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Abstract
Late-onset Alzheimer’s disease is a common complex disorder of old age. Though these types of
disorders can be highly heritable, they differ from single-gene (Mendelian) diseases in that their
causes are often multifactorial with both genetic and environmental components. Genetic risk factors
that have been firmly implicated in the cause are mutations in the amyloid precursor protein (APP),
presenilin 1 (PSEN1) and presenilin 2 (PSEN2) genes, which are found in large multi-generational
families with an autosomal dominant pattern of disease inheritance, the apolipoprotein E (APOE)
ε4 allele and the sortilin-related receptor (SORL1) gene. Environmental factors that have been
associated with late-onset Alzheimer’s disease include depressive illness, various vascular risk
factors, level of education, head trauma and estrogen replacement therapy. This complexity may help
explain their high prevalence from an evolutionary perspective, but the etiologic complexity makes
identification of disease-related genes much more difficult. The “endophenotype” approach is an
alternative method for measuring phenotypic variation that may facilitate the identification of
susceptibility genes for complexly inherited traits. The usefulness of endophenotypes in genetic
analyses of normal brain morphology and, in particular for Alzheimer’s disease will be reviewed as
will the implications of these findings for models of disease causation. Given that the pathways from
genotypes to end-stage phenotypes are circuitous at best, identifying endophenotypes more proximal
to the effects of genetic variation may expedite the attempts to link genetic variants to disorders.

Late-onset Alzheimer’s disease (LOAD) is among the most frequently encountered diseases
in aging societies, and its prevalence is expected to quadruple by 2047 (Brookmeyer et al.,
1998). Twin studies suggest that 37% to as much as 78% of the variance in the age-at-onset of
LOAD can be attributed to additive genetic effects (Meyer and Breitner, 1998). Conversely,
cognitively healthy aging is also substantially influenced by genes (Gudmundsson et al.,
2000). Genes increasing the risk of developing LOAD (apolipoprotein E (APOE)-ε4, sortilin-
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related receptor (SORL1)) (Tang et al., 1996; Rogaeva et al., 2007) have been identified and
confirmed in individuals with sporadic or familial LOAD. However, they explain only a small
proportion of the genetic contribution to LOAD leaving the remaining genetic risk factors to
be identified. An important step towards understanding the mechanisms underlying LOAD is
the identification of the genes controlling brain structure under physiological conditions.
LOAD is associated with alterations in structure and function of several brain regions in
particular the hippocampus and cerebral grey matter, and it is thought that these associations
have a substantial genetic contribution (Posthuma et al., 2000; Thompson et al., 2001, 2002).
Studies of the genetics of brain structure and function among normal individuals, which over
the past decade have been extended to the entire human lifespan from childhood through
extreme old age (Gogtay et al., 2004; Sowell et al., 2003; Thompson et al., 2007), have
concluded that variation in brain structure and function can be expected and that pathological
states represent the extremes of this variation. Cumulatively these data provide not only a
backdrop for understanding the genetic influences on neuroanatomy and neurophysiology but
also the basis for understanding the genetics of neurodegenerative diseases associated with
changes in these brain structures including LOAD, and the concept of cognitive reserve (CR)
in LOAD, a model on the reserve against brain damage that is based on the fact that there
appears to be no direct relationship between the degree of LOAD pathology and degree of
cognitive impairment. The few studies that explored the genetics of brain structure under
physiological conditions suggest that human brain volume is genetically influenced, varies
regionally within the brain, and is associated with high heritability for regional amounts of
gray matter density in medial frontal cortex, Heschl’s gyrus and postcentral gyrus, and
moderate to high heritability for Broca’s area, anterior cingulate, hippocampus, amygdala, gray
matter of the parahippocampal gyrus and white matter of the superior occipitofrontal fasciculus
(Posthuma et al., 2000; Thompson et al., 2001; Baare et al., 2001; Bartley et al., 1997; Carmelli
et al., 1998; Eckert et al., 2002; Geschwind et al., 2002; Hulshoff et al., 2006; Pennington et
al., 2000; Pfefferbaum et al., 2000, 2004; Reveley et al., 1984; Scamvougeras et al., 2003;
Sullivan et al., 2001; Wallace et al., 2006; White et al., 2002). Furthermore, they indicate that
the heritability for brain volumes, including cerebral gray and white matter, remains constant
throughout life suggesting little environmental influence. However, this remains speculation
and is inconsistent with imaging studies indicating alterations of brain structure in response to
environmental influences (Draganski et al., 2004). The genetic influences on age-related
changes in brain structure remain to be determined, and the specific genes involved in variation
of brain volume are largely unknown although some candidate genes have been suggested. The
continued pursuit of genetic variants associated with LOAD has been limited despite available
improved analytic techniques. This may reflect the continued use of small cohorts of patients
underpowered for genetic studies in this complex disease in which multiple genes with small
effects each (“quantitative trait loci” (QTLs)) are likely to contribute to the various quantitative
traits associated with the disease such as memory performance, amyloid/tau pathology or
hippocampal atrophy. Alternatively it could reflect a failure to develop useful quantitative
endophenotypes. Endophenotypes are measurable intermediate phenotypes that are generally
closer to the action of the gene than affection status, and thus exhibit higher genetic signal-to-
noise ratios (Gottesman, 2003). They are characteristics that are genetically correlated with
disease, and can be measured in both affected and unaffected individuals. Endophenotypes
often provide much greater power to localize and identify disease-related QTLs than does
affection status alone (Blangero et al., 2003). Current genetic data from the study of normal
brain structure and function may provide opportunities to use quantitative endophenotypic
traits for understanding LOAD in light of normal brain morphology and CR.

