Belgian family
CO, which was first described by Van Bogaert et al. (1940) as family DC, has three
generations and five affected subjects without a mutation having been identified.
In each of these families, in which SP was a prominent feature, the characteristic
pathology of CWP was also observed (Houlden et al. 2000).

Hattori et al. (2004) reported a PS1 Y154N mutation; the proband had gait dis-
turbances that started at 37 years of age and memory difficulty noted by family
at 42 years of age. On admission at age 47, she had SP and a MMSE of 16/30. The
proband’s mother also presented with gait disturbance in her 40s and died at 69
after two years of abnormal behavior and cognitive dysfunction; however, she
remained non-demented for at least 10 years after onset of gait disturbance.

Moretti et al. (2004) described a Michigan family with five affected subjects in
four generations with a heterozygous 6-nucleotide insertion (TTATAT) at nucleo-
tide position 715 of the PS1 gene, PS1 InsFI located in exon 5. This mutation has
also been described by Rogaeva et al. (2001). These insertions cause an unusually
aggressive form of AD that maintains the usual regional hierarchy of pathology
while extending abnormalities into more widespread brain areas than is typically
seen in sporadic AD. The proband had dementia beginning at 28 years of age. By
32, he had dystonic dysarthria, limb dystonia and SP with spontaneous clonus.
PET scan showed hypometabolism in the posterior temporoparietal cortex that
later encompassed the posterior cingulate, primary motor cortex and frontal as-
sociation cortices. The involvement of the primary motor cortex was apparent
only after SP was clinically noticeable. Both his father and paternal grandfather
were affected and died at age 42 and 35, respectively (Moretti et al. 2004; Rogaeva
et al. 2001).

Seven different Japanese pedigrees have been reported with both AD and SP,
five of which have a mutation in PS1: F2371, N405S, P284L (three pedigrees) and
deletion of exon 9 (two pedigrees). Two pedigrees had unknown mutations. All
cases had numerous CWP and NFT and SP (Sodeyama et al. 2001; Tabira et al.
2002; Yasuda et al. 2000). The F2371 case developed SP at the age of 31, and one
year later, mild memory impairment. PET scan demonstrated marked hypome-
tabolism and hypoperfusion in the bilateral temporoparietal areas, including the
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primary sensory cortex but also in the motor cortex (Sodeyama et al. 2001). He
died at age 35.

Farlow et al. (2000) reported a PS1 V261F mutation in which the patient de-
veloped leg stiffening at age 38, but no memory impairment. A couple of years
later, he developed dementia and was wheelchair bound. A similar syndrome was
reported in the subject’s father, sister and paternal aunt (Farlow et al. 2000).

Jacquemont et al. (2002) reported a small French family with a PS1 P264L mu-
tation that has four affected individuals in three generations with preceding SP
and atypical dementia that is not of the AD type. The patient presented at 54
years of age with gait problems and lower back pain; he developed SP and cogni-
tive impairment (MMSE 18/30 at age 55) but the pattern of cognitive deficits was
not typical of AD, being predominantly visuospatial with relative preservation of
memory functions. Brain MRI showed mild atrophy. There was a family history
of dementia in his sister, who died at age 63, in his mother, who died at age 70
and also had walking difficulty, and in his maternal grandmother (age at death
unknown; Jacquemont et al. 2002).

An Irish family with PS1 mutation, E280G, has nine affected individuals in
three generations with either AD or both AD and SP. One subject had SP and
white matter abnormalities on cranial MRI. A sibling had an internuclear oph-
thalmoplegia, spastic-ataxic quadriparesis, and CWP with amyloid angiopathy on
brain biopsy. Another affected sibling also had MRI white matter abnormalities,
though not SP. The authors considered that the MRI findings might reflect an
ischemic leukoencephalopathy due to amyloid angiopathy affecting meningocor-
tical vessels (O’Riordan et al. 2002), as has been suggested in individuals with
the Dutch APP693 mutation, where pre-symptomatic carriers had white matter
changes on MRI (Bornebroek et al. 1996). Our own observations are consistent
with this conclusion. We have also seen severe white matter change in a member
of EOFAD-1 with both SP and dementia (Fig. 3A-C). The severity of the changes
led the radiologist to suggest a diagnosis of hereditary leukoencephalopathy, but
long chain fatty acid levels were normal. At autopsy, there was generalised atro-
phy, with numerous dilated perivascular spaces in the white matter throughout
the cerebral hemispheres. On microscopy, there was widening of perivascular
spaces, rarefaction of the white matter and thickening of the vessel walls, with am-
yloid angiopathy in most meningeal and many parenchymal blood vessels. There
were also microinfarcts in the occipital cortex, occipital white matter and frontal
white matter. These white matter changes were not found consistently, however.
Her brother, with SP only, had many fewer severe changes, though the scan was
done two years earlier in his illness (Fig. 3D-G). Rogaeva et al. (2003) reported a
Canadian family of five affected subjects in two generations. The pedigree has an
E280G PS1 mutation, previously reported by O’Riordan et al. (2002), although it
was erroneously published as an E280Q mutation (Dr. E. Rogaeva, personal com-
munication). The proband had memory difficulties and weakness in both legs
beginning at age 52 (duration of 15 years). Neuropathology showed degeneration
of the corticospinal tracts (Rogaeva et al. 2003).

There are two other small Australian families with mutations in the PS1 gene,
R278T and P436Q, respectively, that have only one or two affected subjects each
(Kwok et al. 1997; Taddei et al. 1998). The R278T mutation was identified in a
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patient who developed motor problems at 34 and cognitive deficits at 36. He died
at age 41 and brain biopsy confirmed AD. His mother did not carry the muta-
tion; she and his siblings were examined and were unaffected. His father died of
cancer at 65 without any apparent neurological deficit. The P436Q mutation was
identified in an individual who became forgetful in her late 20s. When seen at age
34, she had moderately severe dementia with a MMSE score of 14/30; her gait was
abnormal at that stage and she had brisk reflexes with bilateral extensor plan-
tar responses, though tone was normal. As her dementia progressed, she became
physically more disabled, with increasing spasticity, pseudobulbar palsy and ri-
gidity; she died at age 40. Her father had died at 41 of what was said to be cerebral
atrophy and was known to have been in a wheelchair. The British family D, with
two generations and three affected individuals, also has a PS1 P436Q mutation
with CWP (Houlden et al. 2000; Taddei et al. 1998).

Beck et al. (2004) reported a family from UK where germ line and somatic
mosaicism of the PS1 P436Q mutation was found in a woman who died at age 58
after a 16-year history of progressive parkinsonism, mild SP and dementia. The
mutation was not found in DNA from peripheral blood. Neither parent nor sib-
lings were affected but her daughter developed a progressive cerebellar syndrome
atage 27, with SP and dementia; she died after 12 years. She was found to carry the
P436Q mutation (Beck et al. 2004).

Assini et al. (2003) reported an Italian family with three affected individuals
with a PS1 R278K mutation. One member had dementia onset at 48 years of age,
one had SP onset at 45 years of age followed by dementia five years later, and one
man had SP onset at 41 years of age with only focal memory deficit after 12 years,
with a MMSE score of 28/30 (Assini et al. 2003).

There are 139 PS1 mutations (in 277 pedigrees) described to date, of which 17
(in 24 pedigrees) can lead to SP. However, these 139 PS1 mutations are relatively
evenly spaced throughout the PS1 gene, with 7% of mutations located in exon
13 to 21% of mutations located in exons 5 and 7. The stark exception is exon 9,
which only has 1.4% of PS1 mutations leading to AD. In contrast, AD/SP muta-
tions, which are generally represented between 1 and 2% of all AD mutations in
each exon, are seen at 5-6% of AD mutations in exons 8 and 9. Thus, mutations
in exons 8 and 9 and especially the exon 9 deletion mutations are markedly over-
represented.

Cotton wool plaques

Some PS1 mutations have been associated with neuropathological lesions that
are not typically observed in AD. CWP were first described in the Finnish fam-
ily, FINN2, with a 4.6 kb genomic deletion of PS1 exon 9, that has 10 of 14 indi-
viduals with SP and dementia (see Table 2; Crook et al. 1998). CWP are spherical
with defined margins and do not contain neurites as normal dense cored amyloid
plaques do. Moreover, PS1 mutations associated with CWP secrete unusually high
levels of AB1-42, which is typically located in the peripheral part of the plaque.
CWP have little plaque-related glia or immunoreactivity for complement com-
ponents such as Clq, C3d and C9, suggesting a non-inflammatory pathogenesis.
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Other pedigrees with different PS1 mutations have also been reported to have
CWP (Brooks et al. 2003; Houlden et al. 2000; Kwok et al. 2003; Moehlmann et al.
2002; O'Riordan et al. 2002; Smith et al. 2001; Steiner et al. 2001; Takao et al. 2002;
Table 2). It should be noted that all of these cases also represent pedigrees that
have been described above as having members with SP. However, there are some
sporadic late-onset AD cases without PS1 mutations that have been reported to
have CWP (Le et al. 2001), suggesting that CWP arise from excess A} production.
Although CWP were initially thought to always be co-associated with the SP phe-
notype, several pedigrees have been described with CWP but without SP.

Kwok et al. (2003) described a Tasmanian family, Tas-1, with a PS1 missense
mutation L271V that results in a PS1 transcript isoform that lacks exon 8. The iso-
form lacking exon 8 resulted in the increased secretion of the AB42 peptide, and
the variant PS1 molecule did not interact with either the tau or glycogen synthase
kinase 3 beta (GSK-3f) proteins, providing an explanation for the lack of neuritic
dystrophy in the CWPs found in this family. The Tas-1 family has 13 affected
individuals in three generations with clinical features consistent with AD (Kwok
et al. 2003).

Takao et al. (2002) reported a Japanese family “M” with five affected subjects
from two generations. Two siblings had a clinical phenotype characterised by de-
mentia and parkinsonism with stooped posture, rigidity and bradykinesia. Nu-
merous CWP, senile plaques, NFT and gliosis were found in both patients. Ge-
netic analysis revealed a G217D PS1 mutation (Takao et al. 2002).

Smith et al. (2001) reported that, in the Australian EOFADI family, some in-
dividuals developed SP without dementia. Neuropathology showed CWP within
the cortex in the subjects with SP only or AD/SP compared to subjects with only
dementia, who had normal cored plaques. This finding suggests that CWP are as-
sociated with SP, either with or without AD (Smith et al. 2001).

Conclusions

Many different PS1 mutations are associated with classic FAD. However, a strik-
ing variation in clinical presentation occurs in some AD pedigrees in which some
individuals have SP, either preceding, concurrent with, or instead of dementia
and with brain pathology characterised by AB-positive CWP. The dementia phe-
notype is unusual in that dementia onset appears to be delayed compared to af-
fected individuals who present with dementia only. The phenotypic variability can
be due to specific alleles of the PS1 gene, environmental effects or the involvement
of modifier genes. Variations seen in neuropathology and neurological symptoms
in PS1 FAD suggest that an unlinked modifier gene, acting in concert with a PS1
mutation, may underlie this phenotypic heterogeneity. Supporting evidence for
this proposition includes the fact that AD/SP pedigrees are due to deletions of
exon 9 as well as other PS1 mutations, which suggests that allelic heterogeneity
may not be a factor in the SP variant of AD. Secondly, the variable presentation of
SP and dementia within large sibships carrying identical PS1 mutations suggests
that environmental factors may not be the primary determinant.
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However, Houlden et al. (2000) have offered another suggestion for the patho-
genesis of the SP variant, namely the amount of AP42 production, that is, a dosage
effect. Transfection experiments revealed that all SP-causing mutations have a
larger effect on AB42 production than those mutations that lead to the more typi-
cal dementia phenotype. This finding was also confirmed by examining the AB42
levels in brains of affected cases (Houlden et al. 2000). While this proposal may
explain the presence of CWP in AD/SP pedigrees, it does not provide an explana-
tion for the altered sites of neuropathology, such as the degeneration of the motor
cortex, which is normally spared in AD, and the degeneration of the corticospinal
tracts.

To identify modifier genes in FAD/SP pedigrees, there are some obvious ap-
proaches and candidate genes to analyze. First, the common and defined genes in
pure SP pedigrees provide candidates for mutation screening. Mutations in three
SP genes, spastin, atlastin and paraplegin, account for approximately 50% of all
hereditary SP cases. No coding sequence variation was observed in these genes in
an AD/SP pedigree (Rogaeva et al. 2003). Similarly, we have screened the coding
exons and flanking introns of the ACP33 gene in our FAD/SP pedigrees without
detecting any sequence variations (unpublished data). Second, genes implicated
in the phosphorylation of the tau protein are strong candidates, as one of the
main differences between demented patients with and without SP is the lack of
neuritic involvement surrounding the plaques in patients with SP. Genes of inter-
est in this group include glycogen synthase kinase 3 beta (GSK-3f), cyclin-de-
pendent kinase 5 (cdk5), protein kinase A, casein kinase 1a and the cell division
cyclin 2 genes. Third, the candidate genes involved in AP degradation, such as
insulin degrading enzyme (IDE), neprilysin and a2 macroglobulin, may also be
involved in disease pathogenesis and the production of CWP. Initial experiments
reveal that no polymorphisms in the IDE gene have been found in our FAD/SP
pedigrees (unpublished data). Other ways of identifying modifier genes may be to
use cDNA microarray analysis of brain tissues from individuals with or without
SP. An alternate approach would be to perform linkage analysis on a cohort of
pedigrees with AD/SP to determine if there is a genetic (modifier) locus that is
co-inherited with the SP phenotype.

Although the exact mechanism by which the AD/SP phenotype arises remains
to be determined, we suggest that the most likely explanation is the presence of
modifier genes. The importance of identifying modifier genes involved in AD
pathogenesis is that it will provide insight into the mechanisms by which organ-
isms modulate biological processes to accommodate the deleterious effects of ge-
netic mutations. In the case of individuals in AD pedigrees with SP, the putative
modifier gene is proposed to delay the onset of dementia in carrier individuals,
perhaps by preventing neurodegeneration in cortical regions despite deposition
of AB, which is frequently seen in the form of CWP. New disease therapeutics
could be based on mimicking or enhancing the effects of naturally occurring ge-
netic modifiers.
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Presenilin Mutations:

Variations in the Behavioral Phenotype

with an Emphasis

on the Frontotemporal Dementia Phenotype

Neill R Graff-Radford'

Summary

The vast majority of families with presenilin (PSEN) mutations have the clinical
phenotype of Alzheimer’s disease. However, there are reports of patients who
carry PSEN mutations and have Alzheimer’s disease with a variety of other clinical
phenotypes including spastic paraplegia, seizures, myoclonus, parkinsonism,
epilepsy and amyloid angiopathy. Remarkably, three of the studied families have
frontotemporal dementia (FTD). The mutations associated with FTD are L113P
(Raux et al. 2000), Ins R362 (Tang-Wai et al. 2002) and G183V (Dermaut et al.
2004). Raux and colleagues (2000) reported six members from four generations of
the SAL family who had early onset FTD. Tang-Wai and colleagues (2002) reported
three patients from three generations who had FTD in their 50s and 60s. Dermaut
and colleagues (2004) reported a large family from two generations. Three were
definitely affected and a total of 12 members were evaluated. Again the disease was
of early onset. In all three families, the clinical phenotype was convincingly FTD
in nature. In the first two families (L113P and Ins R362), no autopsy was available,
but in the third family (G183V), one case had an autopsy and the pathology
showed Pick’s disease with Pick bodies and no Alzheimer pathology. Usually
PSEN1 mutations enhance the y-secretase effect on the amyloid precursor protein
(APP), increasing AP42 protein, but a study by Amtul and colleagues (2002)
found that the InsR 362 (but not L113P, which they also tested) caused a “domi-
nant negative” effect on the metabolism of APP (and NOTCH), decreasing A42
production. The G183V mutation does not have the same effect. In this family,
there are two siblings without the mutation (II-3 age 67and II-4 age 66) who had
abnormal SPECT scans and mild dysexecutive function, and II-3 had anomia and
mild MRI atrophy. All of these findings raise the possibility that FTD might not
be linked to the G183V mutation. In conclusion, in the families described so far,
there is suggestive but not conclusive evidence that PSEN1 mutations can cause
FTD.
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Introduction

Three mutations in the Presenilin 1 (PSEN1) gene have been associated with the
clinical presentation of frontotemporal dementia (FTD; Raux et al. 2000; Tang-
Wai et al. 2002; Dermaut et al. 2004; Fig. 1). In determining if the PSEN1 mutations
cause FTD, the evidence we shall evaluate includes the clinical findings, linkage,
a feasible pathogenic mechanism and the pathological findings. We should, how-
ever, accept that all of these factors so far provide circumstantial evidence and not
conclusive proof that these mutations cause FTD.

