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Gene defects play a major role in the pathogenesis of degenerative disorders of the nervous system. In fact, it has
been the very knowledge gained from genetic studies that has allowed the elucidation of the molecular mechanisms
underlying the etiology and pathogenesis of many neurodegenerative disorders. In this review, we discuss the cur-
rent status of genetic epidemiology of the most common neurodegenerative diseases: Alzheimer disease, Parkinson
disease, Lewy body dementia, frontotemporal dementia, amyotrophic lateral sclerosis, Huntington disease, and
prion diseases, with a particular focus on similarities and differences among these syndromes.

The complexities of common diseases

Familial aggregation had been recognized as a prominent char-
acteristic of many neurodegenerative disorders decades before
the underlying molecular genetic or biochemical properties were
known. It was often the identification of specific, disease-segre-
gating mutations in previously unknown genes that directed the
attention to certain proteins and pathways that are now considered
crucial in the pathogenesis of these diseases. These include muta-
tions in the f-amyloid (AB) precursor protein, causing Alzheimer
disease (AD); in a-synuclein, causing Parkinson disease (PD); or
in microtubule-associated protein tau, causing frontotemporal
dementia (FTD) with parkinsonism. Another feature observed in
most common neurodegenerative diseases — as well as in other
common disorders — is a dichotomy between familial (rare) and
seemingly nonfamilial (common) forms. The latter are also fre-
quently described as “sporadic” or “idiopathic,” although there
is a growing body of evidence suggesting that a large proportion
of these cases are also significantly influenced by genetic factors.
These risk genes are likely to be numerous, displaying intricate
patterns of interaction with each other as well as with nongenetic
variable, and — unlike classical Mendelian (“simplex”) disorders
— exhibit no simple or single mode of inheritance. Hence, the
genetics of these diseases has been labeled “complex.”

A popular conception regarding the genetic makeup of com-
plex diseases is the “common disease/common variant” (CD/CV)
hypothesis (1). According to this theory common disorders are
also governed by common DNA variants (such as single nucleotide
polymorphisms. These variants significantly increase disease risk
but are insufficient to actually cause a specific disorder. Current
empirical and theoretical data support this hypothesis, although
there remains great uncertainty as to the number of the underlying
risk factors and their specific effect sizes. In this context, it is note-
worthy that even recent genetic advances in the study of complex
diseases such as AD or diabetes likely only represent the most obvi-
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ous, most extreme cases of the underlying risk spectrum (Figure 1;
ref. 2). In AD, for instance, rare, fully penetrant autosomal dominant
mutations in 3 genes (i.e. APP, PSEN1, and PSEN2) have been shown
to cause the disease, while a common, incompletely penetrant sus-
ceptibility variant (i.e., €4 in APOE; see below) significantly increases
the risk for AD. The identification of these genes early in the study
of AD genetics was possible due to the combination of several favor-
able circumstances, such as the presence of multiple independent
mutations in the same locus and the availability of extended, multi-
generational pedigrees for DNA genotyping and sequencing (in the
case of PSENT) or a large attributable fraction to the overall genetic
variance, resulting from relatively high allele frequency and pro-
nounced effect size (in the case of APOE). However, identification of
disease genes that make smaller overall contributions to the genetic
spectrum (because of only few mutational events; e.g., PSEN2), or
risk factors with smaller effect sizes (i.e. odds ratios [ORs] ranging
between 2 and 3), will require much larger samples and possibly
more sensitive and efficient analytic tools to enable consistent detec-
tion across study populations (2).

Additional, and commonly cited, problems in finding complex
disease genes beyond the most obvious are multiple testing, pub-
lication bias, and questionable replication (3-5). Multiple testing
can be placed under the larger category of “avoidable false positive”
findings, which are also caused by testing insufficiently sized sam-
ples, using inappropriate matching of cases versus controls, strati-
fying populations, and choosing inadequate analysis strategies, etc.
Publication bias, on the other hand, which indicates the higher a
priori likelihood of a positive finding being published as opposed
to a negative one, may have been a possible source of serious bias
in the early days. However, there is only relatively little empirical
evidence that publication bias actually represents a common or
significant source of error in current publications investigating
the genetics of a number of disorders (e.g., refs. 6-12). The sheer
number of publications in the AD genetics literature, for example,
reveals that nearly two-thirds represent “negative” articles, with the
rest being “positive” or “suggestive,” so that one can hardly speak
of a preponderance of the positive (13). Finally, independent repli-
cation of a positive genetic finding is one of the essential require-
ments to distinguish a genuine from a false-positive gene effect
(Figure 2). However, replication — just like the primary detection
of disease association — is affected by a number of factors, which
include locus heterogeneity, small effect size, high risk allele fre-
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Figure 1