CONCEPT OF CR
The basis for CR arose from the observation that the severity of neuropathological
manifestation of LOAD does not always correlate with clinical LOAD severity (Katzman et
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al., 1988). The concept proposes that individuals develop CR in the presence of favorable
environments such as high educational level or by genetic predisposition, or both, and that CR
increases the threshold for neuropsychological responses to brain insult. It poses that those
with greater brain reserve capacity can bear greater brain damage before cognitive deficit
appears. Stern (2002) applied CR to any situation where there is variation in response to brain
injury, suggesting that CR can be applied to individuals who are healthy as well as individuals
with neurodegeneration.

Both environmental and genetic factors are likely to affect responses to injury. Gene dosage
and timing will influence the response. Similarly, strength and timing of environmental factors
will bring about variations among individuals. Stern (2002) proposed two forms of CR: in
neural reserve, preexisting brain networks that are more efficient or have greater capacity may
be less susceptible to disruption. In neural compensation, alternate networks may compensate
for pathology’s disruption of preexisting networks.

Besides anatomic measures such as brain volume, head circumference, synaptic count, or
dendritic branching, variables descriptive of lifetime experience are commonly used proxies
for CR. These include measures of socioeconomic status, such as income or occupational or
educational attainment, and several domains of neuropsychological traits including memory,
general intelligence and language. Analyzing genetic contribution to CR in conjunction with
neuroanatomic measures and socioeconomic measures helps clarify the concept of CR and
thereby the mechanisms leading to a clinical manifestation of LOAD. To support the hypothesis
of genetic contributions to CR it is in particular necessary to show that there is a differential
expression of a gene(s) that influences brain morphology and cognitive function. In the
following sections will discuss the genetic influences on these measures.

GENETIC INFLUENCES ON BRAIN MORPHOLOGICAL ENDOPHENOTYPES
Studies in quantitative genetics explore the decomposition of observed phenotypic variance
into genetic and environmental sources by studying genetically related individuals. Heritability
is the proportion of genetic variance over the total variance. Environmental variance can be
further decomposed into environmental variance shared by members of a family (common
environment) or non-shared variance, which is unique to a certain individual (unique
environment). To determine the relative contribution of genetic, common, and unique
environmental influences on variation in brain structures, the (extended) twin model is
particularly powerful (Posthuma et al., 2000). In this method, heritability estimates of brain
structure are usually based on data from monozygotic twin pairs (MZ) who are genetically
identical (except in the rare case of a mutation) and dizygotic twin pairs (DZ) who share on
average 50% of their segregating genes. If for a certain brain measure monozygotic twin pairs
resemble each other more closely than DZ twin pairs, it can be inferred that variation of the
brain measure is heritable. However, in addition to genetic influences, common (or shared)
environmental influences may also be a contribution factor. The presence of shared
environmental factors is suspected when correlations in DZ twins are >50% of the MZ
correlation (Boomsma et al., 2002). A first impression of the importance of unique
environmental factors can be obtained from the extent to which MZ twins do not resemble each
other. To estimate contributions of additive genetic (A) effects, common (or shared)
environmental (C) and unique environmental effects (E) to variation in a phenotype, structural
equation modeling (SEM) is increasingly used, which is capable of explicitly testing whether
genetic or environmental factors contribute to individual differences. In extended twin-studies,
additional relatives of twins are included in the study design. This increases the statistical power
to detect the influences of environmental influences shared by members from the same family.
Later in this review we will discuss findings from (extended) twin studies on normal human
brain morphology.
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Brain imaging has been a useful tool to define the genetic contribution to brain structures, and
the heritability of reproducible, quantitative endophenotypes (DeCarli et al., 2005). Twin
studies have demonstrated substantial heritability of these endophenotypes (Carmelli et al.,
2002). Although early large-scale brain-imaging research focused on young, healthy, normal
adult subjects (Mazziotta et al., 2001), in the past decade normative studies of brain structure
and function have been extended to the entire human lifespan, from childhood through extreme
old age (Gogtay et al., 2004).