As background, Sherrington and colleagues (1995) and then Levy-Lehad and
colleagues (1995) reported that mutations of PSEN1 and PSEN2, respectively,
cause early onset Alzheimer’s disease (AD). Scheuner and colleagues (1966)
showed that mutations in both of these genes and the amyloid precursor protein
(APP) gene increased plasma APB42 levels, supporting the hypothesis that early
onset AD (EOAD) is caused by a common mechanism: increased Ap production.
Later it was found that PSEN1 and PSEN2 are membrane proteins that are thought
to be part of the y secretase complex, an aspartyl protease system involved in
APP processing (Kimberley et al. 2003). y-Secretase acts not only on APP but
also on other type 1 transmembrane proteins, such as Notch 1-4 and the Erb-4
receptor tyrosine kinase (Kimberley et al. 2003). In some of y-secretase actions,
intracellular domains are created that are involved in signaling events (Fortini
2002). In trying to understand how PSEN1 mutations may cause FTD, we should
note that PSEN1 gene knockout mice results in embryonic death (Shen et al. 1997)
and that conditional ablation of PSEN1 and PSEN2 expression in the brain of adult
mice has been shown to result in neurodegeneration and cognitive impairment
(Saura et al. 2004). Further, some artificial mutations introduced into PSEN1
(D257E, D385E and delTM1-2; Amtul et al. 2002) have a dominant-negative effect,
resulting in loss of y-secretase activity. In contrast to the increased production of
AB42 associated with the AD-related PSEN1 mutations, a question arises: could
some or all of the FTD-associated mutations be related to a dominant-negative
effect on y-secretase activity, resulting in degeneration?

Review of the reports

L113P Family

The first FTD family with a PSEN1 mutation was reported by Raux and colleagues
(2000). The PSEN1 mutation is L113P.

Clinical findings

Family SAL of France included six affected members with EOAD in four genera-
tions. Three had a good history for analysis. The first case was a woman with onset

at 49 who had personality change, defective judgment, impulsive spending and
stereotypic behavior. After nine years she became mute. Computerized tomog-



95

Presenilin Mutations

‘enjuawap [erodura}ojuoay Jo uoryejuasaxd [eSTUID ) YIIM PIJBIDOSSE U2dq dARY Jey) duad T urruasaxd o) ur suoneny 1 “S1g




96  Neill R Graff-Radford

raphy (CT) showed frontotemporal atrophy. The second case was a 39-year-old
woman who presented with hyperorality and gained 10 Kg. She lacked aware-
ness of her symptoms, was not amnestic, had preserved spatial orientation but
had a reduction of speech and eventually was mute. She died 11 years after onset
but no autopsy was performed. The third case, a 40-year-old woman had logor-
rhea, apathy, and neglect of personal hygiene but preserved spatial orientation.
On the Mini Mental Status examination (MMSE; Folstein et al. 1975), she scored
19/30, on the Mattis Dementia Rating Scale (DRS; Mattis 1983) 102/144, and on
the Boston Naming Test54/60 (Goodglass et al. 1983). She was impaired on the
Verbal Fluency (Benton and Hamsher 1983), Trails B (Reitan and Wolfson 1985),
Wisconsin Card Sorting (Heaton 1981) and Go-No-Go Test. Her CT scan showed
frontal atrophy and her Single Photon Emission Computerized Tomographic
scan (SPECT) showed frontal hypoperfusion.

DNA analysis

Two affected siblings had the L113P mutation and one unaffected sibling did
not.

This mutation occurs in the hydrophilic loop of PSEN1, in which several
mutations are found.

The mutation was not found in 50 unrelated persons.

Pathology

According to personal communication with Dr. Campion in 2004, no autopsy has
been performed on any family member.

Proposed pathogenesis

The authors speculate that the pathology will be AD with prominent frontotem-
poral plaque and tangle pathology.

InsR362 family
Clinical findings

The next family with an FTD phenotype and a PSEN1 mutation was reported by
Tang-Wai and colleagues (2002). They described three affected individuals in
three generations. The paternal grandfather developed forgetfulness and violent
behavior starting in his 60s and died in a nursing home in his 70s. The father
had forgetfulness in his 60s and, a short while later, behavioral dyscontrol. The
proband, a retired teacher, had hypersomnolence and forgetfulness at age 56. She
became lost while driving and ate large amounts of food. On the Short Test of
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Mental Status )Kokmen et al. 1991), she scored 32/38 and on formal neuropsycho-
logical testing she was impaired in attention, verbal fluency, learning, retention,
visuopatial tasks and problem solving. While being tested, the examiner noted
that she drew smiley faces and clover-leaves on her tests. She had a voracious ap-
petite, developed delusions and had behavioral dyscontrol. Magnetic Resonance
Imaging (MRI) showed prominent frontotemporal atrophy.

Genetic analysis

Her DNA showed a three base pair insertion after nucleotide 1055 at codon 352 in
exon 10, resulting in a frame shift with an arginine insertion.

Pathology
No autopsy has been performed.

Proposed pathogenesis

Amtul and colleagues (2002) reported an elegant study showing that this mu-
tation causes a dominant-negative effect, resulting in inhibition of y-secretase
cleavage of APP and Notch. While there are animal data showing that y-secretase
inhibition leads to brain degeneration (Saura et al. 2004), exactly how this would
lead to frontotemporal degeneration is unclear.

G183V family
Clinical findings

Dermaut and colleagues (2004) described the proband designated case II:2. The age
of onset was 52 and the patient was evaluated at 54. At this time, he had personal-
ity change, loss of initiative, apathy, emotional blunting, disinhibition, euphoria,
inappropriate laughing, and dietary hyperactivity but had preserved memory and
orientation. On examination, he had palmomental, snout and glabella reflexes
but no grasp reflexes. Neuropsychological testing revealed a MMSE (Folstein et al.
1975) of 26/30 and he scored in the normal range on the Wechsler Memory Scale
(WMS; Wechsler 1987). His testing showed impairment on the Verbal Fluency
Test (Benton and Hamsher 1983), proverb interpretation and problem solving.
The examiner also observed perseverations, utilization behavior, echolalia and
stereotypic behaviors. The patient was carefully followed and, by age 55, hardly
spoke and had prominent grasp reflexes. At age 59, he scored 2/30 on the MMSE
and 0/60 on the Boston Naming Test (Goodglass et al. 1983). He was bedridden at
61 and died at 62.
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Other family members of G183V family

Eleven additional family members, including six siblings, gave DNA and were
evaluated.

The proband’s father had a 23-year, slowly progressive degenerative dementia
and died at 77. His history is compatible with FTD. The proband’s eldest brother
committed suicide at age 55. At this time, he had a nine-year history in keeping
with FTD.

Siblings of the proband without the mutation

Other siblings were evaluated and three did not have the mutation.

- Sibling II-3 at age 67 had an abnormal SPECT, mild atrophy on MRI, severe
word-finding difficulty, moderate executive dysfunction and mild memory
problems.

- Sibling II-4 at 66 had an abnormal SPECT, normal MRI and mild executive
dysfunction.

- Sibling II-5 was normal on evaluation.

Siblings of the proband with the mutation

- Sibling II-6 at 60 had marked hypoperfusion on the SPECT, atrophy on the
MRI and a moderate global amnestic syndrome.

- Sibling II-7/8 at 58 had discrete hypoperfusion on the SPECT and mild dysex-
ecutive syndrome and one episode of depression.

- Sibling II-9 at age 56 had a normal SPECT, MRI and mild word-finding dif-
ficulty, mild dysexecutive syndrome and mild memory problems.

Pathology

Proband II-2 came to autopsy and macroscopic examination showed that there
was severe frontotemporal atrophy with relative sparing of the superior temporal
gyrus. The ventricles were dilated. Histological examination showed severe neu-
ronal loss in the frontal, temporal (except superior temporal), hippocampal and
cingulate gyri. Fibrillary gliosis was also noted. With Bodian stain, argyrophilic
neuronal bodies (Pick’s bodies) were present in lamina II and III in the deep-
er layers of the superior frontal, superior temporal and middle temporal gyri.
Pick’s bodies were also found in the dentate fascia, CA4 through CAl zones of
the hippocampus, locus ceruleus, periaqueductal gray matter and the griseum
pontis. Some of the cells were ballooned, reminiscent of Pick’s cells. The inclu-
sions stained with AT8 directed against phosphorilated tau. In Pick’s cells and in
large neurons, AT8 stained the cytoplasm. Antiubiquitin antibodies stained the
inclusions less intensely. They found no amyloid plaque pathology. Analysis of
the sarcosyl insoluble tau pellets showed strong doublets at 60 and 64 kDa in the
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Table 1. Summary of findings in the three families

Mutation FTD Clinical/ Genetic Pathology Proposed
phenotype Association pathogenesis
L113P Yes 2 cases No AD pathology in
frontal lobes
InsR362 Yes 1 case No Dominant
negative
G183V Yes 2 cases, Yes Unknown

1 possibly not

proband and FTD control (in keeping with three-repeat tau isoforms) whereas,
in a PSEN1 mutation patient with AD and an AD patient, there was an additional
69kDa band (in keeping with four-repeat tau isoforms).

Proposed pathogenesis

The pathogenesis is unknown. A summary of the three families is shown in
Table 1.

Discussion

The clinical findings of FTD in these three families with PSEN1 mutations
(L113P, insR352 and G183V; Raux et al. 2000; Tang-Wai et al. 2002; Dermaut
et al. 2004) suggest that PSEN1 mutations may lead not only to AD but also, in
some instances, to FTD. The interesting findings of the dominant-negative effect
of insR352 mutation inhibiting y-secretase activity (Amtul et al. 2002) and that
conditional ablation of PSEN1 and PSEN2 expression in the brain of adult mice
has been shown to result in neurodegeneration and cognitive impairment (Shen
etal. 1997; Saura et al. 2004) are important avenues to explore. However, this does
not seem to be the mechanism in the other two mutations. As proposed by Raux
et al. (2000) authors of the L113P mutation report, AD pathology predominantly
in the frontal lobes may lead to an FTD picture. Neither of these two proposed
mechanisms can explain the findings in the G183V mutation, in which an autopsy
of one case clearly shows Pick’s disease and no dominant-negative effect (the
same as the insR362 mutation). An unresolved issue in this family is how the
clinical picture will evolve in the six siblings. Will those without the mutation
develop FTD and Pick’s disease or will only those with the mutation develop the
clinical picture? In other words, will there be true linkage between the mutation
and the clinical phenotype?

In conclusion, we should be careful in interpreting the findings in these three
families. Linkage has not been definitively established in any of the families, so it
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is possible that these mutations are rare benign variants (although all were absent
in control populations). Further pathology in these families and discovery of new
families may help clarify this interesting and evolving field.
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Frontotemporal Dementias:
Genotypes and Phenotypes

Virginia M.-Y. Lee'

Introduction

Frontotemporal dementias (FTDs) refer to a heterogeneous group of sporadic
and familial neurodegenerative disorders in which the clinical manifestations are
linked to pathologic processes that specifically target the frontal and temporal
lobes, leading to relentlessly progressive and selective brain degeneration (Kertesz
1997; Neary et al. 1998). FTDs are characterized clinically by abnormal social con-
duct, loss of executive functions and personality changes (Kersetz 1997; McK-
hann et al. 2001; Neary et al. 1998; Lund and Manchester Groups 1994). However,
the specific clinical manifestations of FTDs are determined by the topographic
distribution of pathology affected by a neurodegenerative disease process; con-
sequently, other diverse disorders - including Alzheimer’s disease (AD), Lewy
body disease, Huntington’s disease, and prion disorders — may also present with
frontotemporal lobe symptoms that closely resemble those seen in classic FTDs
(Trojanowski and Lee 2003). Pick’s disease (PiD) has long been considered the
prototypical FTD. However, the discovery that family members with the same tau
gene mutations that are pathogenic for FTDP-17 have diverse clinical phenotypes
- including movement disorders such as progressive supranuclear palsy (PSP)
and corticobasal degeneration (CBD), memory dysfunction similar to that ob-
served in AD and argyrophilic grains disease (AGD), as well as the classic picture
of FTD - suggested that all of these neurodegenerative disorders are part of the
spectrum of FTD syndromes (Neary et al. 1998). Indeed, from a neuropathologi-
cal perspective, the spectrum of FTDs includes those with and without abundant
tau pathology (Fig. 1). About 30% of FTDs contain prominent tau abnormalities
- characterized by the accumulation of insoluble hyperphophorylated tau pro-
teins in neurons, glial cells or both neurons and glia - and, together with other
neurodegenerative disorders with tau pathology, these FTDs are now classified
as tauopathies. Another subtype of FTD is known as dementia lacking distinctive
histopathology (DLDH), or frontotemporal lobar degeneration (FTLD; Knopman
et al. 1990). Although DLDH brains do not contain tau lesions, DLDH is consid-
ered a tauopathy because there is a loss or marked reduction in the levels of brain
tau proteins in DLDH compared to normal, age-matched controls (Zhukareva
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Neuropathological Examination of Frontotemporal
Dementia Patients

Tau positive inclusions - | Absence of tau positive inclusions |
composed predominantly %\
Pick bodies NFTs Neuronal/glial| |Ubiquitinated||Neurofilament|| Absence of || Other
3R-tau 3R/4R-tau inclusions inclusions inclusions inclusions
/ 4R-tau
PiD CBD
FTDP-17 PSP FTD-MND NFID DLDH/FTLD
FTDP-17 +/- MND
AD TPSD
LBVAD ACD*
FTDP-17

Fig. 1. Algorithm for the neuropathologic diagnosis of patients with FTD. This algorithm repre-
sents an oversimplification of the schema used to diagnose FTD patients and does not reflect the
complexity of the cases or the commonly observed occurrence of multiple pathologies.

et al. 2001, 2003). A second major subtype of FTD is characterized by the pres-
ence of ubiquitin-positive and tau-, a-synuclein, and neurofilament (NF)-nega-
tive lesions similar to those observed in motor neuron disease (MND); this FTD
variant is known as FTD-MND (see Fig. 1; Mitsuyama and Takamiya 1979; Neary
et al. 1998). Finally, a recently described FTD subtype is characterized by the ac-
cumulation of intracellular inclusions that are negative for tau or a-synuclein but
contain NF proteins and a-internexin; this variant is referred to as an FTD neu-
rofilamentopathy, or neuronal intermediate filament inclusion disease (NIFID)
(3,4). This review will summarize the current understanding of the genotypes and
phenotypes of FTDs.