This scheme depicts the risk spectrum predisposing to common diseases as
one continuum, using AD as an example. The continuum extends from the most
extreme genetic form (“Mendelian genes”; green) to cases influenced by genetic
susceptibility factors (“Genetic risk factors”; orange), until reaching into a less well-
defined area of cases that may be caused by genes of lesser penetrance/lower
effect size and/or altogether nongenetic factors (“Nongenetic risk factors”; gray).
Established Mendelian genes (APP, PSEN1, and PSEN2) or genetic risk factors
(APOE-¢4) are represented by shaded boxes and represent the most obvious
candidates of AD genetics; the width of these boxes approximately represents the
relative contribution to the overall risk for disease. Black boxes indicate still-elusive
disease genes/risk factors (“?”). Colored arrows indicate possible gene-gene and
gene-environment interaction patterns: yellow arrows represent previously sug-
gested interactions (e.g., between PSEN71 and APOE-¢4). Note that some interac-
tions (red arrows) as well as the number of elusive genes are entirely hypothetical

familial segregation is thought to be explained by the
CD/CV hypothesis (14).

EOFAD represents only a small fraction of all AD cases
(£5%) and typically presents with onset ages younger
than 65 years, showing autosomal dominant trans-
mission within affected families. To date, more than
160 mutations in 3 genes have been reported to cause
EOFAD. These include the AP precursor protein (APP) on
chromosome 21 (15), presenilin 1 (PSENI) on chromo-
some 14 (16), and presenilin 2 (PSEN2) on chromosome
1 (17, 18). The most frequently mutated gene, PSEN1I,
accounts for the majority of AD cases with onset prior
to age 50. While these AD-causing mutations occur in
3 different genes located on 3 different chromosomes,
they all share a common biochemical pathway, i.e., the
altered production of Ap leading to a relative overabun-
dance of the AP, species, which eventually results in
neuronal cell death and dementia. An up-to-date over-
view of disease-causing mutations in these genes can
be found at the Alzheimer Disease & Frontotemporal
Dementia Mutation Database (19).

LOAD, on the other hand, is classically defined as AD
with onset atage 65 years or older and represents the vast
majority of all AD cases. While segregation and twin stud-
ies conclusively suggest a major role of genetic factors in

and are depicted for didactic purposes only.

quency, population stratification, and poor case-control matching.
Thus, the failure to provide independent replication may be mean-
ingless if the association study has not been carefully designed. In
the case of multiple conflicting reports, metaanalysis across all
published studies and/or the evidence for a biochemical/functional
consequence of the putative risk allele can help distinguish real dis-
ease genes from their harmless counterparts (Figure 2).

Notwithstanding these difficulties, genetic analyses have laid
the foundation for understanding a variety of disease mecha-
nisms leading to neurodegeneration and associated symptoms.
Likewise, a detailed understanding of their genetic basis will
be essential for the development of effective strategies aimed
at the early prediction and early prevention/treatment of these
devastating diseases. In the following sections, we briefly out-
line the status of genetic research across a number of common
neurodegenerative conditions, with a particular focus on the
similarities and differences among disorders.

Alzheimer disease

AD is one of the most serious health problems in the industrial-
ized world. It is an insidious and progressive neurodegenerative
disorder that accounts for the vast majority of age-related
dementia and is characterized by global cognitive decline and
the accumulation of AP deposits and neurofibrillary tangles in
the brain (Figure 3). Family history is the second-greatest risk
factor for the disease after age, and the growing understanding of
AD genetics has been central to the knowledge of the pathogenic
mechanisms leading to the disease. Genetically, AD is complex
and heterogenous and appears to follow an age-related dichoto-
my: rare and highly penetrant early-onset familial AD (EOFAD)
mutations in different genes are transmitted in an autosomal
dominant fashion, while late-onset AD (LOAD) without obvious
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this form of AD (20), to date, only 1 such factor has been

established, the €4 allele of the apolipoprotein E gene on

chromosome 19q13 (APOE; Table 1; refs. 21, 22). In con-
trast to all other association-based findings in AD, the risk effect of
APOE-¢4 has been consistently replicated in a large number of stud-
ies across many ethnic groups, yielding ORs between approximately
3 and approximately 15 for heterozygous and homozygous carriers,
respectively, of the €4 allele in white individuals (for metaanalysis,
see ref. 23). In addition to the increased risk exerted by the ¢4-allele,
a weak, albeit significant, protective effect for the minor allele, €2,
has also been reported in several studies. Unlike the mutations in
the known EOFAD genes, APOE-¢4 is neither necessary nor suffi-
cient to cause AD but instead operates as a genetic risk modifier by
decreasing the age of onset in a dose-dependent manner. Despite
its long-known and well-established genetic association, the bio-
chemical consequences of APOE-g4 in AD pathogenesis are not yet
fully understood but likely encompass AB-aggregation/clearance
and/or cholesterol homeostasis (Table 1).