Heritability of brain volumes and structures
A total of 14 twin studies measuring brain volume have been performed. The first study that
quantitatively studied brain structure in healthy MZ and DZ twin pairs using computerized
axial tomography (CAT) (Table 1) (Reveley et al., 1984), found that lateral ventricle variation
was mostly explained by genetic factors. Later studies using magnetic resonance imaging
(MRI), found high heritability estimates of global brain measures including intracranial volume
(>81%) (Baare et al., 2001;Carmelli et al., 1998;Pfefferbaum et al., 2000) and total brain
volume (66%–97%) (Baare et al., 2001;Bartley et al., 1997;Pennington et al., 2000;Wright et
al., 2002). The first extended twin-study that explored the genetic contributions to variation in
global gray and white matter found heritability estimates of 82% for gray matter and 88% for
white matter (Baare et al., 2001). The heritability of cerebral hemisphere volumes was
estimated at 65% (Geschwind et al., 2002), of cerebellar volume at 88% (Posthuma et al.,
2000), and of the corpus callosum between 79% and 94% (Pfefferbaum et al.,
2000;Scamvougeras et al., 2003). In a study that did not include DZ twin pairs, MZ twin pair
correlations were high (>0.90 for cerebellum, total brain, gray and white matter, and >0.75 for
caudate nucleus, putamen, thalamus and cortical depth) when compared with a healthy,
unrelated comparison group, indicating an upper limit of heritability (White et al., 2002). Brain
areas that in contrast seem to be mainly under environmental control include the gyral
patterning of the cortex (Bartley et al., 1997;Eckert et al., 2002), the volume of the lateral
ventricles (Baare et al., 2001;Wright et al., 2002), and the volume of the hippocampus (40%)
(Sullivan et al., 2001).

It has to be pointed out that some of these studies did not correct for total cranial volume or
height when measuring brain volumes. Although it is likely that the ratio of brain volume/total
cranial volume is comparable among MZ twins, it remains possible that this lack of correction
has led in some studies to spurious results.

The only published twin-study to date in children was consistent with previous adult studies
in that additive genetic effects accounted for a substantial portion of variability in nearly all
brain regions except the cerebellum (Wallace et al., 2006). While cerebellum volume was found
to be mainly under influence of genes in adults (Posthuma et al., 2000; Baare et al., 2001;
Wright et al., 2002), it showed an exceptionally strong susceptibility to shared (30%) and
unshared or unique environmental (21%) influences in children (Wallace et al., 2006). The
mechanisms underlying the strong environmental control of cerebellar volume in children
remain unknown. However, the notion that the cerebellum is particularly susceptible for
environmental influences is supported by the fact that it is during pediatric development the
most sexually dimorphic macroscopic brain structure develops and that it is the brain structure
that reaches peak volume the latest (Wallace et al., 2006). The potential for relatively strong
environmental influences on cerebellar development is further consistent with its preferential
susceptibility to insults such as alcohol or anoxia and its role in modulating responses to
environmental stimuli. It has been postulated that the postnatal neurogenesis of cerebellar
Purkinje cells may confer susceptibility to environmental insult (Welsh et al., 2002).

Three studies have more distinctively examined possible genetic effects on specific brain areas
using voxel-based morphometry (Ashburner and Friston, 2001) and cortical thickness
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measures. In a study that constructed detailed three-dimensional maps based on a genetic
continuum of similarity in grey matter in groups of unrelated subjects, DZ and MZ twins, in
particular anatomical regions that include frontal and language-related cortices (i.e.
sensorimotor, middle frontal, anterior temporal and Wernicke’s cortices) were found to be
genetically influenced (Thompson et al., 2001). Voxel-based morphometry revealed high
heritabilities of 42%–66% for temporal/parietal neocortical areas and paralimbic structures
(Wright et al., 2002). Furthermore, tissue density of the left and right medial (78%, 83%) and
superior frontal (76%, 80%) cortex, superior temporal cortex (80%, 77%), occipital gray matter
(85%) and connecting white matter of the superior occipitofrontal fasciculus (79%, 77%) and
corpus callosum (82%, 80%) were also found to be genetically determined (Hulshoff et al.,
2006). In contrast, unique environmental factors influenced vast gray matter and white matter
areas surrounding the lateral ventricles (up to 50%) (Hulshoff et al., 2006).

Only one study has measured the heritability estimates for changes in brain volumes over time.
However, while the genetic contributions to variability in intracranial volume, corpus callosum,
and lateral ventricles in healthy elderly were high (88%–92%) (Pfefferbaum et al., 2000) they
did not change after 4 years’ follow-up (Pfefferbaum et al., 2004).

GENETICS OF LOAD AND LOAD ENDOPHENOTYPES
Age-at-onset of disease and cognitive test performance are the more frequently used
endophenotypes in genetic studies of LOAD. Plasma amyloid β levels, a putative risk factor,
have been studied rarely (Ertekin-Taner et al., 2004, 2005; Farris et al., 2004). The rationale
for use of these endophenotypes is that quantitative traits provide more informative phenotypes
than simply considering affection status, and thus provide more statistical power to detect small
polygenic effects (Fig. 1). Genetic risk factors firmly implicated in LOAD that have been
repeatedly explored in relation to age-of-onset of LOAD and cognitive function are APOE
mapping to chromosome 19q13.2, and the SORL1 mapping to chromosome 11q23.3. Plasma
amyloid β levels have in particular been repeatedly associated with genes mapping to
chromosome 10q21–25.