Genetics of FTD

The genetics of familial FTDs is complex and reflects broadly their sporadic
counterparts as outlined above. Many patients who develop familial neuro-
degenerative disorders with a clinical phenotype consistent with PiD, PSP, CBD,
and FTD turn out to have a fau gene mutation and therefore are part of FTDP-17
(McKhann et al. 2001). On the other hand, there are familial FTDs with similarly
diverse clinical phenotypes and tau pathologies but without identifiable tau gene
mutations (Lendon et al. 1998; Morris et al. 1984). Moreover, a large FTD-MND
kindred with linkage to chromosome 17 developed abundant tau and a-synuclein
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pathology but was without tau as well as a-synuclein mutations (Wilhelmsen et
al. 2004). Thus, FTD-associated genes other than tau that cause tau pathologies
remain to be identified. Furthermore, other FTD kindred with linkage to
chromosome 17 lacked both tau pathologies and tau gene mutations, indicating
that other, related genes on chromosome 17 also cause FID in an autosomal-
dominant manner. Loci on other chromosomes have also been implicated in
FTD. For instance, families with inclusion body myopathy, Paget’s disease, and
co-incidental DLDH were linked to chromosome 9 (Waggoner et al. 2002). In
addition, other FTD kindreds with FTD-MND pathology showed strong linkage to
chromosome 3 (Brown et al. 1995), and a distinct locus on chromosome 9 (Hosler
etal. 2000). Thus, additional gene and risk factors for this group of heterogeneous
familial FTDs remain to be identified.

Clinical features of FTD

The clinical phenotype of patients with both familial and sporadic FTDs also ex-
hibits a wide range of specific cognitive and behavioral deficits compared with the
genotype and the neuropathological phenotype. For example, clinical character-
istics of FTD patients include impairment of executive functioning that interferes
with strategic processing and working memory, difficulty with initiative and at-
tention, non-fluent speech that progresses to mutism, and a bizarre affect that
includes disinhibited, hypersexual and hyperoral behaviors (Foster et al. 1997;
Kertesz 1997; Knopman et al. 1990; Lieberman et al. 1998; Morris et al. 1984; Neary
1994; Neary et al. 1998; Lund and Manchester Groups 1994; Turner et al. 1996). In
addition, FTD patients often develop extra-pyramidal signs such as rigidity and
gait disturbance that may be accompanied by a resting tremor. Other features of
sporadic and familial FTDs include 1) an inattentive state with poor initiative, 2) a
dysexecutive syndrome, 3) a progressive non-fluent aphasia, and 4) a disinhibited
bizzare affect. However, the latter clinical features of FTD are not well charac-
terized but are important for understanding FTDs for several reasons: 1) Many
of the clinical symptoms in FTD patients overlap with those in other dementing
diseases, most notably AD. In fact, the prevalence of FTDs was underestimated in
the past because they were confused with AD, but increasing awareness suggests
that they may constitute up to 20% of neurodegenerative dementias; 2) Given the
heterogeneity of FTDs, it is important to define subgroups of these FTD patients
based on cognitive and behavioral evaluations. 3) Once identified, clinical sub-
groups of FTDs can be correlated with the neuropathological variants of FTDs
(see Fig. 1). 4) Emerging genetic and biochemical analyses of FTDP-17 provide
support for the hypothesis that the FTDP-17 genotype predicts the abnormal bio-
chemical tau phenotype, but it is unclear whether or not it also correlates with
clinical phenotype. 5) Differentiation of FTDs from other dementing diseases on
clinical grounds will facilitate efforts to dissect out the underlying mechanisms of
the neurobehavioral deficits specific to each disorder, as well as to conduct cost-
effective and informative clinical trials of new therapeutic agents that are likely to
emerge from the rapidly accruing insights into the basic mechanisms of different
neurodegenerative diseases. Thus, increased understanding of the clinical pheno-
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types of FTDs has several important implications for FTDs as well as for AD and
other neurodegenerative disorders.

FTD Tauopathies

One of the major neuropathologies found in FTD patients is filamentous tau in-
clusions and related pathologies that accumulate in neurons and/or glia (Lee et
al. 2001). To begin to understand how tau pathology causes neuronal and perhaps
glial degeneration, it is important to consider the normal biology of tau proteins.
Tau belongs to the family of MT-associated proteins, and tau proteins bind to
MTs and regulate MT functioning. In the adult human brain, alternative mRNA
splicing of 11 exons in the tau gene generates 6 tau isoforms (Goedert et al. 1989).
Alternative splicing of exon (E) 2 and E3 of the tau gene generates isoforms with
or without a 29 or 58 amino acid-long amino-terminal insert, and alternative
splicing of E10 gives rise to three tau isoforms with three MT binding repeats
(3R-tau) or three tau isoforms with 4 MT binding repeats (4R-tau). These repeats
are nearly identical, 31 amino acid-long motifs (Goedert et al. 1989). While much
remains to be learned about how the alternative splicing of the tau gene is regu-
lated, the demonstration that the ratio of 3R-tau to 4R-tau in the normal brain is
~1 (Hong et al. 1998) supports the idea that this splicing is tightly regulated.

In 1994, the first FTDP-17 kindred was linked to chromosome 17q21.22, the
same region containing the tau gene (Wilhelmsen et al. 1994). Subsequently, in
June 1998, Schellenberg and co-workers reported the first pathogenic tau gene
mutation in a FTDP-17 kindred (Seattle family A; Poorkaj et al. 1998). Shortly
thereafter, a large number of intronic and exonic tau gene mutations in multiple
FTDP-17 kindreds were reported in several studies, confirming that the FTDP-17
locus is indeed the tau gene (Hutton et al. 1998; Iijima et al. 1999; Spillantini et al.
1998). The extent and the variety of the different tau gene mutations discovered
so far directly implicate tau dysfunction as a major cause of familial FTDP-17.
These initial observations emphasize that the fine regulation of tau isoform ex-
pression in neurons and glial cells is exquisitely sensitive to perturbation and that
multiple mechanisms of disease pathogenesis can be initiated by the different tau
gene mutations. To date, >30 different tau gene mutations have been identified
(Table 1), and they cause FTDP-17 by reducing the binding of tau to MTs, increas-
ing the propensity of tau to assemble into fibrils and/or by altering E10 splic-
ing and consequently altering the ratio of 3R- to 4R-tau (Lee et al. 2001). Recent
studies from several laboratories have demonstrated that multiple mechanisms,
including regulatory elements in introns as well as missense mutations within the
coding region, are operative in regulating E10 splicing. This increase in E10 splic-
ing augments the expression of 4R-tau proteins in the brains of FTDP-17 patients
with these specific mutations.

Significantly, the discovery of E10 splice mutations in a subset of FTDP-17 kin-
dreds provided important clues for developing a better understanding of seem-
ingly sporadic FTDs, including those assigned the postmortem neuropathological
diagnosis of PiD, CBD, PSG or PSP. The majority of the fau gene mutations are
located within or near the MT binding repeat regions and are inherited in an au-
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Table 1. Tau mutations in FTDP-17a

Mutation  Location Exon 10 MT Pheno- Reference
splicing binding type
R5H Exon 1 No change Reduced FTDP-17  Josephs et al. 2003
R5L Exon1 No change Reduced PSP-like Kertesz 1997
K257T E9, R1 No change Reduced PiD-like Kinoshita et al. 1997;
Knopman et al. 1990
1260V E9, R1 ND ND NA Lariviere and Julien 2004
L266V E9, R1 Decreasedb Reduced PiD-like Lee et al. 2001
G272V E9,R1 No change Reduced FTDP-17  Leigh et al. 1988
E9+33 19 ND NA NA Lendon et al. 1998
N279K E10,IR1-2 Increasedc Variable PSP-like Lieberman et al. 1998
AK280 E10,IR1-2  Decreased Reduced FTDP-17 Lendon et al. 1998
L284L E10,IR1-2  Increased NA AD-like Lowe et al. 1988
N296N E10, R2 Increased NA CBD-like  Mann 1998
N296H E10, R2 Increased Decreased FTDP-17  Mann et al. 1993
AN296 E10,R2 No change Decreased  PSP-like =~ McKhann et al. 2001
P301L E10,R2 No change Reduced FTDP-17  Leigh et al. 1988
P301S E10, R2 No change Reduced CBD-like, Meyer 1929;
FTDP-17  Mitsuyama 2000
S305N E10,IR2-3  Increased No effect CBD-like  Mitsuyama and
Takamiya 1979;
Morris et al. 1984
S305S E10,IR2-3  Increased NA PSP-like Nakano 2000
E10+3 110 Increased NA FTDP-17  Neary et al. 1988
E10+11 110 Increased NA FTDP-17  Neary 1994
E10+12 110 Increased NA FTDP-17  Neary et al. 1998
E10+13 110 Increased NA NA Leigh et al. 1988
E10+14 110 Increased NA PSP-like,  Leigh et al. 1988
FTDP-17
E10+16 110 Increased NA AD-, PiD-, Leigh et al. 1988;
PSP-, Nicholl et al. 2003
CBD-like,
FTDP-17
L315R El1 No change Reduced PiD-like Okamoto et al. 1991
S320F El1 No change Reduced PiD-like Poorkaj et al. 1998
Q336R E12 No change Increased  PiD-like Poorkaj et al. 2002
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Table 1. Continued

Mutation  Location Exon 10 MT Pheno- Reference
splicing binding type

V337M E12,IR3-4  No change Reduced FTDP-17  Spillantini et al. 1998

E342V E12,IR3-4 Increased ND FTDP-17 Talbot 1996

S352L E12,IR3-4 ND No effect Atypical The Lund and
Manchester Groups 1994

K3691 E12,IR3-4 ND Reduced PiD-like Trojanowski and Lee
2003

G389R E13 No change Reduced PiD-like Turner et al. 1996

R406W E13 No change Reduced PSP-like  Leigh et al. 1988

# Abbreviations: E = exon; I = intron; R = MT binding repeat; IR = inter-repeat regions; ND = not
determined; NA = not applicable "Decreased indicates reduced exon 10 utilization. ‘Increased
indicates enhanced exon 10 utilization.

tosomal-dominant manner. However, a number of “unusual” tau gene mutations
were discovered. First, an N-terminal exon 1 fau mutation, R5L (Poorkaj et al.
2002), that is pathogenic for FTD was identified, and a R5H tau mutation also was
identified in a Japanese PSP patient (Hayashi et al. 2002). Notably, recombinant
R5L tau fibrillizes more readily than wild type (WT) tau (Gamblin et al. 2003).
Second, an autosomal recessive tau gene mutation, S352L, was identified in an
unusual kindred. The affected individuals of this pedigree presented with respi-
ratory failure but subsequently developed a mild PSP-like phenotype (Nicholl et
al. 2003). Third, incomplete penetrance was observed in a Dutch family with the
L315R tau mutation (van Herpen et al. 2003). Thus, the genetics of tau mutations
in FTD tauopathies are complex and the identification of additional tau gene mu-
tations or novel genes with mutations will be crucial for increasing understanding
of the etiology and pathogenesis of this complex disorder.

Studies conducted in the last few years on tau pathologies in different FTDs
and AD provide important insights into the similarities and differences between
these FTD tauopathy variants and AD tau pathologies. For example, the density of
glial tau pathologies, particularly in white matter, is found in FTD and not in AD,
which distinguishes AD from FTD tau pathologies. Moreover, the regional dis-
tribution of tau pathologies in AD differs from that of FTD tauopathies, wherein
subcortical and brainstem tau lesions are prominent features. Finally, although
elevated levels of CSF tau are relatively specific AD biomarkers, FTDs do not show
consistent increases in CSF tau (Clark et al. 2003). Taken together, these and other
findings support the hypothesis that distinct pathogenic mechanisms cause FTD
tauopathies compared to the tau pathologies in AD.
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FTD with MND-type inclusions

In 1929, Meyer first noted an association between MND and dementia (Meyer,
1929). Since that time, this combination of clinical signs and symptoms has been
increasingly recognized (Mitsuyama and Takamiya 1979; Neary et al. 1988)(Mit-
suyama and Takamiya, 1979; Neary et al., 1990). Patients typically present with
FTD and neurological signs of MND appear later. However, occasionally the de-
mentia and physical symptoms present concurrently (Mitsuyama 2000; Nakano
2000; Talbot 1996). In some instances, FTD occurs in the absence of clinical signs
of MND, despite the presence of the characteristic pathological changes in the
brain (Jackson et al. 1996). Currently, FTLD-MND, also referred to as “motor
neuron disease-inclusion dementia,” is one of the more common neuropatho-
logical diagnoses in patients with FTD. However, the relationship between FTD
patients with and without MND, as well as MND alone, remains unclear.

The gross pathological changes of FTD are relatively similar in FTD, regardless
of the underlying histopathology (Mann 1998; The Lund and Manchester Groups
1994). In addition, the anterior roots of the spinal cord are often atrophic in
patients with prominent MND (Mitsuyama and Takamiya 1979; Neary et al.
1988). Loss of motor neurons in the spinal cord and brainstem is a feature of
FTD-MND that is similar to that observed in classic MND, but the changes in
motor neurons are generally more prominent in those patients with clinically
advanced MND (Jackson et al. 1996). Histochemical and immunohistochemical
analyses reveal no senile plaques, amyloid angiopathy, tau-immunoreactive
neurofibrillary lesions, or a-synuclein pathology in FTLD-MND. In contrast, the
defining histological feature is the presence of cytoplasmic neuronal inclusions in
the granule cells of the dentate gyrus and the superficial layers of the neocortex,
most prominently in the external granular layer (Jackson et al. 1996; Okamoto
et al. 1991; Wightman et al. 1992). These inclusions are similar morphologically
to Pick bodies, except they are immunoreactive with antibodies to ubiquitin
but non-reactive with antibodies for tau and are not detected with conventional
silver stains. Ubiquitin-immunoreactive dystrophic neurites are also detected in
affected neocortices. Ultrastructurally, the inclusions are composed of filaments
10 to 15 nm in diameter (Iseki et al. 2001; Kinoshita et al. 1997). In addition, there
are often ubiquitinated inclusions within motor neurons of the anterior horns of
the spinal cord and brainstem that are identical to those observed in classic MND
(Fig. 1; Leigh et al. 1988; Lowe et al. 1988).

Relationship between FTLD-MND and classic MND

While the relationship between FTLD-MND and classic MND remains uncertain,
there are numerous similarities between the two disorders. In classic MND, there
is often frontal lobe dysfunction in later stages of the illness, despite the absence
of cortical or hippocampal pathology. The ubiquitinated inclusions in the brain
and spinal cord of FTLD-MND patients are similar to those identified in the spinal
cord of classic MND patients (Jackson et al. 1996; Okamoto et al. 1991 Wightman
et al. 1992). Furthermore, several families with FTD-MND have been described



110  Virginia M.-Y. Lee

in which affected individuals clinically manifest FTD alone, MND alone, or both
(Gunnarsson et al. 1991; Jackson et al. 1996; Mann et al. 1993). Thus, it is possible
that FTLD-MND and classic MND represent different patterns of expression of
a common disease process with an overlapping topographic distribution of pa-
thology. The identification of mutations and/or polymorphisms in kindreds with
FTLD-MND will provide insight into the pathogenesis of the disorder. However,
it remains unclear whether FTLD-MND represents a primary disorder in ubiqui-
tination or pathology of a distinct, as of yet unidentified, protein or proteins that
are ubiquitinated during the process of aggregation.