Several lines of evidence suggest that numerous additional LOAD
loci (24) — and probably also EOFAD loci (25, 26) — remain to be
identified, since the 4 known genes together account for probably
less than 50% of the genetic variance of AD. As outlined above, it
is currently unclear how many of these loci will prove to be risk
factors as opposed to causative variants. As candidates for the for-
mer, more than 3 dozen genes have been significantly associated
with AD in the past (27, 28). Despite the more than 500 indepen-
dent association studies, however, no single gene has been shown
to be a risk factor with even nearly the same degree of replication
or consistency as has APOE-g4. An up-to-date overview of the sta-
tus of these and other potential AD candidate genes, including
metaanalyses across published association studies, can be found
at the Alzheimer Research Forum genetic database (13). One of the
conclusions to be drawn from currently available data, as well as
from the few independently performed metaanalyses on putative
AD risk factors, is that even if some of the published associations
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were genuine, their overall effect size is likely to be only minor, i.e.
with ORs not exceeding 2.

Parkinson disease
PD is the second most common neurodegenerative disease of
adult onset. Histopathologically, it is characterized by a severe loss
of dopaminergic neurons in the substantia nigra and cytoplasmic
inclusions consisting of insoluble protein aggregates (Lewy bodies;
Figure 3), which lead to a progressive movement disorder including
the classic triad of tremor, bradykinesia, and rigidity, with an aver-
age onset age between 50 and 60 years. Although the heritability
- and thus the contribution of genetic factors to the overall preva-
lence - of PD is likely smaller than that of AD, genetics has played
amajor role in elucidating the causes of nigrostriatal neuronal loss
across a wide spectrum of clinically and histopathologically heter-
ogenous PD cases. As in AD, there appears to be an age-dependent
dichotomy: the majority of individuals with an early or even juve-
nile onset show typical Mendelian inheritance. However, unlike in
AD, these cases show a predominantly autosomal-recessive mode
of inheritance, and there is an ongoing debate as to whether genet-
ic factors play any substantial role in contributing to disease risk
in cases with onset beyond approximately 50 years (29-31).
Notwithstanding these uncertainties, there is a plethora of genet-
ic studies on both forms of the disease, and mutations in at least
5 genes have now been shown to cause familial early-onset par-
kinsonism (a-synuclein [SNCA or PARKI; ref. 32]; parkin [PRKN
or PARK2; ref. 33]; DJ-1 [DJI or PARK7; ref. 34]; PTEN-induced
putative kinase I [PINK1 or PARKG; ref. 35]; and leucine-rich repeat
kinase 2 or dardarin [LRRK2 or PARKS; refs. 36, 37]), with several
other linkage regions pending characterization and/or replication.
As was the case in the study of AD, the first locus to be character-
ized - PARKI, on chromosome 4q21 - involves the protein that is
the major constituent of one of the classic neuropathological hall-
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disease gene based on the genetic evidence
alone, e.g., APOE-¢4 in AD, of which the pre-
cise functional consequences remain unknown
despite an established genetic role. Note that
there are examples of genes/mutations with
reduced penetrance or minor risk effects (red
boxes) within bona fide disease genes (e.g.,
certain mutations in PSEN7 in AD).

marks of the disease, i.e., a-synuclein (32), which can be found at
the core of Lewy bodies. While the exact mechanisms underlying a-
synuclein toxicity currently remain only incompletely understood,
recent evidence suggests that some SNCA mutations may change
normal protein function quantitatively rather than qualitatively, via
duplication or triplication of the a-synuclein gene (38, 39). Very
recently, mutations in a second gene with dominant inheritance
have been identified by several different laboratories (LRRK2; refs.
36, 37). While the functional consequences of LRRK2 mutations
are still unknown, it was suggested that at least some mutations
could interfere with the protein’s kinase activity (40).

While changes in SNCA and LRRK2 are the leading causes of
autosomal-dominant forms of PD, the majority of affected pedi-
grees actually show a recessive mode of inheritance (Table 1). The
most frequently involved gene in recessive parkinsonism is par-
kin (PRKN) on chromosome 6q25 (33, 41), which causes nearly
half of all early-onset PD cases. Parkin is a ubiquitin ligase that is
involved in the ubiquitination of proteins targeted for degrada-
tion by the proteasomal system. The spectrum of parkin muta-
tions ranges from amino acid-changing single base mutations to
complex genomic rearrangements and exon deletions, which prob-
ably resultin a loss of protein function. It has been speculated that
this may trigger cell death by rendering neurons more vulnerable
to cytotoxic insults, e.g., the accumulation of glycosylated a-synu-
clein (42). In addition to parkin mutations, genetic analyses of 2
non-parkin early-onset, autosomal-recessive PD pedigrees revealed
2 independent, homozygous mutations in DJI (34) on chromo-
some 1p36 (43). Both mutations result in a loss of function of
DJ-1, a protein that is suggested to be involved in oxidative stress
response. While several studies have independently confirmed the
presence of DJ-1 mutations in other PD cases, the frequency of
disease-causing variants in this gene is estimated to be low (~1%;
ref. 44). Less than 13 Mb toward the long arm of the same chro-
Volume 115 1451