APOE
APOE, a lipid-binding protein, is expressed in humans as three common isoforms coded for
by three alleles, APOEε2, ε3, and ε4. The seminal finding that the APOEε4 allele is a major
determinant of risk for sporadic and late-onset familial AD (Saunders et al., 1993; Corder et
al., 1993, 1995; Strittmatter et al., 1993) prompted investigations of the possibility that
APOEε4 may also constitute a risk factor for LOAD endophenotypes. The first reports linking
APOE genotype with LOAD found a significant increase in the APOEε4 allele frequency in
patients with the disease. The large body of epidemiologic data that subsequently accumulated
clarified this effect by demonstrating that APOEε4 decreases the age-at-onset of LOAD in a
gene dosage-dependent manner (Tang et al., 1996; Corder et al., 1993; Breitner et al., 1999;
Gomez-Isla et al., 1996; Holmes et al., 1996; Hyman et al., 1996; Kurz et al., 1996; Murman
et al., 1996; Poirier et al., 1993; Roses, 1997), and that APOEε4 is associated with lower
cognitive performance, in particular the memory domain.

APOE and age-at-onset of LOAD—In the majority of studies, both clinical and
epidemiological, age-at-onset of LOAD was strongly related to the presence of the APOE-ε4
allele (Table 2) (Tang et al., 1996;Corder et al., 1993;Breitner et al., 1999;Gomez-Isla et al.,
1996;Holmes et al., 1996;Hyman et al., 1996;Kurz et al., 1996;Murman et al., 1996;Poirier et
al., 1993;Roses, 1997). Taken together, these studies which include both clinical and
epidemiological studies, suggest that APOEε4 may decrease the age-at-onset by as much as
7–9 years per allele. They further suggest that this effect is present across the lifespan including
children and adolescents (Kurz et al., 1996;Murman et al., 1996;Gozal et al., 2007;Caselli et

Reitz and Mayeux Page 5

Neuroscience. Author manuscript; available in PMC 2010 January 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



al., 1999;Flory et al., 2000;Liu et al., 2008;Schultz et al., 2008;Wehling et al., 2007) and across
various ethnic groups although it may be stronger in Caucasians and Hispanics than African
Americans (Tang et al., 1996). Mak et al. (1996) studied the APOE allele frequencies in Hong
Kong elderly Chinese (65 LOAD patients and 82 age- and sex-matched controls). Both the
mean and the median age-at-onset tended to be lower in subjects with one or two copies of ε4
compared to persons without ε4 allele (mean age-of-onset (SD) no ε4 vs. one ε4, one ε4 vs.
two ε4s: 73.3 (8.5) vs. 72.0 (6.4) vs. 71.2 (5.0)). There was in addition a tendency for the mean
and median ages at onset to be higher in subjects with ε2/ε2 or ε2/ε3 than in subjects with ε3/
ε3. Although these differences only approached statistical significance (P=0.078, Z=1.419)
these findings suggest that APOE also exerts its effect in Chinese populations. This notion is
supported by the fact that in the same study the APOE-ε4 allele frequency was significantly
higher in the AD group than in the control group (0.169 versus 0.067, P<0.01), and the fact
that in Chinese the ε4 frequency is low which decreases the power to obtain statistically
significant results (Hallman et al., 1991).

In contrast to these studies, two studies found a higher age-at-onset for patients bearing the
APOEε4 allele. In a study by do Couto et al. (1998) among 68 patients with LOAD, the age-
at-onset of disease was significantly higher in the patients with the ε4 allele (mean onset (SD)
of ε3/ε4 and ε4/ε4, 65.7 (7.1), n=40) compared with patients without the ε4 allele (mean onset
(SD) ε3/ε3, 61.6 (7.6), n=28, P<0.05, two-tailed Student’s t-test). Among 101 LOAD patients
(Dal Forno et al., 1996) age-at-onset was highest for the ε4-heterozygous subjects and lowest
for the ε4-negative subjects. The heterozygous subjects declined more rapidly on the Mini-
Mental State Examination and the Category Fluency Test than the subjects without the ε4allele
or with ε4 homozygosity. The homozygous subjects declined only faster on the Physical
Capacity subscale of the psychogeriatric Dependency Rating Scale. It is important to note that
these two studies included relatively younger patients. It remains possible that the presence of
the ε4 allele represents a particularly high risk in the older patients. The bulk of data on age-
at-onset is consistent with the large body of studies showing an association between the
APOEε4 allele and risk of LOAD, and suggests that the ε4 allele decreases age-at-onset of
LOAD in a dose-dependent manner.

APOE and cognitive performance—Few studies, including the Cache County Study of
Memory in Aging (CCMS) (Welsh-Bohmer et al., 2008), a study among 46 nondemented
persons aged 85 years or over from a randomly selected group of 128 subjects in Vantaa,
Finland (Salo et al., 2001), and the study by Murphy et al. (1997) observed no effect of the
APOE locus on the rate of cognitive decline. It is important to note that these studies had
unspecific assessment of memory (Murphy et al., 1997), had small sample sizes (Salo et al.,
2001; Murphy et al., 1997) or consisted of samples prone to survival bias (Welsh-Bohmer et
al., 2008) which may limit their ability to detect harmful associations. However, most studies
exploring the association of APOE with cognitive performance were consistent with the studies
reporting an association of the APOE genotype with LOAD or age-at-onset of LOAD, and
showed a harmful effect of the APOEε4 variant with a dose–response-relationship of the effect
(Table 2). In general, these studies can be divided into studies including and excluding subjects
with cognitive impairment or dementia. Studies that explore the effect of APOE on cognitive
performance in non-demented subjects provide the ability to draw conclusions about the effect
of genetic risk factors on cognition in cognitively normal persons or the preclinical stage of
the disease (Table 3).