Frontotemporal lobar degeneration

In 1974, Constantinidis and colleagues (1974) subclassified PiD into several cat-
egories depending on the presence or absence of Pick bodies and/or ballooned
neurons. More recent neuropathological criteria for the classification of FTD re-
quire Pick bodies for the diagnosis of Pick’s disease (McKhann et al. 2001; The
Lund and Manchester Groups 1994). A subset of these FTD patients (Constan-
tinidis Group C) lacks filamentous inclusions within either neurons or glia. This
subset, which accounts for up to 30% of patients with FTD, has received a variety
of names, including dementia of frontal lobe type, frontal lobe degeneration of
non-Alzheimer type, and dementia lacking distinctive histopathology (Brun 1987;
Knopman et al. 1990; Mearu et al. 1988). A recent report from the Work Group
on FTD and PiD settled upon the name “frontal temporal lobar degeneration”
(FTLD; McKhann et al. 2001).

Although the frontal and temporal lobe atrophy and variable depigmentation
of the substantia nigra are the same as are observed for FTLD-MND described
above (except for the notable absence of atrophy of the anterior roots of the spinal
cord and variable degeneration of the hippocampal formation, basal ganglia, and
substantia nigra consisting of neuron loss and gliosis), immunohistochemistry
(IHC) reveals no (or limited) filamentous inclusions identified with antibodies
specific for amyloid, tau, a-synuclein, or ubiquitin, and there is no protease-
resistant prion protein (McKhann et al. 2001; The Lund and Manchester Groups
1994). However, Zhukareva et al. (2001, 2003) identified the first unique feature
in FTLD patients: in a subset of these patients, they noted the selective loss of
tau protein expression but relative preservation of tau mRNA levels. This
finding suggests that the level of tau protein is controlled post-transcriptionally.
Moreover, the loss of functional tau expression may disrupt axonal transport,
leading to neurodegeneration of affected neurons.

FTD with neuronal intermediate filament
inclusion disease (NIFID)

A subtype of FTD has been shown to develop neuronal cytoplasmic inclusions
comprised of neuronal intermediate filaments that are tau- and a-synuclein-
negative but variably ubiquitinated; it is designated as neuronal intermediate
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filament inclusion disease (NIFID). Although all neuronal intermediate filament
proteins, including NF triplet protein and a-internexin, are present in the
inclusions, a-internexin is more abundant and hence has been identified as a
major component of the pathological inclusions of this subtype of FTD (Cairns
et al. 2004a,b). There are six types of IF proteins classified by gene structure and
sequence homology. The term “intermediate” derives from their diameter (10-12
nm), which is intermediate between microtubules (25 nm) and microfilaments
(7-10 nm). Five major neuronal IF proteins are expressed in the adult human CNS:
three NF proteins - light (NF-L), medium (NF-M), and heavy (NF-H) subunits of
approximately 68 kDa, 145 kDa, and 200 kDa, respectively; peripherin, of 57kDa;
and a-internexin, of 66kDa. NFs and a-internexin genes have homologous
intron-exon organization and are type IV, whereas peripherin encodes a type
III IF protein resembling vimentin (Lariviere and Julien 2004). The IF proteins
have a tripartite structure: a central rod domain of about 300 amino acids formed
from a highly conserved a-helix, and amino- and carboxy-terminal regions called
head and tail domains, respectively, which are less conserved (Lariviere and
Julien 2004). NF inclusions are commonly found in tangle-bearing neurons in
AD and in Lewy body-bearing neurons in Parkinson’s disease (PD) and exist as
spheroids in amyotrophic lateral sclerosis (ALS). However, the presence of «-
internexin distinguishes NIFID from other diseases with intermediate filament
inclusions since a-internexin is rarely detected in neurodegenedarative diseases.
The accumulation of abnormal neuronal intermediate filament aggregates in
neurons might be a consequence of dysregulation of protein synthesis, failure of
axonal transport, abnormal phosphorylation and proteolysis.

Conclusions

The complexity of FIDs is beginning to be elucidated. Diverse clinical pheno-
types including behavior abnormalities, aphasia, parkinsonism, motor neuron
degeneration and dementia are part of the spectrum of FTD syndrome. Although
the molecular mechanism that accounts for this clinical heterogeneity is unclear,
the overlapping clinical phenotypes suggest an inter-dependent relationship in
the manifestation of these diverse phenotypes. Investigations into the genetics of
FTDs may facilitate our understanding of the etiology and pathogenesis of FIDs,
and it is evident that autosomal-dominant and autosomal-recessive inheritance
in multiple genes as well as complex traits will be implicated in FTDs. Although
tau gene mutations on chromosome 17 are found to be causal in some families
with FTDP-17 and tau polymorphisms are risk factors for FTD, they are respon-
sible for only a fraction of familial FTDs. Nevertheless, the accumulation of tau
lesions in patients with known FTDP-17 mutations supports the concept that the
aggregation of mutant brain protein can lead directly to neurodegeneration. Since
the majority of FTDs do not accumulate tau lesions and since a sizable percentage
of FTDs develop ubiquitin-positive and tau- and a-synuclein-negative inclusions,
the identification of the protein entities that are ubiquitinated represents a major
challenge in the field, and their identification will provide additional insights into
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disease pathogenesis as well as into the development of novel strategies for treat-
ment and prevention.
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Chromosome 17-linked Frontotemporal dementia
with Ubiquitin-Positive, Tau-Negative Inclusions
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Summary

Familial forms of frontotemporal dementia (FTD) are in 10-43% of patients,
caused by mutations in the gene encoding the microtubule associated protein tau
(MAPT) located at chromosome 17q21. Neuropathologically, these patients are
characterized by tau-positive depositions in brain. However, autosomal domi-
nant forms of FTD without MAPT mutations have been reported, suggesting
other tauopathy-related genetic defects. One such form is FTD linked to 17q21,
with tau-negative but ubiquitine-positive neuronal inclusions or FTD-U. We pre-
viously reduced the candidate chromosomal region to 4.8 cM in a Dutch FTD-U
family, 1083. A mutation in MAPT was excluded by genomic sequencing. More
recently, we identified three Belgian FTD families of which two, DR2 and DRS,
showed linkage to the 17q21 region. Both families shared a common haplotype
in an 8.04 cM region, indicating that they are genetically related to a common
founder. In the third family, DR7, we obtained an autopsy confirmation of the
characteristic ubiquitin-positive, tau-negative neuronal inclusions. Currently,
there are 11 FTD families linked to 17q21 that do not segregate a MAPT mutation,
of which five are conclusively linked (LOD score > 3). Together the data suggest
that FTD-U could represent an important subtype of FTD, and that identification
of the underlying gene defect might significantly contribute to our understanding
of the pathomechanism leading to neurodegeneration in this dementia subtype.

Introduction

Frontotemporal dementia (FTD) is an important neurodegenerative disease
representing approximately 5% of all dementia patients and 10-20% of patients
with an onset age below 65 years (Neary etal. 1998; Ratnavalli et al. 2002). Clinically,
FTD patients present with personality changes and disinhibited behavior, often
accompanied by a gradual and progressive language dysfunction (McKhann et al.
2001). A definite diagnosis of FTD requires neuropathological brain examination.
Unlike other forms of neurodegenerative disorders such as Alzheimer’s disease
(AD) or Creutzfeldt-Jacob’s disease, FTD encompasses considerable pathological
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heterogeneity. Three broad subdivisions have been recognized depending on
the profile of immunohistochemical staining and the pattern of intracellular
inclusions (Morris et al. 2001; Hodges et al. 2003). The first group contains FTD
patients with tau-positive pathology, including patients with Pick bodies and
those with diffuse tau-positive neuronal and astrocytic immunoreactivity. The
second class consists of patients with a variable number of tau-negative, ubiquitin-
positive intraneuronal cytoplasmic inclusions in frontotemporal cortex or the
dentate gyrus (FTD-U), whereas the third class of patients is characterized by
dementia lacking distinctive histopathology (DLDH). Many studies have recently
attempted to estimate the prevalence of each of these three pathological FTD
subtypes in extended populations (Hodges et al. 2004; Paviour et al. 2004; Josephs
et al. 2004; Lipton et al. 2004). They showed that, in general, only a third of all
FTD patients are tau-positive; conversely, the relative contribution of FTD-U and
DLDH significantly varied between different studies and is still debated.

A positive family history of dementia is found in approximately 40% of FTD
patients and, in the majority of these patients, the disease is inherited as an
autosomal dominant trait (Stevens et al. 1998; Rosso et al. 2003). Recent studies
have shown that 10-43% of all familial FTD patients are associated with mutations
in the gene encoding the tau protein (MAPT) located at 17q21 (Hutton et al. 1998;
Rizzu et al. 1999; Houlden et al. 1999; Poorkaj et al. 2001). To date, 36 different
MAPT mutations have been identified in 106 dementia families worldwide
(Rademakers et al. 2004a). However, in at least four autosomal-dominant FTD
families, mutations in MAPT could not be identified despite conclusive linkage
to 17q21 (Lendon et al. 1998; Rosso et al. 2001; Rademakers et al. 2002; Picker-
ing-Brown et al. 2004). The recognition of an FTD locus at chromosome 17q21
independent of MAPThas stimulated manyresearchers to performlinkage analysis
at 17921 in extended FTD families with unknown genetic cause. This research has
led to the identification of a group of at least nine families showing suggestive or
conclusive linkage to 17921 in the absence of detectable MAPT mutations (Bird et
al. 1997; Froelich et al. 1997; Lendon et al. 1998; Kertesz et al. 2000; Rosso et al. 2001;
Rademakers et al. 2002; Curcio et al. 2002; Pickering-Brown et al. 2004; Benussi
et al. 2004). Clinically, there are no features that can reliably distinguish between
patients from these nine families and MAPT mutation carriers, but, in contrast
to FTD families segregating a MAPT mutation, these families are characterized
by the absence of tau pathology. In fact, now that the number of FTD families
linked to chromosome 17q21 is rapidly increasing and more neuropathological
data become available, it seems as if the majority, if not all, of these FTD families
belong to the FTD-U neuropathological subtype.

Here we present our most recent clinical, pathological and genetic data on the
Dutch FTD-U family 1083 and three novel Belgian FTD families. In addition, our
phenotypic and genetic findings will be discussed in relation to the fast increasing
subgroup of 17q21-linked FTD families.
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Family 1083
Family ascertainment and clinical description

Family 1083 is a four-generation, autosomal-dominant dementia family derived
from a genetic epidemiological study of early-onset AD conducted in the Nether-
lands between 1980 and 1987 (Fig. 1; Hofman et al. 1989). This study included all
patients diagnosed with clinical AD with an onset age at or before the age of 65
years, living in Rotterdam and the four northern provinces of the Netherlands. In
2001, an extensive clinical follow-up of family 1083 was conducted by neurological
examination of patients and interviews of first-degree relatives. Available medical
records and CT scans were also reviewed. At that time, 16 family members from
three generations were considered affected (Rademakers et al. 2002). Recently,
three additional family members developed dementia (III-10, IV-29 and IV-30).
Detailed clinical information was available for 12 of the 19 patients. The mean
age at onset in the 12 patients was 64.9 years (range 53 to 79 years), with mean
disease duration of 6.6 years (range 3-13 years). In this family, the most common
presenting symptoms were restlessness or roaming (eight patients), hyperorality
(seven patients), and disinhibition (five patients). Language dysfunction consisted
of echolalia or reduced spontaneous speech, eventually resulting in mutism in
all patients. Other symptoms were memory problems early in the course of the
disease in four patients and paranoia in three patients. Lobar atrophy on CT scan
was present in two patients (frontal and temporal in III-29, and frontal in III-
21), whereas the CT scan was normal one year after onset in III-11. Psychometric
testing performed in patients III-11 and III-21 showed increased distractibility
and impaired recall but intact recognition and spatial and temporal orientation.
In conclusion, the clinical presentation was highly suggestive for FTD in eight
patients, whereas AD and/or vascular dementia could not be excluded in four
patients (I1I-22, III-23, I11-26 and III-31).

Neuropathological description

Brain autopsy was performed in patient III-4. Macroscopic examination showed
atrophy of frontal lobes with severely dilated ventricles (brain weight, 1,450
gram). Variable neuronal loss and microvacuolar changes were present in the
superficial layers of the frontal cortex, with moderate gliosis of sub-pial and sub-
cortical regions. In the temporal cortex, similar changes were seen in patches
intermingled with normal cortex. Furthermore, mild neuronal loss was seen in
the Cornu Ammonis of the hippocampus and the entorhinal cortex. A moderate
number of age-related neurofibrillary tangles was present in the pyramidal cells
of the entorhinal cortex, but no neurofibrillary degeneration was observed in any
other cortical region. The parieto-occipital cortex and cerebellum were normal.
Mild loss of pigmented neurons was seen in the substantia nigra, whereas striatal
regions and thalamus were not affected. No neuritic or diffuse amyloid plaques,
ballooned cells, Pick bodies or Lewy bodies were detected.
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Immunohistochemical analysis

Staining with ubiquitin antibody (PC) showed small numbers of cytoplasmic
neuronal inclusions and a moderate number of ubiquitin-positive neurites in the
second layer of the frontal and temporal cortex. The inclusions were located pre-
dominantly in the perikaryal space directly surrounding the nucleus, and a few
ubiquitin-positive inclusions appeared to be located within the nucleus and had a
cat-eye or target shape. Neurons in the dentate gyrus and subcortical white matter
did not contain any cytoplasmic ubiquitin-positive inclusions. Antibodies against
tau (ATS8, AT180, AT270, PHF1, MC1, BRO1 and Tau2), a-synuclein (PC), neuro-
filament (SMI-32), B-tubulin (TUB 2.1), microtubule associated protein (MAP2),
polyglutamine (1C2) and the prion protein (PrP,;.30) did not stain the inclusions.
No amyloid plaques or ballooned cells were detected with fA4 antibody or aB-
crystallin, respectively. Staining with GFAP antibody showed reactive astrocytosis
in superficial cortical layers, as well as in subcortical white matter.

Genome-wide linkage analysis

Linkage to known AD loci on chromosomes 14, 19 and 21 was examined and link-
age to 14q24.3, containing PSEN1 was excluded (van Duijn et al. 1994). In the
index-patient (III-29), mutations in APP (exon 16 and 17), PSENI, PSEN2, PRNP
and MAPT (exons 9 to 13) were excluded by direct sequencing (Cruts et al. 1998;
Roks et al. 1999; Dermaut et al. 2003). After the clinical follow-up study in 2001,
DNA samples from 40 members of family 1083 were available for genetic analysis.
Using the simulation program SLINK, we calculated that this family was informa-
tive enough to detect conclusive evidence for linkage with a simulated maximum
LOD score of 4.63 and an average maximum LOD score of 1.80 at a recombination
distance (0) of 0.05 (Ott 1989; Weeks et al. 1990; Rademakers et al. 2002).