Number 6  June 2005



review series

FTD

Location: frontotemporal
Macro: cerebral atrophy
Micro: tau deposits, Pick bodies

LBD

Location: frontotemporal ,
Macro: cerebral atrophy |
Micro: Lewy bodies

HD

Location: basal ganglia -
Macro: neostriatal atrophy
Micro: neuronal loss and astrocytosis

Figure 3

ALS
Location: motor cortex, brainstem, spinal cord
Macro: atrophy of motor neurons and muscles
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Overview of the anatomical location of and macroscopic and microscopic changes characteristic of the neurodegenerative disorders discussed
in this review. Note that the full neuropathological spectrum of these disorders is much more complex than depicted here. When there is more
than one characteristic histopathological feature, these are depicted from left to right, as indicated in the labels listing microscopic changes (e.g.,
the 2 panels for AD depict an Ap plaque [left] and neurofibrillary tangles [right]). All histopathological images are reprinted with permission from

ISN Neuropath Press (ref. 99).

mosome, additional PD-causing mutations were subsequently
discovered in PINKI (35) following positive linkage evidence to
this region (45). This enzyme is expressed with particularly high
levels in brain, and the first 2 identified mutations (G309D and
W437ter) were predicted to lead to a loss of function that may
render neurons more vulnerable to cellular stress, similar to the
effects of parkin mutations. While Lewy bodies are typically not
found in brains of patients bearing parkin mutations, it is cur-
rently unclear whether these are present in PD cases with muta-
tions in DJ1 and PINKI.

At least 6 additional candidate PD loci have been described,
including putative disease-causing mutations in the ubiquitin
carboxy-terminal hydrolase L1 (UCHLI) on chromosome 4p14 (46),
and in a nuclear receptor of subfamily 4 (NR4A2, or NURRI; ref. 47)
located on 2q22. However, and unlike the previously outlined PD
genes, neither of these maps to known PD linkage regions, nor
were they independently confirmed beyond the initial reports.
However, polymorphisms in both genes have been - albeit
inconsistently - associated with PD in some case-control stud-
ies. A recent metaanalysis of the S18Y polymorphism in UCHLI
showed a modest but significant protective effect of the Y allele
(11), which suggests that this gene may actually be a susceptibility
factor rather than a causal PD gene.

Unlike early-onset PD, the heritability of late-onset PD is proba-
bly low (29). Despite this caveat, while a number of whole-genome
screens across several late-onset PD family samples have been per-
formed, only a few overlapping genomic intervals have been iden-
tified. One of the more extensively studied regions is 17q21, near
the gene encoding the microtubule-associated protein tau (MAPT;
ref. 48). Previously, it had been shown that rare missense muta-
tions in MAPT lead to a syndrome of frontotemporal dementia
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with parkinsonism (FTD with parkinsonism linked to chromo-
some 17 [FTDP-17]; see below), but to date no mutations have
been identified as causing parkinsonism without frontotemporal
degeneration. However, haplotype analyses of the tau gene have
revealed some evidence of genetic association of the H1 haplotype
with both PD (ref. 49; for metaanalysis see ref. 50) and a related
syndrome, progressive supranuclear palsy (PSP; ref. 51). Despite
the lack of evidence for genetic linkage to chromosome 19q13,
variants in APOE have also been tested for a role in PD and related
syndromes. Across the nearly 3 dozen different studies available
to date, some authors report a significant risk effect of APOE-e4
for PD, while others only see association with certain PD pheno-
types or even a risk effect of the €2 allele, which is protective in
AD (see above). A recent metaanalysis on the effects of APOE in
PD concluded that only the e2-related increase in PD risk remains
significant when all published studies are considered jointly (12).
Finally, and in addition to the findings in autosomal-dominant
familial PD, there is also some support for a potential role of SNCA
variants on the risk for late-onset PD (52).

Lewy body dementia

According to some investigators, Lewy body dementia (LBD) is the
second most common type of degenerative dementia in the elderly,
possibly accounting for up to 15% of all dementia cases in autopsy
samples (53). Clinically, LBD is characterized by progressive cog-
nitive impairment with fluctuating course, recurrent visual hal-
lucinations, and parkinsonism. Although formal clinical criteria
have been proposed (53), there is a pronounced clinical and neuro-
pathological overlap with AD as well as PD with dementia (PDD).
The predominant histological feature of LBD is the presence of
cortical and subcortical Lewy bodies (Figure 3), but many patients
Volume 115

Number 6  June 2005



with LBD also have AD pathology, i.e., cortical amyloid plaques
and neurofibrillary tangles. Conversely, Lewy bodies are also fre-
quently observed in cases of classic AD, including in patients with
mutations in APP, PSEN1, and PSEN2 (54).