Studies including subjects with cognitive impairment or dementia
Cosentino et al. (2008) examined the impact of the APOEε4 variant on the rate of cognitive
change in one incident (n=199) and two prevalent samples (n=215, n=156) of LOAD patients
65 years and older. The presence of at least one ε4 allele was associated with faster cognitive
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decline in the incident LOAD group (P=0.01). Similar results were observed for the two
prevalent dementia samples when adjusting for disease severity or excluding the most impaired
participants from the analyses, indicating that the APOEε4 may influence the rate of cognitive
decline in both the early and late stages of LOAD. In a study by Wehling et al. (2007) which
comprised 70 consecutively referred patients aged 50–75 years, APOEε4 carriers showed a
slightly poorer performance than non-carriers on the MMSE (27.5 vs. 28.4, P=0.03) and
learning trials of the California Verbal Learning Test (CVLT; F(1,68) = 5.46, P=0.022). Hirono
et al. (2003) who explored the effect of APOE on cognition in 64 LOAD patients using the
Alzheimer Disease Assessment Scale-Cognitive subscale (ADAS-Cog), observed that the
presence of the ε4 allele was in a dose–response fashion associated with accelerated memory
decline (mean ADAS-Cog score −/− vs. 4/− vs. 4/4: −0.2 vs. 0.4 vs. 1.0, P=0.008).

Studies excluding subjects with cognitive impairment or dementia
Most studies exploring these associations among non-demented subjects yielded consistent
results, indicating that APOE also exerts its effect in cognitively normal subjects or preclinical
stages of the disease. In a study by Mayeux et al. (2001) presence of an APOEε4 allele was in
563 non-demented elderly associated with a more rapid decline in a composite score of memory
performance over a 7-year follow-up period. Among 669 participants of the Religious Order
Study (Wilson et al., 2002), possession of one or more ε4 alleles was over an 8-year follow-
up associated with faster decline in episodic memory compared to the ε3/3 genotype, while
possession of one or more APOEε2 alleles was associated with reduced decline. The rate of
change in episodic memory was an average annual increase of 0.016 U in the ε2 subgroup and
annual decreases of 0.022 U in those with ε3/3 and of 0.073 U in the ε4 subgroup. In 2181
elderly participants (aged 70–74 years) from the Hordaland Health Study the APOEε4 allele
was in a dose-dependent fashion also associated with lower episodic memory performance.
The strongest effect was seen in homozygous men (OR 10.7; 95% CI 4.7–24.0) (Lehmann et
al., 2006). In a Dutch sample of 2208 related individuals, the ε4 variant was associated with
reduced test scores for the Adult Verbal Learning Test, and within this test strongest for the
memory and learning subdomains (Liu et al., 2008). Bondi et al. (1995) explored the effect of
APOE on cognition in 52 non-demented elderly using the CVLT. Consistent with the studies
described above, APOEε4 carriers demonstrated significantly poorer mean performances than
non-carriers. Six of the 14 APOEε4 carriers who completed annual follow-up evaluations
developed either LOAD or questionable LOAD, whereas none of the 26 non-carriers
demonstrated any cognitive decline.

The longitudinal population-based Longitudinal Aging Study Amsterdam (Dik et al., 2001)
explored to what extent subjective memory complaints and APOEε4 allele carriage interact in
their prediction of future cognitive decline. In this study of 1168 elderly subjects, APOEε4
carriers had after a six year follow-up a greater rate of cognitive decline measured by MMSE
scores and slower information processing speeds. This effect appeared to be additive with the
effect of memory complaints: subjects with both factors showed a two times higher cognitive
decline than did subjects without memory complaints and ε4 allele.

In the Canadian Study of Health and Aging (Hsiung et al., 2004) and a consecutive sample of
66 patients from the Mayo Clinic Alzheimer’s Disease Center/Alzheimer’s Disease Patient
Registry who met criteria for a diagnosis of a mild cognitive impairment (MCI) and who had
at least one clinical reevaluation (Petersen et al., 1995), possession of an APOEε4allele
increased the risk of conversion from cognitive impairment no dementia (CIND) or MCI to
LOAD. In the Canadian Study of Health and Aging the presence of the APOEε4 allele was
also associated with a decrease in the age-at-onset of LOAD (Hsiung et al., 2004).

In two cross-sectional studies in younger subjects (average ages 46 and 56) (Caselli et al.,
1999; Flory et al., 2000) the APOEε4 allele was relative to the noncarrier group associated
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with significantly poorer performance on learning and memory tasks and immediate and
delayed recall, suggesting that age-related memory decline occurs earlier in cognitively healthy
APOEε4 carriers than in non-carriers, and precedes clinically detectable LOAD.