We conducted a 10-cM genome-wide scan with 400 microsatellite markers
from the ABI Prism Linkage Mapping Set MD-10 Version 2 (Applied Biosystems,
Foster City, CA). Two-point and multi-point LOD scores were calculated using
MLINK and LINKMAP (LINKAGE 5.1; Lathrop et al. 1985). Only one of the 400
markers, D1751868 at 17q21, showed a conclusive LOD score of 3.48 at 6 = 0.00.
Linkage analysis with 22 additional chromosome 17 markers spanning a 32 cM
region between D1751857 and D17S787 on the Marshfield gender-average linkage
map showed the highest two-point LOD score of 4.69 with D175951 in the absence
of recombinants. The two-point LOD-score at D17S951 further increased to 4.99
when patient IV-30, diagnosed with dementia after the original report in 2002,
was included in the genetic analysis. A maximum multi-point LOD score of 5.56
was generated in the interval D1751789-D175951-D17S1860 on top of D17S951 (6
= 0). Genotype data of 26 markers from the interval D17S1787 to D17S787 were
used to reconstruct haplotypes taking into account minimal intermarker recom-
bination. Genotype data in the offspring were used to reconstruct the haplotypes
of deceased relatives. Segregation analysis showed that the 32-cM risk haplotype
was present in all dementia patients, including the four patients for whom AD
and/or vascular dementia could not be excluded. Two stroke patients (II-6 and II-
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8) and individual II-3, who were obligate carriers, also segregated the risk haplo-
type. Individual II-3 died before the mean onset age in the family of an unrelated
disease. The founders (I-1 and I-2) both died at age 76, with no reported history
of dementia. Although most patients shared a common haplotype for all markers
spanning the 32-cM region, four obligate recombinants were identified, defining
a minimal candidate region of 4.8 cM between D17S1787 and D17S958.

Genomic MAPT mutation analysis

Because MAPT was located within the candidate region, and mutations in MAPT
were responsible for the dementia in most of the families with chromosome 17-
linked FTD with parkinsonism (FTDP-17), we performed an extensive mutation
analysis of exons 1 to 14 of MAPT in seven patients and one control individual
of family 1083 (Rademakers et al. 2002). In addition, we analyzed exon 0, more
than 1 kb of 5’ regulatory sequence and intron 13 that is retained in human MAPT
transcripts. No mutations explaining the disease phenotype were observed. Seg-
regation analysis of the different MAPT polymorphisms indicated that the risk-
haplotype in family 1083 contained the common MAPT haplotype H1 defined by
polymorphic alleles in exons 1, 2, 3, 9, 11 and 13. All patients were homozygous
H1HI except patients III-22 and III-26, who were heterozygous H1H2.

To exclude intronic and regulatory MAPT mutations, we initiated a sequencing
project of the complete MAPT genomic region spanning over 135 kb (Rademak-
ers et al. 2004b). Based on the genomic sequence with GenBank accession number
NC_000017.9 from position 41323600 to 41462800, 192 primer sets were designed
with SNPbox using the “saturation” module (Weckx et al. 2004a,b). These primer
sets were amplified and sequenced in both directions in 23 individuals, including
three patients and two control individuals from family 1083. During optimaliza-
tion, 10 additional sequencing fragments were generated using Primer3 (Rozen
and Skaletsky 2000). All sequence traces were analyzed by an in-house developed
software tool, NovoSNP (Weckx et al., submitted for publication) and by visual
inspection. In total we detected 574 single nucleotide polymorphisms and small
insertions and deletions. Only one variant, g.38276T>A (numbering relative to
AC091628.2), located in intron 0 of MAPT segregated with the disease haplotype
in family 1083. Using a pyrosequencing assay, we analyzed 189 unrelated Dutch
control individuals for this mutation and we identified 10 control individuals who
were homozygous and 57 who were heterozygous for the A-allele, resulting in a
minor allele frequency of 20.4%.

Belgian FTD families
Family ascertainment and clinical description
Index patients of families DR2, DR7 and DR8 were diagnosed with dementia and

referred to the Molecular Diagnostic Unit in our department for routine DNA
diagnostic screening. Mutation analysis of APP (exon 16 and 17), PSEN1, PSEN2,
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Table 1. Clinical characteristics of three Belgian FTD families

Family Number of ~ Number of Mean onset Mean disease DNA samples
generations  patients age (range) duration (range) (patients)

DR2 5 12 65.7 (58-75) 5.4 (1-20) 38 (4)

DRS 4 11 60.3 (51-68) 7.4 (2-13) 37 (5)

DR7 4 8 71.0 (63-91)  5.2(2-8) 15(2)

PRNP and MAPT was performed and mutations were excluded. For each patient,
detailed data on family history of dementia were collected, and additional pa-
tients and unaffected family members were asked to participate in a genetic study.
Blood samples were obtained from 87 additional patients and relatives from DR2,
DR7 and DR8, and DNA was extracted. The extended pedigrees are shown in Fig-
ure 2, and detailed clinical characteristics of the patients of each family are sum-
marized in Table 1.

In family DR2, the most common presenting symptoms were severe language
disturbances (II-1, III-3, III-4 and III-6) and changes of character (II-1, III-3,
III-4, I1I-6 and III-8). In family DRS, detailed clinical information was available
for two patients (III-18 and III-28), both showing typical frontal signs including
personality changes, disinhibition, apathy, lack of insight, language problems,
progressive memory problems and frontotemporal hypoperfusion on SPECT
scan. In family DR7, similar to family DRS8, aphasia was an important clinical
finding (II-3, IT1-2, ITI-3 and I1I-4); in addition, at least three patients suffered from
parkinsonian features (II-3, II-4 and III-3). In conclusion, the clinical presentation
of 10 dementia patients from these three families was highly suggestive for FTD.

Neuropathological description

Brain autopsy was performed for patient ITI-4 of family DR7 (Fig. 3). No autopsy
was available for patients of family DR2 and DR8. The brain of DR7/III-4 was
grossly atrophied and weighed only =850 g, with severely dilated ventricles. This
contrasted with patient III-4 of family 1083 described above, where the atrophy
was not as severe. The atrophy mostly involved the frontal and temporal lobes
and did not resemble that of Pick’s disease, as the superior temporal gyrus was se-
verely affected as well. The parieto-occipital cortex and cerebellum were normal,
as described for the patient 1083/III-4. On microscopy of the left hemisphere, a se-
vere microspongiosis and neuronal loss was most evident in the superior tempo-
ral gyrus. Despite this severe atrophy, we did not come across any neurofibrillary
tangles or gross dystrophic neurites in any neocortical or hippocampal region
analyzed. Senile plaques were also absent, although some degree of cerebral amy-
loid angiopathy (CAA) was present in the occipital leptomeninges. No ballooned
cells, Pick bodies, or Lewy bodies were detected. Rarely, Marinesco bodies were
observed in the substantia nigra.
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Fig.2 a-c.

Immunohistochemical analysis

Most notably, ubiquitin-positive and mostly intranuclear inclusions were ob-
served (Fig. 3), as described for the patient 1083/III-4. These inclusions were pres-
ent in both neurons and glial cells in the cortex, neostriatum, and cerebellum. The
morphology of these inclusions was typically globose, but on many occasions,
they took the form of a cat’s eye, as described for patient 1083/III-4. Notably,
the neuronal inclusions were not positive for antibodies against tau (AT8, AT120,
AT180, AT270; Innogenetics), a-synuclein (Chemicon), neurofilament (SMI-310),
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Fig. 2. Pedigrees of Belgian FTD families DR2 (a), DR7 (b) and DR8 (c). Open symbols represent
unaffected individuals or at-risk individuals with unknown phenotype, black symbols represent
dementia patients. The numbers below the individuals denote age at onset for patients and age
at death for obligate carriers. An arrowhead indicates the index patient. An asterisk (*) denotes
that DNA was available for genotyping. In family DR7, patient III-4 had pathological confirma-
tion of FTD-U.

phosphorylated neurofilament (SMI-31), microtubule associated protein (MAP2),
expanded polyglutamine (1C2), Huntington protein (HDJ-2), prion protein (3F4,
Senetek), and GFAP (PAb, Dako). In addition, we are also seeking information on
any involvement of specific elongation factors, heat shock proteins, aggregate-
interacting proteins, or transcriptional factors. To this end, we have analyzed oB-
crystalline (a chaperone of the small heat shock family; Novocasta), heat shock
protein 40 (HDJ-2/DNAJ; Lab Vision), and TATA-bound TFIID (TFIID/TBP; San-
ta Cruz) without any significant staining. Many of these antibodies recognized ex-
pected pathology otherwise, for instance, aB-crystalline showed immunoreactivi-
ty in small oligodendroglial or microglial cells; AT270 stained axons in white mat-
ter; and TBP, very occasionally, stained astrocytic or microglial cytoplasm. No AP
staining plaques were present although, as described by the classical stains, 4G8
detected some CAA in the leptomeninges. GFAP and microglial (HLA-DP, DQ,
DR) reactivity was present in cortical and subcortical regions.

Chromosome 17-linkage analysis
DNA samples from 38 members of family DR2, 39 of family DR8 and 15 of fam-

ily DR7 were available for genetic analysis. Simulation studies showed that fami-
lies DR2 and DR8 were sufficiently informative to obtain conclusive linkage with
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simulated maximum LOD scores of 3.09 and 4.12 at a recombination distance (0)
of 0.00 for DR2 and DRS, respectively.

We first investigated whether families DR2 and DR8 were linked to the same
chromosomal region at 17q21 that was identified in the Dutch FTD family 1083.
We selected 18 markers spanning a region of 17.7 cM between D1751863 and
D17S1795, 15 markers from the Marshfield gender-averaged linkage map and
three novel markers, chr17-16, chr17-19 and chr17-43, identified with the Tandem
repeat finder Program (Table 2; Benson 1999). Chr17-16 is located in AC008105.32
starting at nt 82045, chr17-19 is located in AC091628.2 at nt 35879 and chr17-43 in
AC068234.8 at nt 138430.

Two-point and multi-point LOD scores were calculated using MLINK and
LINKMAP (LINKAGE 5.1; Lathrop et al. 1985). Family DR8 showed conclusive
linkage to 17q21 with a maximum LOD score of 3.32 at marker D175931 (6 =
0), whereas family DR2 only showed suggestive linkage with a maximum LOD
score of 1.47 at markers chr17-43 (Table 2). Using multipoint linkage analysis,

Table 2. Two-point LOD scores at 17q21 in families DR2 and DR8.

Marker Physical distance Genetic distance LOD score at 6=0
(Mb) (cM) DR2 DR8
D17S51863 0.0 0.0 -1.47 -0.02
D17S1818 8.4 9.7 0.20 2.26
D17S1814 9.7 10.7 0.81 0.00
D17S800 10.6 11.3 0.17 2.79
D17S1787 11.3 11.3 0.78 0.40
D17S1793 11.9 12.4 -0.06 0.67
D175902 13.1 13.4 1.42 2.37
D17S5951 13.4 12.9 0.30 2.79
D17S1861 14.4 12.9 1.01 2.47
D17S8934 14.7 12.9 0.71 2.88
Chr17-16 15.0 - -0.12 1.81
D17S810 15.2 12.9 0.38 0.59
Chr17-19 15.7 - 0.58 0.95
D175920 16.3 13.4 0.70 0.41
D178931 16.4 16.1 1.45 3.32
Chr17-43 16.8 - 1.47 1.76
D17S1785 18.1 16.1 0.47 2.60

D1781795 19.4 17.7 -1.06 2.72
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Fig. 3. Intranuclear ubiquitin-positive inclusion morphology in patient III-4 of family DR7. In-
tranuclear inclusions with typical cat-eye appearance were frequently observed in the superior
temporal gyrus (A) as well as in the superior frontal gyrus (B). However, a globose appearance
or other inclusion body morphologies were more commonly observed and were sometimes also
accompanied by either a diffuse nuclear ubiquitin staining and/or additional smaller aggregates.
Shown here are two planes of such an inclusion from the superior frontal gyrus region with one
large and four to five small aggregates as well as a diffuse ubiquitin staining (C and D).

LOD scores increased to 3.49 in family DR8 and 1.79 in family DR2 in the interval
D175920-D178931-D1751795 on top of D17S931 (6 = 0).

To confirm linkage to chromosome 17q21 in families DR2 and DR8 and to
identify informative recombinants defining minimal candidate regions, haplo-
types were reconstructed from genotype data of the 18 markers from the interval
D17S1863 to D17S1795 (Fig. 4A and B). In family DRS, all patients carried the
complete risk-haplotype, including individuals (II-1, II-3, II-8 and II-9) who were
obligate carriers (Fig. 4B). Both founders (I-1 and I-2) died before the mean age at
onset of dementia in the family. In family DR2, a risk-haplotype at 17q21 was also
observed in all patients and obligate recombinants in two patients defined a can-
didate region of 17.7 cM between D17S1863 (III-4) and D1751795 (II1-6; Fig. 4A).

Moreover, detailed comparison of the linked alleles of STR markers at chromo-
some 17q21 showed that, in families DR2 and DRS, identical risk-haplotypes were
segregating for all markers within the region flanked by D1751814 and D17S1795
(Fig. 4A and B). These findings suggest that families DR2 and DR8 are genealogi-
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Fig. 4. Linkage pedigrees of families DR2 (A) and DR8 (B) showing haplotypes based on 18 in-
formative markers at 17q21. Only patients and obligate carriers used in the linkage analysis are
shown. Haplotypes for individuals from the first and second generation as well as for patients
I1I-9 and III-18 from family DR8 were reconstructed through offspring. In family DRS, the risk
haplotype was arbitrarily set for I-1.
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cally related and originated from a common founder. Therefore, by combining
the segregation data of families DR2 and DR8, we were able to reduce the minimal
candidate region in these families to 8.04 cM between D17S1818 and D1751795,
delineated by haplotype sharing at the centromeric site and a recombinant in
family DR2 (III-4) at the telomeric site (Fig. 4A).

No obvious haplotype sharing was observed between the risk-haplotypes of
families DR2 and DR8 and Dutch family 1083. Also, MAPT mutation analysis in
additional family members of families DR2 and DR8 showed that patient III-32
from family DR8 was homozygous for the extended MAPT haplotype H2, imply-
ing that the mutation responsible for FTD in DR8 is located on MAPT H2 whereas
the mutation in family 1083 is located on MAPT H1.

Conclusions

In this study, we showed the results of a genome-wide search in a four-generation
Dutch pedigree with autosomal-dominant early-onset dementia. Clinical and neu-
ropathological follow-ups of the family showed that the phenotype most closely
resembled FTD-U. In this family, we provided significant linkage evidence for a
gene at 17q21 and reduced the candidate region to 4.8 cM between D17S1787 and
D17S958 comprising MAPT. Using a genomic sequencing approach, mutations
in the complete MAPT genomic region, including 5 kb of regulatory sequence
located upstream of exon 0, were excluded.

In addition, we presented three novel Belgian FTD families showing clinical and
pathological characteristics similar to family 1083. Autopsy was only available for
family DR7, showing ubiquitin-positive, tau-negative cytoplasmic and predomi-
nantly nuclear inclusions leading to the pathological sub classification of FTD-
U. Due to the limited number of DNA samples available for this family, linkage
analysis was not performed. In contrast, families DR8 and DR2 were informative
and showed LOD scores of 3.49 and 1.79 at D17S931, respectively. Since identical
alleles were present on the 17q21 risk-haplotypes segregating in these families, it
was suggested that families DR2 and DR8 are genealogically related, originating
from a common founder. The candidate region identified in these families was
8.04 cM between D1751818 and D1751795 and completely overlapped with that
previously identified in family 1083. The identification of two novel chromosome
17-linked FTD families in Belgium emphasizes the importance of this FTD locus
in the general population, and identification of the underlying gene defect is ex-
pected to provide new insights into the characteristics of this FTD subtype.