While a familial aggregation of LBD has been described (55), the
identification of specific LBD genetic factors is complicated by
its still-uncertain phenotypic classification, in particular its dis-
tinction from AD and PDD. The little genetic evidence that has
accrued to date shows — not unexpectedly — substantial overlap
with that for AD and PD. For instance, follow-up analyses to the
original AD full-genome screen that led to the description of link-
age to chromosome 12 (56) found evidence for considerable genetic
heterogeneity in the original study population (57). In particular,
the authors found that the better part of the AD linkage signal on
chromosome 12q13 near 50 Mb was actually caused by a subset of
families fulfilling neuropathological criteria for LBD (i.e., 8 of 54
families). However, these families were linked to a more proximal
region, i.e., 12p11 with a maximum linkage signal at approximately
27 Mb. Interestingly, this same region was also implicated in alarge
Japanese pedigree with autosomal dominant PD (PARKS [ref. 58],
which has now been identified as being caused by mutations in
LRRK2 [refs. 36, 37]) and lies only slightly distal to an AD linkage
region on 12p12, which was found by 2 different research groups in
asample different from the original chromosome 12 linkage report
(59, 60). While these observations could indicate the presence of
common genetic risk factors across these 3 syndromes, they could
also be purely accidental or even artificial. As for several of the
neurodegenerative disorders, a potential association has also been
observed with APOE-¢4, albeit inconsistently. However, a moder-
ate risk effect of this allele was recently supported by metaanalysis
on LBD case-control studies from 2000 to 2004 (61). Finally and
not surprisingly, recent reports also indicate a potential role of
a-synuclein in LBD pathogenesis, based on the observation that
the occurrence of cortical Lewy bodies and dementia in PD may be
dependent on a-synuclein gene dose (see above; 38, 39).

Table 1
Overview of established neurodegenerative disease genes

Disease Gene (first ref.) Protein Location
AD APP (15) AP precursor protein 2121
AD APOE (21, 22) Apolipoprotein E 19913
AD PSENT (16) Presenilin 1 14924
AD PSEN2 (17, 18) Presenilin 2 1931
PD SNCA (32) a-Synuclein 4q21
PD PRKN (33) Parkin 6025
PD DJ1(34) DJ-1 1p36
PD PINK1 (35) PTEN induced putative kinase 1 1p36
PD LRRK2 Leucine-rich repeat 12q12
(36, 37) kinase 2; dardarin
FTD MAPT (53) Microtubule-associated 17g21
protein tau
ALS S0D1(63) Superoxide dismutase 1 21022
ALS ALS2 (68, 69) Alsin 2033
HD HD (76) Huntingtin 4p16
Prion PRNP (84) Prion protein 20p13

Dominant and risk

review series

Frontotemporal dementia

FTD is a heterogenous group of syndromes defined clinically by
a gradual and progressive change in behavior and personal con-
duct and/or by a gradual and progressive language dysfunction
(62). The initial symptoms typically occur without affecting other
cognitive domains, such as memory, and rarely present with an
onset age beyond 75 years. In some instances, deficits in behavior
and language are also accompanied by parkinsonism or progres-
sive motor neuron disease. Neuropathologically, FTD is caused by
neurodegeneration in the frontal and/or temporal lobes (Figure
3). Affected neurons frequently display intracellular, tau-posi-
tive inclusions that are distinct from the neurofibrillary tangles
observed in AD (63). While 25-40% of all FTD cases are believed
to be familial (64), the clinical and neuropathological variability
of the syndrome suggests the existence of several distinct genetic
factors underlying or modifying pathogenesis. On the other hand,
recent advances in the genetics of FTDP-17 (see below) have shown
that different mutations in the same gene (or even exon) can lead
to a diverse spectrum of FTD-type syndromes, which provides
genetic support for merging the apparently diverse clinical enti-
ties into 1 overarching category.

The first FTD mutations were identified in cases accompanied
by parkinsonism and showing genetic linkage to chromosome
17921, near the tau gene (FTDP-17). Subsequently, disease-caus-
ing mutations were identified in tau (gene: MAPT; Table 1) (ref.
65), currently more than 30 in over 100 families worldwide (for
an up-to-date overview, see the Alzheimer Disease & Frontotem-
poral Dementia Mutation Database; ref. 19). The phenotype
observed with mutations in MAPT is variable and ranges from
classic FTDP-17 to corticobasal degeneration (CBD), PSP, and
frontotemporal lobar degeneration (DLDH,; ref. 64). Although,
to date, no mutations in MAPT have been reported in pathologi-
cally proven AD cases, there have been sporadic observations of
early progressive memory loss reminiscent of AD, e.g., segregat-
ing with the R406W mutation in exon 13 (66, 67). However, the