Finally, these findings could also be replicated by twin studies. In a longitudinal study over 13
years (Reynolds et al., 2006) among 478 twins from the Swedish Adoption/Twin Study of
Aging (SATSA), the APOEε4 variant was in a dose-dependent fashion at all ages associated
with worse working and recall memory, and rate of change in working memory. In a second
longitudinal twin study among 626 twins in their 50s (Schultz et al., 2008) ε4-carriers showed
significantly lower performance on immediate and delayed recall than non-carriers (mean (SD)
comparing ε4+ vs. ε4−: immediate recall 22.19 (5.37) vs. 23.8 (6.2); delayed recall: 19.5 (5.9)
vs. 20.12 (6.6)), supporting the genetic contribution of APOE to LOAD.

It has been proposed that statistical linear models to examine cognitive status are less sensitive
since the rate of cognitive decline will change continually if it follows a nonlinear model
(Plassman and Breitner, 1996). On the other hand, nonlinear and mixed effects statistical
models can estimate the change of decline over time, and also model the variability in the age
for individuals with same degree of disease severity. This approach would increase the
sensitivity of the test and therefore might increase the statistical power to detect possible
associations. Martins et al., 2005 reported a larger rate of decline estimates associated with
APOE genotypes when using nonlinear models.

SORL1
Sorting mechanisms that cause APP and the β- and γ-secretases to colocalize in the same
membranous compartment play important roles in the regulation of Aβ production, the main
putative culprit in LOAD. SORL1 is involved in trafficking of APP from the cell surface to
the Golgi–endoplasmic reticulum complex. Under-expression of SORL1 leads to over-
expression of Aβ and an increased risk of AD (Rogaeva et al., 2007). Most studies exploring
the effect of SORL1 on cognitive impairment or dementia used LOAD as a dichotomized trait
in the analyses. Rogaeva and colleagues (2007) first reported the allelic and haplotypic
associations between LOAD and variants in SORL1. Subsequently several studies supported
the initial finding by showing that genetic variants in SORL1 contribute toward LOAD (Bettens
et al., 2008; Lee et al., 2007, 2008; Meng et al., 2007; Seshadri et al., 2007; Tan et al., 2007).
The original study included four different ethnic groups, ranging from North American and
European Caucasians, Caribbean Hispanics, African-Americans, and Israeli-Arabs. With this
investigation on over 6000 subjects, two different sets of haplotypes were identified: (1) SNPs
in the 5′ end of the gene (SNP 8–10, 120873131 bp-120886175 bp) among Caribbean Hispanics
(family study), Caucasians (case-control study), and Israeli-Arabs (case-control study); and
(2) SNPs in the 3′ end of the gene (SNP 22–25, 120962172 bp-120988611 bp) among multiple
Caucasian samples (family and case-control studies) and African-Americans (family study).
Haplotype analysis strengthened statistical support further. However, as observed in many
common diseases, these candidate SNPs confer a modestly elevated risk of LOAD, ranging
from an odds ratio of 1.4–2.2, and the allelic association was not uniform across datasets. The
authors strengthened their allelic association findings by cell biology findings which showed
that suppression of SORL1 led to elevation of amyloid β levels. Two subsequent studies by
the same group broadly supported one or both haplotypes or some variations of the two:
haplotype C-G/C/at SNPs 8–10, or haplotype T-T-C at SNPs 23–25, or both. Lee and
colleagues (2007) showed that the same set of SNPs at SNPs 23–25 were associated with LOAD
in Caucasians residing in northern Manhattan. They then confirmed the allelic and haplotypic
associations in autopsyconfirmed cases of Caucasian ethnicity for haplotype at SNPs 8–10 and
haplotype at SNPs 23–25 (Lee et al., 2008).
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Seven other groups examined the relation between SORL1 and LOAD or LOAD
endophenotypes in different populations (Bettens et al., 2008; Seshadri et al., 2007; Tan et al.,
2007; Li H et al., 2008; Li M et al., 2008; Webster et al., 2008). Three replication studies
supported the initial findings, while the remaining three showed either negative or weak results.
Three clearly positive studies included one by Tan et al. (2007) and the other by Seshadri et
al. (2007). Bettens and colleagues (2008) directly replicated SNPs 8 through 10 and showed
support for SNPs 25–27 in 550 Belgians with LOAD and 637 unaffected individuals. Tan et
al. (2007) examined 223 cases and 263 controls from a Han Chinese population to show that
haplotype G/C/A at SNP 19-22-23 was associated with LOAD (OR=1.35; 1.04–1.74), but none
of the haplotypes in SNP 8 to SNP 10 were associated. Webster et al. (2008) and Li M et al.
(2008) reported weak associations.