Comparison of chromosome 17-linked,
tau-negative FTD families

Todate, 11 FTD families have beenlinked to chromosome 17q21 without detectable
MAPT mutations. The genetic, clinical and pathological data from these 11 families
are summarized in Table 3. In five of these families, conclusive linkage to 17q21
was detected (1083, DR8, HDDD2, UBC-17 and Dutch III; Lendon et al. 1998; Ros-
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so et al. 2001; Rademakers et al. 2002; Pickering-Brown et al. 2004). Family 1083,
described in detail in this study, is the most informative of these families, with a
multi-point LOD score of 5.56 at D178951, and reduces the candidate region to
a 4.8 cM interval between D1751787 and D175958 (Fig. 5). Centromeric and/or
telomeric boundaries of the candidate region were also identified by informative
recombinants in the other conclusively 17-linked families, defining a minimal
region between D1751787 and D17S931 shared by all families (Fig. 5). Although
both markers showing telomeric recombinants D17S958 (1083) and D17S931
(UBC-17) are mapped at identical positions on genetic maps, there is a physical
distance of 1.2 Mb between these markers, substantially reducing the candidate
region to approximately 5.4 Mb. Unfortunately, according to the NCBI genome
build 34.3, at least 136 known genes are located within this candidate interval,
including MAPT.

Thus far, mutations in MAPThave only been identified in FTDP-17 families with
pathological tau depositions (for review, see Rademakers et al. 2004a). All FTD
families described in Table 3 had no distinctive tau pathology, in agreement with
the absence of mutations in MAPT. Although a more complex mutation in MAPT,
unrecognized by standard sequencing procedures, cannot be entirely excluded,
the absence of tau pathology is suggestive of another defective gene at 17q21
responsible for FTD. Also, the identification of 17-linked families segregating
the extended MAPT haplotype H1 as part of their risk-haplotype (1083) while
others are segregating H2 (DR2 and DR8) indicates that the presence of one of

Table 3. Genetic, clinical and pathological characteristics of tau-negative, chromosome 17-
linked FTD families

Family Maximum  Mean onset Mean disease FTD-U Reference
LOD score  ageinyears durationin pathology
(range) years (range)

1083 5.56 65 (53-79) 7 (3-13) + Rademakers et al.
2002 and this study

HDDD2 3.68 60 (52-77) 7 (3-11) Lendon et al. 1998

UBC-17 3.64 59 (42-72) 7 (3-14) + Pickering-Brown
et al. 2004

DR8 3.49 60 (51-68) 7 (2-13) This study

Dutch-IIT 3.46 61 (53-71) 9 (6-13) + Rosso et al. 2001

Brescia-F071 2.90 62 (52-75) ND Benussi et al. 2004

Karolinska  2.86 51 (48-55) 3 (2-4) + Froelich et al., 1997

Calabrian 2.70 63 (35-78) 4(1-12) Curcio et al. 2002

DR2 1.79 66 (58-75) 6 (1-20) This study

Kertesz 1.68 43 (38-47) 8 (5-10) + Kertesz et al. 2000

Seattle B 1.11 55 (ND) 10 (ND) Bird et al. 1997
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Fig. 5. Schematic presentation of the candidate region in conclusively 17q21-linked FTD families
without MAPT mutations. Dashed lines indicate that the disease gene could be in a region that
extends beyond the map shown, or that genetic linkage analysis with markers from this chro-
mosomal region was not performed.

these haplotypes per se is not contributing to the disease mechanism. The mean
onset age, disease duration and mean age at death in the Dutch family 1083 and
the Belgian families DR2 and DR8 that were reported in this study were most
comparable with families HDDD2, Dutch III, and UBC-17 (Table 4; Lendon et al.
1998; Rosso et al. 2001; Pickering-Brown et al. 2004). In the Karolinska, Kertesz
and Seattle B families, onset ages were 10 to 20 years earlier, with narrower onset
age ranges particularly in the Karolinska and Kertesz families (Bird et al. 1997;
Froelich et al. 1997; Kertesz et al. 2000). Also, an extremely rapid progression of
disease was reported for the Karolinska family and the Calabrian kindred, with an
average disease duration of only three to four years (Bird et al. 1997; Froelich et
al. 1997; Basun et al. 1997; Curcio et al. 2002). The identification of similar clinical
characteristics, especially within the group of conclusively 17-linked FTD families,
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strengthens the hypothesis that mutations in a single gene might be responsible
for the dementia in these different FTD families.

In addition to the complete lack of tau neuropathology, the observation of
ubiquitin-positive neuronal inclusions, characteristic of FTD-U, was the most im-
portant neuropathological finding in at least three of the conclusively 17-linked
families (1083, Dutch III, UBC17; Rosso et al. 2001; Rademakers et al. 2002; Pick-
ering-Brown et al. 2004). Ubiquitin-positive inclusions were also reported in the
Kertesz family and in at least one patient from the Karolinska family (Kertesz et
al. 2000; Rosso et al. 2001; Froelich et al. 2003). Assigning family HDDD2 to one
of the three broad pathological FTD subtypes remains controversial, since many
different studies have reported on the neuropathological findings in this family
and detailed immunohistochemical ubiquitin staining was not described (Lendon
et al. 1998; Zhukareva et al. 2001, 2003).

Differentiating FTD-U from DLDH has been the subject of several recent neu-
ropathological studies (Hodges et al. 2004; Paviour et al. 2004; Josephs et al. 2004;
Lipton et al. 2004). Although DLDH was long thought to be the most common
pathology underlying the clinical diagnosis of FTD, at least two recent reports
emphasized the importance of the FTD-U neuropathological subtype. In a study
of 76 neuropathologically confirmed FTD patients, Lipton et al. (2004) diagnosed
38% of the patients as FTD-U, including three patients previously reported as
DLDH. None of their 76 patients was ultimately diagnosed as DLDH. In a recent
study by Josephs et al. (2004), the revised prevalence of FTD-U increased from
45 to 62%, whereas the prevalence of DLDH was only 3% compared to 20% es-
timated previously. The authors argued that the diagnosis of DLDH should be
made with care and only after exhaustive immunohistochemical examination.
Interestingly, in addition to cytoplasmic neuronal inclusions, “cat-eye” shaped
intranuclear neuronal inclusions were identified in families 1083, Dutch III and
UBC-17 (Rosso et al. 2001; Pickering-Brown et al. 2004; Rademakers et al. 2004a).
These intranuclear inclusions might be a pathological hallmark characteristic of
FTD patients from families carrying a specific genetic defect at 17q21. In this view,
the finding that neuronal intranuclear inclusions distinguish familial FTD from
sporadic FTD patients, as shown by Mackenzie and Feldman (2004), might be
relevant.

In conclusion, the absence of tau pathology in the majority of FTD patients, to-
gether with the relatively low MAPT mutation frequency in familial FTD, suggests
that other pathogenic mechanisms and defective genes resulting in FTD without
tauopathy are to be expected. Genetic locus heterogeneity in FTD was already
illustrated by a Danish FTD family linked to a 12 cM interval in the centromeric
region of chromosome 3 (Brown et al. 1995) and by linkage to a 17 cM region at
9q21-22 reported in a set of families in which patients developed amyotrophic
lateral sclerosis (ALS) and FTD, or either ALS or FTD alone (Hosler et al. 2000).
However, no additional families have been conclusively linked to these loci, pos-
sibly reflecting the relatively low contribution of these genetic loci to familial FTD.
In contrast, five FTD families have now been described with conclusive linkage to
17921 in the absence of MAPT mutations and at least six families showed sugges-
tive linkage to the same chromosomal region (Table 3). Since pathological brain
examination showed ubiquitin-positive inclusions at brain autopsy in patients of
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atleast five of these families, and since several studies recently reported that FTD-
U might be the most important neuropathological FTD subtype, we speculate that
the gene responsible for the dementia in these 17-linked families might make an
important genetic contribution to the development of FTD in the general popula-
tion. Furthermore, it is expected that the identification of this gene will improve
our understanding of the genetic etiology of FTD as well as our understanding of
the pathogenesis of FTD and its relation to other neurodegenerative disorders.
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Summary

To provide better care for patients, physicians most often seek to determine the
cause of symptoms by recognizing a clinical phenotype and then relating that
phenotype to known disease mechanisms, including genetic variations and pa-
thology. This approach has been particularly difficult with frontotemporal de-
mentias (FTD), because of the diversity and continuous evolution of its behav-
ioral, language and cognitive symptoms. Recent systematic clinical-pathological
observations have resulted in proposed clinical criteria for FTD, but accurate di-
agnosis remains challenging and, in clinical practice, the phenotype of FTD can
easily be confused with other disorders.

Positron emission tomography with ['*F]fluorodeoxyglucose (FDG-PET) can
aid in the recognition of clinical phenotype and explore disease mechanisms. We
reviewed the results of FDG-PET in 19 patients who subsequently had FTD con-
firmed at postmortem examination, including one with a known tau gene muta-
tion. A comparison of scans from normal elderly controls with scans of patients
with pathologically confirmed Alzheimer’s disease (AD) demonstrates that FTD
causes a distinctive pattern of hypometabolism, with considerable individual
variability within this general pattern. FTD consistently causes predominant hy-
pometabolism in frontal association, anterior cingulate, and anterior temporal
regions, but the involvement of each region is variable and can be either symmet-
ric or asymmetric. As the illness progresses, glucose hypometabolism becomes
more pervasive, extending into regions characteristically affected early in AD.
Although FDG-PET abnormalities accurately reflect clinical phenotype, neither
pathological diagnosis nor genotype reliably predicts the variations observed in
the pattern of glucose hypometabolism in FTD.
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Introduction

It is becoming increasingly important to recognize the specific cause of demen-
tia as we learn more about neurodegenerative disorders. Dementing diseases
have different risk factors, courses, prognoses, and pathophysiologies, and con-
sequently, their appropriate treatment also differs. Physicians currently rely on
a medical history and examination to identify a clinical phenotype and make a
diagnosis. This approach is difficult, because it requires subjective interpretation
of information from diverse sources and often depends upon the reliability and
insight of family members. Furthermore, the clinical phenotype of progressive
dementing diseases evolves over time, and distinctive features early in the illness
may be obscured as functional abilities decline and patients are less able to coop-
erate. Positron emission tomography with ['*F]fluorodeoxyglucose (FDG-PET)
offers a more objective approach to aid in the recognition of phenotype. Because
of the current fallibility of clinical diagnosis, a better understanding of the meta-
bolic changes seen with FDG-PET must be grounded in the study of autopsy-con-
firmed cases.

Frontotemporal dementia (FTD) is a particularly good example of the relation-
ship between phenotype, proteotype and genotype. Pick’s disease, now accepted
as a prototypical FTD, was first recognized early in the last century (Kertesz 1998).
As with Alzheimer’s disease (AD), this identification was achieved when a Ger-
man neuropathologist used newly developed vital dyes to identify characteristic
inclusions in the brain at autopsy in a few patients with dementia. Distinctive
clinical features were difficult to identify from the descriptions of these patients,
since they seemed to be similar to AD. Indeed, prominent psychiatric symptoms
were the chief features of both Alzheimer’s and Pick’s original patients (Bick 1994;
Kertesz 1998). It became clear that FTD patients characteristically had especially
prominent language and behavioral symptoms only after AD had been well char-
acterized and systematic prospective studies of patients with “frontal lobe degen-
eration of the non-Alzheimer type” performed in Sweden became available in the
late 1980s (Brun 1987; Gustafson 1987). Interestingly, even in these early Swedish
studies, recognition of patients likely to have predominantly frontal pathology
was aided significantly by the imaging of regional cerebral blood flow with xe-
non (Risberg 1987). Thus, an incompletely characterized proteotype preceded the
definition of clinical phenotype.

Our understanding of FTD advanced significantly over the past decade as
variations in its proteotype were identified and mutations in the tau gene were
found to underlie familial cases (Hutton et al. 1998). Neuropathological classifi-
cation of FTD changed significantly with the application of immunohistochem-
istry. Studies have revealed great diversity in pathology, but no consensus has
emerged about the best neuropathological classification for FTD. The Alzheimer’s
Disease Centers, funded by the National Institute on Aging, recently have adopted
one scheme through collaborative efforts of the National Alzheimer Coordinat-
ing Center (NACC; Table 1). It is noteworthy that this scheme depends solely on
pathological observations and sometimes may conflict with clinical findings. For
example, the presence or absence of motor neuron disease or parkinsonism in
this classification is determined irrespective of findings on neurological examina-
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Table 1. NACC pathological classification of FTD

- Pick’s disease

- Corticobasal degeneration

- Progressive supranuclear palsy

- Frontotemporal dementia and parkinsonism with tau-positive or argyrophilic inclusions
- Tauopathy, other (e.g., tangle-only dementia and argyrophilic grain dementia)

- FTD with ubiquitin-positive (tau-negative) inclusions
(with or without motor neuron disease)

- FTD with no distinctive histopathology
(tau-negative, ubiquitin-negative, and no argyrophilic inclusions)

- FTD not otherwise specified
(including when immunostaining for ubiquitin and tau not done)

Table 2. Some proposed clinical classification schemes for FTD

The Lund and Manchester Group, 1994

- Frontotemporal dementia (symmetric distribution)

- Progressive aphasia (predominant involvement of language-dominant frontal and temporal
lobes)

- Motor neuron disease form

Neary et al. 1998 (the term “frontotemporal lobar degeneration” was applied to all)
- Frontotemporal dementia

- Progressive non-fluent aphasia

- Semantic aphasia and associative agnosia

Edwards-Lee et al. 1997 (subtypes of temporal variants of frontotemporal dementia)
- Left temporal lobe variant
- Right temporal lobe variant

Razani et al. 2001 (subtypes of frontal dementia)
- Left frontal lobe variant
- Right frontal lobe variant

Gorno-Tempini et al. 2004 (subtypes of primary progressive aphasia)
- Nonfluent progressive aphasia

- Semantic dementia

- Logopenic progressive aphasia

tion. Clinical classification of FTD also has evolved over recent years, based upon
the relative prominence or absence of presumed characteristic clinical symptoms.
Several schemes have been proposed, but none has found general acceptance
(Table 2). Definitions offered for these classifications are subjective and open to
substantial interpretation. Patients who are not archetypal can be difficult to clas-
sify, since category boundaries tend to blur, particularly with dementia progres-
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sion. The variety of clinical classifications schemes has led to some confusion in
the literature and made the diagnosis and management of FTD less accessible to
community physicians. Indeed, a recent consensus group concluded that clinical
categorization of FTD is unwise and should be abandoned in favor of designating
all cases as simply FTD (McKhann et al. 2001).

Unfortunately, thus far it has been impossible to cogently relate clinical and
neuropathological phenotypes. Since clinical practice requires diagnosis based
upon accessible methods and neuropathological diagnosis has been refined
through better identification of specific biochemical abnormalities, neuropatho-
logical and clinical schemes have increasingly diverged. Clinical diagnosis has
benefited from the improved recognition of affected cognitive domains. Because
these cognitive domains reflect anatomic localization, they lend themselves well
to neuroimaging, which can more directly evaluate a pattern of selective neuronal
injury. Glucose hypometabolism measured by FDG-PET primarily reflects syn-
aptic activity (Mata et al. 1980). Consequently, it is likely to be affected early in
disease, even before neuronal loss causes changes in brain volume that might be
recognized by structural imaging. To better understand how metabolic pheno-
types relate to neuropathological phenotypes, we examined FDG-PET findings in
our patients with FTD. The University of Michigan Medical School Review Board
for the Institutional Review of Human Subjects Research approved this study.