Inheritance Relevance to pathogenesis
Dominant Altered AB production (ABa2/ABa4o ratio 1) and aggregation
Risk factor Unknown (A aggregation? lipid metabolism?)
Dominant Altered AB production (ABs2/ABa4o ratio 1)
Dominant Altered AB production (ABao/ABag ratio 1)
Dominant Neurotoxicity by aggregation of a-synuclein (?)
Recessive Impaired protein degradation via proteasome
Recessive Impaired oxidative stress response (?)
Recessive Mitochondrial dysfunction (?)
Dominant Unknown
Dominant Altered tau-production (4R/3R ratio 1),

and/or altered binding to microtubules

Dominant and Protein misfolding/aggregation and/or

recessive impaired oxidative stress response (?)
Recessive Impaired neuroprotection (?)
Dominant Unknown

Transformation of PrPe into PrPse

Diseases are listed in the order in which they are discussed in the text. Prion, familial prion disease (see text for more details); first ref., publication showing
first evidence of disease involvement; 1, increase; 4R, 4-repeat; PrPc, normal form of PrP; PrPsc, disease-associated (scrapie) form of Prp. For an
up-to-date overview on AD association results, see ref. 13; for mutation findings in AD and FTD, see ref. 19; for mutations in ALS, see ref. 82.
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same mutation was also found in families segregating more
typical FTD (65). Molecular genetic studies have shown that
the biochemical consequences of the various mutations at the
protein level are quite diverse, including reduction or increase in
the binding of tau to microtubules, enhancement of tau aggre-
gation, and alterations in the ratio of specific tau isoforms (i.e.,
an increased ratio of 4-repeat to 3-repeat tau owing to changes
in alternative splicing; reviewed in ref. 68; Table 1). Interestingly,
it appears that MAPT mutations almost exclusively lead to FTD,
with immunohistochemical evidence of both 3- and 4-repeat tau,
while classic Pick disease (PiD), in which the 4-repeat isoform
is lacking, has not yet been conclusively linked to MAPT or any
other genetic defect (69). The correlation between 4-repeat tau
and genetic variants in MAPT is further supported by genetic
association studies showing almost unanimous support for an
MAPT risk haplotype (H1) in samples from patients with PSP or
CBD, both characterized by the abundance of 4-repeat tau. This
is the same haplotype that has also frequently been associated
with PD (for a recent metaanalysis, see ref. 50), which possibly
suggests common and as-yet-uncharacterized tau-related patho-
genic mechanisms shared by FTD and late-onset PD.

Similar to the examples in the neurodegenerative diseases, tau
mutations likely represent the first and most obvious candidates
in the puzzle of FTD genetics. They probably account for less than
half of the genetic variance in familial FTD (64). In addition to
linkage to chromosome 9921 in a syndrome of FTD coupled with
familial amyotrophic lateral sclerosis (ALS; see below), association
has been observed between FTD and APOE, albeit with highly vari-
able results. Interestingly, and similar to equivalent studies done
in PD, a recent metaanalysis on all data published for APOE in
FTD detected a significant risk effect associated with the e2-allele
but no significant results with €4 (70). While this observation
may be purely incidental, it is similar to findings on the H1-tau
haplotype, which has also been associated in some FTD syndromes
as well as PD. Collectively, these findings are still too preliminary
to allow speculation on any functional consequences of the under-
lying genetic variants in the pathogenesis of FTD. Finally, recent
reports have suggested that some cases of FTD may also be caused
by mutations in PSENI (71). However, a more rigorous proof of
familial segregation and pathogenetic mechanism of these vari-
ants is needed before they can be considered established.

Amyotrophic lateral sclerosis

ALS (also known as motor neuron disease or Lou Gehrig’s disease)
is characterized by a rapidly progressive degeneration of motor
neurons in the brain and spinal chord, which ultimately leads to
paralysis and premature death. Overall, the prevalence of ALS is low
(approximately 5 in 100,000 individuals), but incidence increases
with age, showing a peak between 55 and 75 years. Neuropatho-
logical features of ALS include intracellular accumulations and
perikaryal inclusions of neurofilament (NF) and intracellular inclu-
sions such as Bunina bodies and Lewy body-like cytoplasmic inclu-
sions (Figure 3). Cognitive impairment and dementia coexist with
ALS in at least 5% of the cases, and it was actually in a family dis-
playing FTD with parkinsonism and amyotrophy where evidence of
linkage to chromosome 17 was first described (see above).