Li et al. (2008) and Shibata et al. (2008) reported no associations between SORl1 and LOAD.
However, in the latter study the negative results were based on genotypic association analyses
only. When Lee et al. (2008) reanalyzed the data of this study using allelic association tests,
SNPs 8 and 24 were significantly associated with LOAD supporting the association in both
the 3′ and 5′ regions of SORL1. Using the Framingham community-based family samples,
Seshadri et al. (2007) extended the existing studies using cognitive performance as an
endophenotype. The authors reported that SORL1 was significantly associated with abstract
reasoning ability as measured by the Similarity test (P=3.2×10−6). However, they did not
observe an association with memory. A possible explanation for this discrepancy may be that
this sample consisted of 705 related persons, which can lead to limited power to uncover
associations as compared to larger samples that include unrelated subjects.

Although discrepancies between studies exploring the effect of genetic risk factors on cognitive
performance might be attributed to various reasons (i.e. recruitment strategies, LOAD
diagnosis criteria, the degree of cognitive decline, and age-at-onset of the LOAD patients),
among the most substantial differences are methodological approaches, different test battery
used to assess cognition and the statistical methods applied for the analysis of the data.

Other genes
Several genes, in particular genes mapping to chromosome 10q21–25, have been reported to
influence amyloid β levels in LOAD. In a study by Ertekin-Taner et al. (2005) amyloid β42
levels were related to a missense C/T polymorphism in exon 6 of the in the urokinase-type
plasminogen activator (PLAU) gene at chromosome 10q24. In a second study by the same
group genetic variants in a haplotype block spanning the insulin degrading enzyme (IDE)
mapping to 10q23–25 were significantly associated with plasma amyloid β42 levels (Ertekin-
Taner et al., 2004). The latter finding is consistent with a study by Farris et al. (2004)
demonstrating that partial loss-of-function mutations in IDE, that induce diabetes, also impair
degradation of amyloid β protein. Plau (Ertekin-Taner et al., 2005) and IDE (Ertekin-Taner et
al., 2004) were also associated with an increased risk of LOAD, supporting the usefulness of
amyloid β levels as a LOAD endophenotype. Additional genes and putative loci have been
reported, but independent replication remains inconsistent. There is little concordance between
case-control and family-based studies (Bertram et al., 2007; Grupe et al., 2007; Holmans et al.,
2005; Liu et al., 2007; Myers et al., 2002) suggesting that clinical and genetic heterogeneity
influences the outcome of these analyses. LRP6, a coreceptor for Wnt signaling, has been
associated with late-onset AD and confirmed in a case-control analysis (De Ferrari et al.,
2007). GAB2 modifies the risk of late-onset AD in APOEε4 carriers and is associated with
hyperphosphorylation of tau protein (Reiman et al., 2007). The P86L polymorphism in
CALHM1 encodes an essential component of a previously uncharacterized cerebral Ca2+

channel that controls Aβ level increases and has been putatively associated with late-onset AD
(Dreses-Werringloer et al., 2008). Additional genes that have been reported but remain to be
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confirmed include CHRNB2, A2M, CTNNA3, GSTO1, GSTO2 and GAPD (Blacker et al.,
1998; Giedraitis et al., 2006; Li et al., 2004; Ozturk et al., 2005). There also continues to be
support for linkage to late-onset AD at 6p, 9q, 10q and 12p and 19q (Bertram et al., 2005;
Blacker et al., 2003; Farrer et al., 2003; Hahs et al., 2006; Lee et al., 2006; Pericak-Vance et
al., 2000; Rademakers et al., 2005; Scott et al., 2003; Li et al., 2006; Sweet et al., 2003; Wijsman
et al., 2004), but specific causative loci could not yet be identified. In contrast, mutations in
APP, PSEN1 and PSEN2 genes are associated with early-onset Alzheimer’s disease (onset ≤60
years) with an autosomal pattern of inheritance.

DISCUSSION
The work reviewed above indicates that there are various measures that are useful
endophenotypes associated with genetic liability for both normal brain aging, CR and LOAD.
Among the endophenotypes showing the strongest evidence of heritability, linkage and/or
association with normal brain aging are the medial frontal cortex, Heschl’s gyrus and
postcentral gyrus, Broca’s area, anterior cingulate, gray matter of the parahippocampal gyrus
and white matter of the superior occipitofrontal fasciculus. The high heritability for these
endophenotypes seems to be present throughout life and seems to be functionally relevant. In
contrast, the heritability of hippocampus volume seems to be modest. This finding is in the
study of cognitive aging and dementia of particular interest as the hippocampus is central to
the formation of new memories and memory consolidation, the process for converting short-
term memory into stored or long-term memory (Wittenberg and Tsien, 2002). In particular
atrophic changes in the hippocampus play a major role in the memory impairment observed at
early stages of LOAD (deToledo-Morrell et al., 2004; Stoub et al., 2006). Further support for
an environmental rather than genetic control of hippocampus volume comes from a twin study
of Ammon’s horn sclerosis (Jackson et al., 1990) in which only the twin of MZ pairs who had
experienced prolonged, childhood febrile seizures developed sclerosis. This discordance in
hippocampal response to trauma suggests susceptibility of this structure to environmental
events. Mammalian studies reporting neurogenesis of the hippocampal dentate gyrus in adult
animals even into senescence (Eriksson et al., 1998; Gould et al., 1999) suggest that the
relatively stable size of the hippocampus throughout adulthood (Gallagher et al., 1996; Harding
et al., 1998) may reflect a lifelong relative maintenance of volume (Cameron and McKay,
1999; Kempermann et al., 1998) through mechanisms such as neurogenesis and synaptogenesis
with rich environmental stimulation (Gould et al., 1999) even when genetically compromised
(Rampon et al., 2000; Rampon and Tsien, 2000). This speculation must, however, be tempered
by the relatively small number of new neurons generated in confined regions of the
hippocampus (Kornack and Rakic, 1999) and the lack of evidence that volume necessarily
reflects cell number. In any case, if neurogenesis could be adequately and functionally
amplified, it may carry new promise for conditions affecting the hippocampus, such as LOAD,
providing that eradication of the disease process permitted reinstatement of neurogenesis,
synaptogenesis, and accompanying hippocampal functions.