Subjects

Weidentified 19 patients with dementiawho had an FDG-PET scan at the University
of Michigan (between August 1985 and August 1998) and subsequently had an
autopsy completed before March 2004 documenting a histopathological diagnosis
of FTD other than corticobasal degeneration or progressive supranuclear palsy.
For this study, we included only causes of FTD that lacked distinctive motor
symptoms, so that metabolic abnormalities would reflect affected cognitive
domains. This group of FTD subjects included 11 men and 8 women with a mean
age of symptom onset of 60 + 7 (SD; age range 49 to 81) and a mean age at scan of
65 = 7 (range 55 to 87; Table 3). They represented a wide range of disease severity
and duration at the time of the scan. Nine of the 19 subjects had distinctive
histopathology - five had Pick bodies, three had ubiquitin-positive inclusions,
and one had tau inclusions. The patient with tau inclusions was a member of a
well-described kindred with a (+14) exon 10, splice site mutation of the tau gene
(Lynch et al. 1994). FDG-PET scans of these subjects were compared to those of
33 normal elderly subjects (14 women, 19 men; mean age at scan 68 + 8, age range
58-91).

Image Analysis
FDG-PET data were obtained from archived files. An automated image analysis

program, stereotactic surface projection (SSP), was used to display FDG-PET im-
ages. SSP summarizes imaging data in three dimensions to aid interpretation of
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Table 3. Clinical and neuropathological features of 19 patients with FTD

Case # Gender Age at Symptom MMSE  FTD Pathology
scan duration (yrs) score category notes
1 Male 61 3 17 FTD NOS
2 Male 64 5 19 FTD NOS
3 Male 62 1 20 FTD NOS
4 Male 59 1 N/A FTD NOS See Foster et al.
1992
5 Female 66 2 FTD NOS
6 Male 64 7 25 FTD NOS
7 Male 64 14 22 FTD NOS Also plaques and
tangles;
intermediate
probability of AD
8 Male 69 3 0 FTD NOS
9 Female 87 6 19 FTD NOS
10 Female 65 7 0 FTD NOS
11 Male 55 6 27 FTD U+ Motor neuron
disease present
12 Male 76 7 8 FTD U+ Motor neuron
disease present
13 Female 59 8 13 FTD U+ Motor neuron
disease absent
14 Female 64 10 9 FTDP tau+
15 Male 63 3 20 Pick’s disease GP and SN
degeneration
also present
16 Female 62 2 24 Pick’s disease
17 Female 61 1 24 Pick’s disease
18 Male 67 8 9 Pick’s disease
19 Female 69 6 23 Pick’s disease

FTDP = frontotemporal dementia with Parkinsonism; GP = globus pallidus; MMSE = Mini-
mental Status Examination;

scans (Minoshima et al. 1995). SSP is particularly suited to assessing the cerebral
cortex and it is relatively resistant to the affects of atrophy because it selects peak
cortical values (Ishii et al. 2001). SSP results are displayed as values of glucose
metabolism relative to pons and pixel-by-pixel z-score maps comparing an indi-
vidual scan with results in the 33 normal controls using a color scale indicating
the degree of glucose hypometabolism. Scans were numerically coded and rated
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Table 4. Global FDG-PET scan findings in 19 patients with FTD

Case# FTID Overall No. of Hemispheric Scan
category  severity = hypometabolic asymmetry interpretation
regions notes
1 FTDNOS Mild 3 R more
hypometabolic
2 FTDNOS Moderate 4 None Spread into contiguous
inferolateral temporal
cortex
3 FTD NOS Moderate 4 None Primarily inferior frontal
4 FTDNOS Moderate 4 None Primarily superior frontal
5 FTDNOS Moderate 6 None Anterior cingulate most
affected
6 FTD NOS Moderate 6 None Diagnostically ambiguous
7 FTD NOS  Severe 6 R more
hypometabolic
8 FTD NOS  Severe 8 None
9 FTD NOS  Severe 10 None
10 FTD NOS Severe 10 None Primarily superior frontal
11 FTD U+  Mild 5 R more Diagnostically ambiguous
hypometabolic
12 FTD U+  Moderate 2 None
13 FTD U+  Severe 8 L more
hypometabolic
14 FTDP tau+ Mild 6 L more
hypometabolic
15 Pick’s Moderate 5 L more diaschiasis; superior
disease hypometabolic > inferior frontal
16 Pick’s Moderate 6 R more Spread into contiguous
disease hypometabolic inferolateral temporal
cortex
17 Pick’s Moderate 6 R more
disease hypometabolic
18 Pick’s Moderate 7 L more Inferior > superior
disease hypometabolic  frontal
19 Pick’s Moderate 7 L more Spread into contiguous
disease hypometabolic inferolateral temporal

cortex

L = left; R = right; other abbreviations as in Table 3.
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by a single neurologist (NF) who was experienced in interpretation of FDG-PET
scans but was kept unaware of the specific neuropathological classification of
FTD. Both metabolic and statistical SSP maps were used to first categorize the
severity of scan abnormality as normal, mild, moderate, or severe, based upon
both degree and topographic extent of hypometabolism. Next, five specific brain
regions in each hemisphere that are most critical to the FDG-PET diagnosis of AD
and FTD were rated as normal or abnormal. These areas were the frontal asso-
ciation cortex, anterior temporal cortex, and anterior cingulate cortex, posterior
temporoparietal association cortex, and posterior cingulate cortex. Finally, the
presence or absence of significant asymmetry in hypometabolism between the
left and right cerebral hemispheres was rated, and other notable features in the
pattern of glucose hypometabolism were noted.

Results

All scans were abnormal, and sometimes all 10 areas evaluated were affected (Ta-
ble 5). However, a common theme emerged in which frontal and anterior tem-
poral areas appeared most abnormal, irrespective of how many areas were hypo-
metabolic. Using this as a criterion, diagnosis based upon imaging alone would be
unambiguous in all but two cases. Even in these cases, such prominent involve-
ment of anterior temporal and anterior cingulate cortex would be very unusual
in AD, where hypometabolism is typically most evident in posterior association
areas. In some cases, the superior frontal cortex (Fig. 1) and in other cases the
inferior frontal cortex (Fig. 2) appeared most hypometabolic. In several cases, the
anterior temporal lobes were affected with relatively little involvement of frontal
regions (Fig. 3). Frequently, hypometabolism in the anterior temporal cortex ap-
peared to spread into contiguous areas of the inferolateral temporal cortex, which
is commonly affected in AD (Fig. 3). Often, hypometabolism in both frontal and
posterior association areas was sufficient to demonstrate the relative sparing of
primary motor-sensory cortex (Fig. 2, Table 5, a feature often felt to be charac-
teristic of AD (Foster et al. 1999). Nevertheless, even in these cases with hypo-
metabolism in both frontal and posterior association regions, the abnormalities
tended to be more severe in frontal regions, making them distinguishable from
scans in patients with AD.

Hemispheric asymmetry was apparent in 10/19 patients (53%) and predo-
minantly affected the right and left hemispheres in equal proportion. Significant
asymmetries sometimes were evident even with severe dementia. In one case,
there appeared to be crossed cerebellar diaschiasis (Fig. 1), a finding usually ob-
served with frontal strokes or tumors (Miyazawa et al. 2001; Otte et al. 1998).
Spearman rank correlations failed to show a significant relationship between ei-
ther the severity of dementia measured by MMSE or disease duration with the
number of hypometabolic regions that appeared hypometabolic. However, pa-
tients whose scans were rated as severe tended to have a lower MMSE score (11
10 vs. 17 £ 9) and longer duration of symptoms (8 +4 vs. 4 + 3) than those with
scans rated either mild or moderate.
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Case# FTD Frontal = Anterior Anterior Temporo- Posterior  Evident
category cingulate temporal parietal cingulate  sparing of
motor-sensory
R L R L R L R L R L cortex
1 FTDNOS - - Yes - Yes Yes - - - -
2 FTDNOS - - - - Yes Yes Yes Yes - -
3 FITDNOS Yes Yes Yes Yes - - - - - -
4 FTDNOS Yes Yes Yes Yes - - - - - -
5 FTDNOS Yes Yes Yes Yes - - Yes Yes - -
6 FTD NOS - - Yes Yes Yes Yes Yes Yes - -
7 FTDNOS Yes Yes Yes Yes Yes - Yes - - - Only on R
8 FTDNOS Yes Yes Yes Yes - - Yes Yes Yes Yes
9 FTDNOS Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Bilateral
10 FTDNOS Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
11 FTD U+ Yes Yes - - Yes - Yes Yes - -
12 FTD U+ - - - - Yes Yes - - - -
13 FTD U+ Yes Yes Yes Yes - - Yes Yes Yes Yes Bilateral
14 FTDP tau+ Yes Yes Yes Yes Yes Yes - - - -
15 Pick's - Yes Yes Yes - Yes - - - Yes
disease
16 Pick's Yes Yes Yes Yes Yes - Yes - - -
disease
17 Pick's Yes Yes Yes Yes Yes - Yes - - -
disease
18 Pick's Yes Yes Yes Yes - Yes - Yes - Yes OnlyonL
disease
19 Pick's - Yes Yes Yes Yes Yes -
disease

L = left; R = right; other abbreviations as in Table 3.

No single brain region was consistently affected in all patients (Table 5). Fron-
tal and anterior cingulate regions were most often hypometabolic, but anterior
temporal lobes sometimes were hypometabolic without involvement of either an-
terior cingulate or frontal cortex. Although all patients with Pick’s disease showed
significant hemispheric asymmetry, there was no clear relationship between the
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pattern of glucose hypometabolism and the neuropathologic classification of pa-
tients. We were also unable to identify any particular imaging characteristic that
distinguished the patient with a known tau mutation from other FTD cases.

Discussion

There is a dependable pattern of glucose hypometabolism in FTD that is con-
sistent with the known distribution of neuronal and synaptic loss in frontal and
anterior temporal brain regions. This finding suggests that the localization of
metabolic abnormalities may aid in diagnosis, particularly since most patients
with FTD also meet that clinical criteria for AD (Varma et al. 1999). However,
there is much variation within this general pattern of glucose hypometabolism.
Further research is needed to understand the environmental and genetic factors
that modify disease expression and explain these variations. We were unable to
find evidence that disease proteotype represented by current neuropathological
classification or the presence of a tau mutation explains the variability to regional
glucose metabolism.

Although we cannot yet predict or explain variations in the pattern of glucose
hypometabolism, these changes appear to correspond quite well to variations in
clinical symptoms and phenotype (Edwards-Lee et al. 1997; Miller et al. 1997). To
the extent that identifying clinical phenotype is useful, FDG-PET may provide
a more objective method to support clinical classification of patients with FTD.
Adding information about cerebral metabolism would be particularly useful in
expanding our study of FTD beyond only those patients with classical, prototypi-
cal features and early in the illness when only a few of the typical symptoms of
FTD are evident (Mendez and Perryman 2002). Even patients with FTD due to
the same genetic mutations can have remarkably diverse clinical presentations
and pathology (Nasreddine et al. 1999; Zhukareva et al. 2003), and a better under-
standing of the location and extent of brain pathology could provide important
information to guide therapy.

Our findings also have implications for clinical diagnosis. Although the onset
of FTD is relatively more common in individuals less than 60 years of age, our
experience demonstrates that early age of onset of dementia should not be a di-
agnostic criterion for FTD. It is likely that many patients with late onset FTD are
misdiagnosed as having AD or never identified. We found that metabolic changes
in FTD are not limited to frontal and anterior temporal regions; posterior asso-
ciation cortex can also be affected. Consequently, hypometabolism in posterior
cortical regions and relative sparing of the primary motor and sensory cortex
should not be misinterpreted as evidence of AD when frontal or anterior temporal
areas are more affected. It should be noted that quantitative neuropathological
assessment has demonstrated predominant frontal distribution of typical amy-
loid plaques and neurofibrillary tangles in three patients with correspondingly
prominent frontal symptoms (Johnson et al. 1999). Although no molecular imag-
ing was performed in these patients, they illustrate further that linkage of pro-
teotype and localization of pathology is not absolute. More studies are needed to
understand how metabolic abnormalities evolve in FTD and what the pathologic
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explanation is for both the selective neuronal vulnerability characteristic of this
disease and how more pervasive metabolic deficits can develop in less susceptible
brain regions.
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Introduction

Idiopathic Parkinson’s disease (IPD) is a common neurodegenerative condition
characterized clinically by three major features: resting tremor, bradykinesia and
rigidity. It is caused by the selective degeneration of dopaminergic neurones in
the substantia nigra pars compacta, resulting in severe dopamine depletion in the
striatum to which it projects. The pathognomonic hallmarks of the disease are
intracytoplasmic, ubiquitine-positive, eosinophilic inclusions in surviving brain-
stem neurones that contain large amounts of a-synuclein. Therefore, a definitive
diagnosis of Parkinson’s disease (PD) is only possible after post-mortem exami-
nation. Because of these inclusions, IPD has been classified among the group of
so-called a-synucleinopathies, which also comprises dementia with Lewy bodies
(DLB) and multisystem atrophy (Goedert and Spillantini 1998). However, in the
light of recent genetic studies, the relevance of these inclusions for diagnostic
purposes has been brought into question.

Although the recognition that some forms of PD have a Mendelian pattern
of inheritance is not new, it is only in the last decade that responsible loci/genes
have been identified (Lansbury and Brice 2002 ; Bonifati et al. 2003; Hardy et al.
2003). So far, eight loci have been implicated in monogenic forms of PD and five
of the causative genes have been identified (Table 1). Three loci account for some
of the autosomal recessive forms of parkinsonism with early onset: PARK2 (Par-
kin gene; Kitada et al. 1998), PARK6 (Pink1 gene; Valente et al. 2004) and PARK?
(DJ-1 gene; Bonifati et al. 2003). In autosomal dominant forms, three genes have
been identified: PARK1/4 (a-synuclein gene; Polymeropoulos et al. 1997), PARKS5
(ubiquitin carboxyterminal-hydrolase L1 gene; Leroy et al. 1998) and NR4A2
(Nurrl gene; Le et al. 2003). However, since mutations in the latter two have not
been found in any subsequent studies, the causative role of the variants initially
identified remains doubtful from a genetic point of view. Three other loci have
been mapped to chromosomes 2p13 (PARK2; Gasser et al. 1998), 12p11 (PARKS;
Funayama et al. 2002) and 1p32 (PARK10; Hicks et al. 2002) under established
or presumable autosomal dominant models. In addition, there is evidence for
several genetic susceptibility loci identified through genome linkage screens in
large cohorts of sib-pairs and nuclear families (Martinez et al. 2004).

! INSERM Unit 679; > Département de Génétique, Cytogénétique et Embryologie; Hopital de la
Pitié-Salpétriere, AP-HP ; 47 boulevard de ’'Hopital ;75651 PARIS cedex 13, France

* INSERM Unit 679 and Département de Génétique, Cytogénétique et Embryologie; Hopital de la
Pitié-Salpétriere, AP-HP; 47 boulevard de I'Hopital; 75651 PARIS cedex 13, E-mail: brice@ccr.
jussieu.fr

Cummings et al.

Genotype - Protéotype - Phenotype
Relationships in Neurodegenerative Diseases
© Springer-Verlag Berlin Heidelberg




154  Alexis Brice et al.

Table 1. Monogenic forms of Parkinson’s disease

Designation Locus Gene Trans- Mean age Progression Lewy
mission  at onset bodies
(years)
PARK1 4q21-33 a-synuclein  AD Variable  Severe +
point
mutations
PARK2 6q25-2.27 Parkin AR Early Very slow - (except
one case)
PARK3 2pl3 ? AD Late Slow +
PARK4 4q21 a-synuclein  AD Variable  Variable +
rearrange-
ments
PARKS5 4pl4 UCH-L1 Probable 50 ? ND
AD
PARKG6 1p35-36 Pink1 AR Early Slow ND
PARK?7 1p36 DJ-1 AR Early Slow ND
PARKS 12p11.2-q13.1 ? AD Late ? Variable

AD, autosomal dominant; AR, autosomal recessive; ND, not determined.