Familial ALS (FALS) is observed in approximately 10% of all cases,
but substantially more ALS cases are suspected to be influenced by
genetic factors (72). In addition to the variants in MAPT (see above),
mutations in 2 genes (SODI and ALS2; Table 1) have been shown
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to cause FALS. Two years after genetic linkage to chromosome 21q
was described in 1991 (73), ALS-causing mutations were identi-
fied in the gene encoding superoxide dismutase 1 (SODI; ref. 74),
which catalyzes the conversion of superoxide radicals into hydro-
gen peroxide. Meanwhile, more than 100 mutations in SODI have
been described in over 200 pedigrees with FALS worldwide, and all
but 1 of the known SODI mutations are inherited in an autosomal
dominant fashion (75). Collectively, these mutations account for
approximately 20% of FALS cases and for up to 10% of the sporadic
cases of ALS, i.e., those not showing an obvious familial segrega-
tion (76). Mutations in SOD1 have been hypothesized as leading to
neurodegeneration through protein misfolding, impaired oxidative
stress response, cytoskeletal dysfunctions, and glutamatergic exci-
totoxicity (Table 1; for review, see refs. 77, 78). Recently, mutations
in a second gene (ALS2; encoding alsin) were identified in indepen-
dent families with a rare, juvenile-onset autosomal recessive form
of ALS and primary lateral sclerosis, a syndrome restricted to upper
motor neuron degeneration (79, 80). Additional mutations in ALS2
have also been described in families suffering from infantile-onset
ascending hereditary spastic paralysis, which suggests considerable
phenotypic variability of the ALS2 mutations. Functionally, there is
evidence that physiologic expression of alsin is neuroprotective in
the presence of SOD1 mutations (81); thus, it is conceivable that
ALS2 mutations abrogate the protective role of this protein. An
up-to-date overview of the status of these and other potential ALS
genes can be found at the ALS Online Database (82).

Several other putative FALS loci have been detected by means of
linkage analysis in individual families or larger FALS samples, but
none of the underlying gene defects have been conclusively proven
to be causal. A recent full-genome screen in FALS has pinpointed
significant linkage to chromosome 9921 in families with ALS and
FTD (83). This overlaps with a location shown to be linked to
AD (84), which possibly indicates a common pathophysiological
basis for neurodegeneration or dementia in these 2 disorders.
Furthermore, various genetic associations with mostly nonfa-
milial ALS have been claimed but have been met with only incon-
sistent replication to date. Specifically — unlike for most of the
neurodegenerative disorders discussed in this review— there is vir-
tually no evidence for an association between APOE-e4 and risk or
disease progression of ALS. One potential ALS-specific candidate
is the gene encoding the NF heavy chain gene (NFH) on chromo-
some 22q12, a component of the neuronal inclusions observed
histopathologically. However, the genetic data supporting the
postulated association between ALS and variants in NFH remain
scarce, despite the fact that the association initially was described
more than a decade ago (85).

Huntington disease

Huntington disease (HD) is caused by degeneration of neurons in
the basal ganglia and then in cortical regions (Figure 3), leading
clinically to involuntary movements (chorea), psychiatric symp-
toms, and dementia. Its prevalence is similar to that of ALS but
much less than that of most of the other dementing illnesses dis-
cussed above. Approximately 90% of HD cases are hereditary and
transmitted in an autosomal dominant fashion. As a matter of fact,
the HD gene was the first autosomal disease locus to be mapped
by genetic linkage analysis (to chromosome 4q16), in 1983 (86). It
took 10 more years to identify the underlying gene defect, which
proved to be a poly-CAG (encoding glutamine [Q]) repeat in exon
1 of a 350-kDa protein (huntingtin; gene: HD; Table 1; ref. 87). The
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mean repeat length in HD patients is 40-45, although variability
is quite wide, ranging from 35 to 120 repeats (88), displaying an
inverse correlation with onset age. Interestingly, approximately
10% of all HD cases are considered “de novo,” i.e., these cases origi-
nate from asymptomatic parents with normal repeat lengths that
have expanded to symptomatic range (see below). The precise func-
tion of huntingtin remains elusive, but cloning experiments show
that it is highly conserved throughout evolution, which suggests
an essential functional role of this protein in neuronal develop-
ment and homoeostasis.

In contrast to all other diseases reviewed here, HD is virtually
always attributable to a defect in a single gene, i.e., poly-Q expan-
sion in huntingtin, although such defects only account for 50% of
the interindividual onset age variation. Thus, recent genetic analy-
ses of HD have mainly focused on the search for factors affecting
the onset of the disease. A recent full-genome screen aimed at iden-
tifying these genes has revealed several suggestive linkage regions
(89). The most promising of these is located on chromosome 6925,
close to the glutamate receptor, ionotropic, kainate 2 (GRIK2), which
has been associated with a younger HD onset age in some studies;
this potentially supports the notion of glutamate-induced excito-
toxicity in the pathogenesis of HD (90, 91). However, this finding
awaits further replication and functional characterization. Only
a small number of studies have investigated a potential onset-age
effect of the APOE polymorphisms in HD, and as is the case with
ALS, the results have been largely negative.