As a result of the identification of monogenic forms of PD, we can now gain
insight into the mechanisms of the disease, but also improve genetic counselling
through molecular testing and deepen our understanding of the genetic aspects
of the disease, in particular through the establishment of genotype/phenotype
correlations. Given the limited number of families with monogenic forms of PD,
probably no more than a few percent of patients, clear-cut phenotypic differenc-
es can only be established for the most frequent genes: a-synuclein and Parkin.
Therefore, only the characteristics of parkinsonism resulting from alterations in
these two genes will be presented in detail.

a-synuclein mutations in PD

The A53T mutation in the a-synuclein gene was the first to be identified in PD
(Polymeropoulos et al. 1997). It was followed by two other missense mutations:
A30P (Kruger et al. 1998) and E46K (Zarranz et al. 2004). The A53T mutation
initially identified in an Italo-American pedigree, the Contursi family (Polyme-
ropoulos et al. 1997), is rare but has since been found in several pedigrees living
in Greece, or of Greek origin (Bostantjopoulou et al. 2001; Papapetropoulos et
al. 2001; Spira et al. 2001), probably due to a founder effect (Athanassiadou et
al. 1999). The characteristics of the disease in the Contursi kindred are those of
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typical PD, with an early age at onset (a mean of 45 years) and rapid progression
of the disease to death (a mean of nine years), as well as almost complete pen-
etrance in gene carriers (Golbe et al. 1996). In addition, cognitive decline and hal-
lucinations have been noted in several patients. Analyses of additional kindreds
with the same mutation have confirmed the tendency for early onset compared to
IPD but have extended the phenotype. In an Australian kindred of Greek origin,
Spira et al. (2001) noted hypoventilation of central origin, myoclonus, postural
hypotension and urinary incontinence. The clinical features of the few patients
with the A30P mutation remain within the spectrum of PD (Kruger et al. 1998).
In contrast, the phenotype is quite different in patients with the E46K mutation
(Zarrantz et al. 2004): the age at onset is usually later (between age 50 and 65),
with frequent dementia, hallucinations and fluctuations of consciousness remi-
niscent of DLB. These additional signs are consistent with the neuropathological
data showing that the brain lesions are more widespread than would be expected
in IPD. The initial histopathological study of A53T cases revealed neuronal de-
generation, gliosis and Lewy bodies in the substantia nigra and locus coeruleus as
well as some cortical Lewy bodies compatible with PD. In the Australian family,
in addition to features of PD, there were neuritic changes in all cortical areas but
predominantly in medial temporal regions, associated with tissue vacuolisation
and marked gliosis in the basal ganglia, but no cortical Lewy bodies. The only
case with the E46K mutation that has been studied presents, in addition to the
pathological features of PD, numerous Lewy bodies and Lewy neurites in the ce-
rebral cortex and more numerous still in the para-hippocampus and amygdala
(Zarrantz et al. 2004). These features are typical of DLB.

Our view of a-synuclein mutations has recently been enlarged by the identi-
fication of families with rearrangements of the 4q21 region including this gene.
First, a triplication of the «-synuclein and several neighbouring genes was de-
tected in the Spellman-Muenter kindred with autosomal dominant PD (Singleton
et al 2003) followed by a Swedish-American kindred (Farrer et al. 2004). More
recently, duplications of the region encompassing the a-synuclein gene were
also detected in French families with autosomal dominant PD (Ibanez et al. 2004;
Chartier-Harlin et al. 2004). Interestingly, these rearrangements appear to be
more frequent than the point mutations. In the French population, a-synuclein
gene duplications were found in one of the nine large families tested by Charti-
er-Harlin et al. (2004) and in two of the 119 families with PD with presumably
autosomal dominant transmission (Ibanez et al. 2004), whereas no point muta-
tions were detected in this population. Interestingly, the rearrangements of the
a-synuclein gene seem to have occurred independently and differ in size (Farrer
et al 2004; Ibanez et al. 2004). However, in all cases, the entire a-synuclein gene is
involved, and it has been shown that the amount of the corresponding mRNA and
protein in blood is doubled in individuals with triplications. Furthermore, in the
brain of a patient with a triplication, there is an increase in aggregated forms of
the protein (Miller et al. 2004). Perhaps most interesting is the clear effect of gene
dosage detected at the clinical level. Patients with duplications have a phenotype
similar to IPD but with autosomal dominant transmission (Chartier-Harlin et al.
2004; Ibanez et al. 2004). Their age at onset ranges from 39 to 65, and the mean
duration of the disease to death is 17+7.2 years. Cognitive decline is not promi-
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nent and always appears late in the disease. No cases with duplication have as yet
been autopsied. Triplications are associated with a phenotype reminiscent of DLB
with autosomal dominant transmission and early onset. In the Spellman-Muenter
family, known as the Iowa kindred, the mean age at onset is 35+8.6, and duration
to death is 8.4+3.7 years (Muenter et al. 1998). In addition, patients present with
atypical signs such as hallucinations, early and severe dementia and postural hy-
potension. Neuropathological examination reveals abundant a-synuclein pathol-
ogy in the brainstem and Lewy neurites throughout the neocortex (Muenter et al.
1998). A striking feature in both kindreds with a-synuclein gene triplications is
severe neuronal loss in the CA2/3 region of the hippocampus, also seen in patients
with point mutations in this gene.

In summary, point mutations and multiplications of the a-synuclein gene,
both of which are associated with autosomal dominant transmission, have
different consequences. A classical PD phenotype is caused by duplications of
the a-synuclein gene, resulting in three functional copies instead of two. A severe
phenotype with dopa-responsive parkinsonism and additional atypical features
resembling DLB is associated with missense mutations (particularly the A53T and
E47K) and with triplications of the a-synuclein gene. However, triplications in
which four copies of the a-synuclein gene are expressed instead of two seem to
result in an even earlier age at onset. Both missense mutations and triplications
produce widespread lesions, as in DLB, but with severe neuronal loss in the
hippocampus.

Parkin gene mutations

Autosomal recessive juvenile parkinsonism (AR-JP) is a clinical entity that was
first distinguished in Japan (Yamamura et al. 1973). This entity is characterized
by early onset (before the age of 40 but often before 20), sleep benefit, dystonia
(mainly in the feet), resting tremor that is less frequent than in IPD, brisk reflexes,
and a good response to levodopa. Dementia and autonomic failure are not part of
the phenotype. In addition to this unique clinical phenotype, these patients have
selective loss of pigmented neurones in the substantia nigra and locus coeruleus
that is not associated with Lewy bodies (Takahashi et al. 1994). Once recognized,
families with this disorder were collected and the responsible gene was mapped
to chromosome 6q25.2-q27 (Matsumine et al. 1997). Linkage studies in families
with early onset autosomal recessive (EOAR) PD then showed that the disease
was also present in European and North African populations (Tassin et al. 1998;
Jones et al. 1998). These results were confirmed when the responsible gene was
identified. In Japanese families with AR-JP, Kitada et al. (1998) detected several
deletions in a new gene encoding a 465 amino acid protein that they called Parkin.
This finding was the starting point for numerous studies aimed at determining
the frequency and spectrum of parkin mutations as well as the associated clinical
and biochemical phenotype.

The spectrum of mutations is very varied, including point mutations of different
types as well as rearrangements with deletions and multiplications of one or more
exons (Fig. 1; Kitada et al. 1998; Lucking et al. 1998; Hattori et al. 1998; Abbas
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Fig. 1. Point mutations and exon rearrangements in the Parkin gene. A Point mutations, which
are predicted to produce an absent or a truncated protein, are indicated above, and missense
mutations appear below the schematic representation of the Parkin cDNA. B The size and the
position of deletions and multiplications [duplications (dupl) and triplications (tripl)]) are rep-
resented by lines above and below the schematic representation of the Parkin gene, respec-
tively. The functional domains of Parkin are indicated below the schematic representation in
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et al. 1999; Klein et al. 2000; Periquet et al. 2001; Hedrich et al. 2002; West et al.
2002; Periquet et al. 2003; Rawal et al. 2003). More than a hundred mutations
have already been identified. They occur in patients in various combinations of
point mutations or small or large rearrangements. Many patients appear to carry
only one detectable mutation. The significance of this finding is still debated. It
is suspected that the high frequency of exon rearrangements in the Parkin gene
is due to its size, 1350 Kb, the second largest in the human genome, compared
to the small number of coding exons (12). Interestingly, several point mutations
in families from different countries are associated with the same haplotype,
suggesting a founder effect (Periquet et al. 2001; Lincoln et al. 2003). In contrast,
most exon rearrangements are associated with different haplotypes even in the
same population, suggesting that they occurred independently (Periquet et al.
2001). Nevertheless, because of the extreme variety of different types of mutations
in the Parkin gene, screening for the mutations is complex, and a combination of
sequencing and dosage experiments is needed for accurate detection (Lucking
and Brice 2003; Hedrich et al. 2001).

That the frequency of Parkin gene mutations is very high in early onset (EO) PD
was a major finding. Several studies analysed large series of patients with either
familial or apparently sporadic EO parkinsonism (Hattori et al. 1998; Abbas et al.
1999; Klein et al. 2000; Periquet et al. 2001; Hedrich et al. 2002; West et al. 2002;
Periquet et al. 2003; Rawal et al. 2003). In autosomal recessive (AR) forms, parkin
mutations represented over 50% of the cases with onset up to age 35 (Periquet
et al. 2003). Therefore, the majority of EO cases with AR transmission, defined
by an age at onset below 40 years, can be accounted for by Parkin mutations.
These results demonstrate that other causative genes for EOAR parkinsonism are
less frequently involved. Most surprising was the frequency with which Parkin
was found to be involved in EO cases without family histories (sporadic cases).
Periquet et al. (2003) reported that parkin mutations accounted for at least 15%
of 246 such cases analysed by sequencing and gene dosage. However, the relative
frequency of Parkin cases varies greatly with age at onset. It is approximately 2/3
before the age of 20, 1/4 between 20 and 29 and less that 1/10 after 30. Fewer
studies have dealt with late onset cases (Oliveri et al. 2001; Kann 20002; Oliveira
et al. 2003; Klein et al. 2003; Foroud et al. 2003), but they are clearly less frequent,
representing only a small percentage of the patients.

Because of the number of parkin cases found on all continents, the major fea-
tures of the disease, as well as the range of phenotypical manifestations, have been
well characterized. The usual features are EO typical parkinsonism with slow clin-
ical course, good or excellent response to low doses of levodopa with frequent
treatment-induced dyskinesias and the absence of dementia (Lucking et al. 2000;
Khan et al. 2003). Other frequent signs that occur in less than 50% of the cases are
foot dystonia, brisk reflexes, sleep benefit and psychiatric or behavioural disor-
ders. Two studies have compared the frequency of clinical signs in parkin cases
and cases recruited according to the same clinical criteria but without mutations
in this gene (Liicking et al. 2000; Lohmann et al. 2003). Although the range of ages
at onset was similar in both groups, the mean age at onset was significantly earlier
in Parkin cases (31.4 £ 11.9 versus 38.1 + 11.2; p < 0.001). Dystonia, symmetry at
onset and brisk reflexes were significantly more frequent in parkin cases than in
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the others. Despite longer treatment, the daily dose of Levodopa was significantly
lower in the parkin group. However, there was no individual sign or symptom
that distinguished parkin carriers from non-carriers with EO parkinsonism, and
there is no effect of gender on the phenotype. Interestingly, dystonia at onset
was not a specific sign of parkin carriers but rather was associated with young
onset parkinsonism regardless of the cause. The spectrum of the phenotype is,
therefore, large, with atypical presentations or additional signs including late-
onset PD (Lucking et al. 2000; Klein et al. 2000; Nichols et al. 2002; Oliveira et al.
2003), phenotypes resembling Dopa-responsive dystonia (Tassin et al. 2000; Khan
et al. 2003), hemiparkinsonism-hemiatrophy (Pramstaller et al. 2002), forms with
cerebellar ataxia (van de Warrenburg et al. 2001; Kuroda et al. 2001; Periquet et
al. 2003), pyramidal tract dysfunction (Kuroda et al. 2001), peripheral neuropathy
(Tassin et al. 1998), tremor mainly during orthostatism (Rawal et al. 2003) and
white matter abnormalities on brain MRI (Lohmann et al. 2003). All of these
features extend the Parkin phenotype and are important to take into account
when molecular testing is requested.

Several studies also attempted to establish phenotypic correlations with the
nature of the mutations or their number (Lohmann et al. 2003; Foroud et al. 2003;
Oliveira et al. 2003). The nature of the mutation does not seem to account for much
of the phenotypical variability since patients with the same two mutations may
have a 27-year difference in the age at onset, including both early and late onset
cases (Lohmann et al. 2003). However, the same group has shown that missense
mutations located within known functional domain of the protein result in a
significantly earlier age at onset than other missense mutations. It was consistently
observed that a significant though variable proportion of patients, particularly
among those without family histories, carried only one detectable parkin gene
mutation. This finding is surprising since the two alleles are expected to carry
mutations in AR disorders. The second mutation may have escaped detection
because of an atypical mutational mechanism (i.e., inversion) that has not been
explored with currently available techniques, or because of the size of the gene that
includes large unexplored regions, such as the promoter or the introns, that may
have important regulatory functions. Alternatively, it has been postulated that
some parkin mutations could be dominant or constitute risk factors for late onset
PD (West et al. 2002; Farrer et al. 2002; Foroud et al. 2003; Oliveira et al. 2003).
In several series of patients, there was a significant trend towards later onset in
cases carrying only one allele with a parkin mutation compared to those with two
mutations (Lohmann et al. 2003; Hedrich et al. 2002; Foroud et al. 2003; Oliveira
et al. 2003). However, the causative role of single parkin mutations remains to be
confirmed by functional data.

Neuropathological examination of parkin cases, as mentioned before, reveals
lesions that are strikingly different from IPD. So far, at least five cases with AR-
JP or proven parkin mutations have been described (Takahashi et al. 1994; Mori
et al. 1998; Hayashi et al. 2000; van de Warrenburg et al. 2001; Farrer et al. 2001;
Gouider-Khouja et al. 2003). All but one case with a family history of autosomal
dominant parkinsonism (Farrer et al. 2001) had no Lewy bodies but severe
generalised loss of dopaminergic neurones in the substantia nigra pars compacta.
Other abnormalities were variable. These included additional involvement of
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the substantia nigra pars reticulata (Hayashi et al. 2000), neurofibrillary tangles
and argyrophilic astrocytes in the cerebral cortex and brainstem nuclei (Mori
et al. 1998), and neuronal loss in parts of the spinocerebellar systems (van de
Warrenburg et al. 2001). A case with a single parkin mutation had tau aggregates
as in progressive supranuclear palsy (Morales et al. 2002). These observations
suggest that the mechanism by which the loss of Parkin function due to mutations
causes parkinsonism with degeneration of dopaminergic neurones might be
different from the mechanisms underlying IPD, which is considered to be a
synucleinopathy. However, although these are major differences, they have few
consequences at the clinical level, where no individual features distinguish parkin
disease from IPD. Whether parkin pathology is relevant to IPD remains, therefore,
an open question. There is growing evidence, however, that there is a functional
link between the a-synuclein and parkin proteins.
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