Creutzfeld-Jacob disease and other prion diseases

Prion diseases include a rare and heterogenous spectrum of clinical
and histopathological phenotypes, which are unique in the group
of neurodegenerative diseases, as they can be familial (e.g., famil-
ial Creutzfeld-Jakob disease [fCJD], fatal familial insomnia [FFI],
Gerstmann-Striussler-Scheinker syndrome [GSS]), sporadic (e.g.,
Creutzfeld-Jakob disease [CJD], sporadic fatal insomnia [sFI]), or
acquired (e.g., kuru, iatrogenic CJD, variant CJD). Most forms are
characterized by a rapidly progressing neurodegeneration with
spongiosis and amyloid plaques consisting of prion protein (PrP)
aggregates, probably created via self-propagation of aberrant or
misfolded PrP (92, 93; Figure 3). While only a relatively small subset
of cases with prion disease exhibits familial aggregation, genetics
has played a crucial role in elucidating the molecular mechanisms
underlying these disorders and has facilitated the clinical classifica-
tion of their various subtypes (94).

As in AD, both causative mutations and risk-conferring gene
variants have been identified for the different prion diseases. How-
ever, both mutations and risk variants are located within the same
locus, i.e., the gene encoding PrP (PRNP), on chromosome 20p13
at approximately 5 Mb (Table 1; ref. 95). First, more than 2 dozen
different amino acid-changing mutations in the coding region
of PRNP have been identified as causing familial prion diseases,
transmitted in an autosomal dominant fashion with nearly 100%
penetrance. There is remarkable heterogeneity in the sense that dif-
ferent mutations throughout the gene can give rise to a variety of
different phenotypes associated with all 3 familial forms of prion
diseases, i.e. f{CJD, FFI, and GSS (reviewed in ref. 94). In addition
to these point mutations, there are also rare cases of fCJD and
GSS caused by variable numbers of octapeptide (i.e., 24 base-pair)
repeats within the coding sequence of PRNP. Second, both clinical
presentation and disease progression of these familial forms are
further modified by a common polymorphism at codon 129, which
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leads to a nonsynonymous amino acid substitution (from methio-
nine [M] to valine [V]). Most mutated PRNP missense alleles are on
the same haplotype as the 129M allele, which occurs in virtually all
forms of fCJD. In the rare cases where they co-occur with the 129V
allele, they lead to a distinct clinical phenotype, and at D178N, even
to a different disease entity within the complex of prion diseases:
while the D178N-129V haplotype leads to typical fCJD, the 178N-
129M haplotype represents the only currently known genetic cause
of FFI, which presents with a quite distinct clinical picture.

In addition to its effects on familial forms of prion diseases,
the M129V polymorphism also increases the risk for sporadic
forms of CJD (sCJD; refs. 96, 97). Specifically, it was found that
the homozygous state for either allele (i.e. M/M or V/V) is diso-
portionally more frequent in sCJD than the M/V genotype (96).
Furthermore, homozygosity at this polymorphism leads to a
faster disease progression than heterozygosity in nearly all genetic
as well as sporadic (including iatrogenic) forms of prion diseases,
and in most instances, the M/M genotype is associated with the
most aggressive course of disease (98). Interestingly, almost all
individuals thus far known to be affected by the newly described
“variant” form of CJD (vCJD), which is characterized by a prion
protein isotype resembling that found in BSE, also carry only the
M/M genotype. Furthermore, there is some evidence suggesting an
overrepresentation of the M allele in AD cases versus controls as
well (13). Only a few other genetic risk factors for the nonfamilial
forms of CJD have been investigated, and none of them has shown
any noteworthy results to date. This includes APOE-e4, which was
found to increase risk and/or accelerate disease progression in
some studies, although the majority of samples failed to replicate
either of these effects.

Conclusions

While displaying a diverse array of clinical and histopathological
characteristics, the neurodegenerative disorders discussed in this
review share a variety of epidemiologic and genetic aspects. First,
with the exception of HD, they all feature an etiologic dichoto-
my, with relatively rare familial forms on the one hand and more
frequent multifactorial — and usually later-onset — forms on the
other. It is possible (and likely) that a substantial number of cases
that were hitherto considered nonfamilial and sporadic will even-
tually prove to originate from specific disease-causing mutations
or genetic risk factors (like APOE-¢4 in AD). Second, in some cases,
the same mutations and polymorphisms have been linked and
associated across clinically and neuropathologically diverse dis-
ease entities. For instance, according to recent metaanalyses, the
APOE polymorphism may contribute to risk not only for AD, but
also for PD and FTD (albeit with different alleles). If confirmed,
these observations could point to 1 or several common genetic
and mechanistic denominators for neuronal cell death. Finally,
genetics has been essential for elucidating the molecular and bio-
chemical pathways leading to neurodegeneration for almost all of
the discussed syndromes and disease entities. Likewise, a detailed
understanding of the genetic basis of neurodegeneration will be
essential for the design and development of effective early predic-
tion and early prevention/treatment strategies, with the prospect
of largely decreasing the incidence of these devastating disorders.
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