Taken together these studies of the genetics of brain structure and function among normal
individuals suggest that variation in brain structure and function can be expected and that
pathological states represent the extremes of this variation. They further indicate that the
morphological characteristics of each brain structure represent differential vulnerability to
environmental influences and may also be phenotypical expressions of different sets of genes,
which may operate on morphology at different times throughout development and aging.

As a consequence, these data provide a valuable background for understanding the genetics of
neurodegenerative diseases associated with changes in brain structures including LOAD and
the mechanisms underlying CR preventing individuals developing cognitive impairment.

Reitz and Mayeux Page 10

Neuroscience. Author manuscript; available in PMC 2010 January 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Useful endophenotypes in LOAD are besides structural brain measures, age-at-onset of LOAD,
neuropsychological test measures such as memory performance, and amyloid β levels. Using
these quantitative traits provides a more informative phenotype than simply considering
affection status and thus increases statistical power.

Although encouraging, this also raises some additional questions and challenges. First, are the
genes mediating each endophenotype involved in CR, abnormal brain aging and cognition at
least partially distinct from each other? This is a key assumption of the endophenotype
approach, yet empiric proof of this remains to be determined. A substantial degree of overlap
appears likely for a number of the known genes associated with early and late-onset AD, at
least including the amyloid precursor protein (APP), presenilin 1 (PSEN1), presenilin 2
(PSEN2), APOE and SORL1, given that these genes are involved in either the production or
processing of the β amyloid peptide. Nevertheless, each gene has a unique role in this cascade
and it thus seems likely these loci will differ in their magnitudes of influence across the brain
systems affected in this disorder. How do these genes (along with others that remain to be
identified) coalesce in influencing liability to overt expression of LOAD? Are their effects
additive or interactive? The answers to these questions depend on large-scale studies of
genetically at-risk samples with and without environmental exposures and the use of
sophisticated statistical modeling algorithms that can powerfully probe the resulting datasets
for evidence of gene–gene and gene–environment interactions. Finally, are these
endophenotypes and associated genes unique to cognitive impairment in LOAD, or are they
shared by other diseases such as dementia with Lewy bodies, Parkinson’s disease or
depression? Lewy body inclusions and Lewy neurites, the key pathological hallmarks of
dementia with Lewy bodies and Parkinson’s disease, are a frequent coexistent pathologic
change observed in autopsy-confirmed LOAD.

The questions posed above raise considerable challenges for investigators attempting to unravel
the genetic complexity of LOAD. Nevertheless, we have entered a new era in which conjoint
advances in molecular genetics and dissection of the dementing phenotype are enabling rapid
progress with multiple gene discoveries. These discoveries validate the dissection of this
disorder into its more discretely determined subcomponents in order to elucidate the
mechanisms underlying cognitive impairment in the elderly.

Despite their utility in the context of etiological research on LOAD, endophenotypes have not
proven to have great utility in the clinical distinction of dementing disorders. As described
above, the different forms of dementia show substantial clinical and pathological overlap, and
likely do not reflect completely separate underlying pathologies or genetic causes but rather a
continuous spectrum of disease. Therefore, although they more realistically reflect variation
in the underlying causes of illness, the use of endophenotypic assessments in diagnostic or
treatment contexts is difficult.

CONCLUSION
In conclusion, given that the pathways from genotypes to end-stage phenotypes are circuitous
at best, discernment of endophenotypes more proximal to the effects of genetic variation can
improve statistical power and thereby be a powerful tool in the identification of genes linked
to complex disorders. They can help us understand how environmental and genetic factors
interact to influence disease susceptibility and expression, and can help identify targets for the
development of new treatment and prevention strategies.

Abbreviations

ADAS-Cog Alzheimer Disease Assessment Scale-Cognitive subscale
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APOE apolipoprotein E

CCMS Cache County Study of Memory in Aging

CIND cognitive impairment no dementia

CR cognitive reserve

CVLT California Verbal Learning Test

DZ dizygotic

IDE insulin degrading enzyme

LOAD late-onset Alzheimer’s disease

MCI mild cognitive impairment

MZ monozygotic

QTL quantitative trait loci

SATSA Swedish Adoption/Twin Study of Aging

SORL1 sortilin-related receptor
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Fig. 1.
Endophenotypes in the cascade between a genetic sequence variation and the Alzheimer’s
disease syndrome.
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Table 1

Studies on heritability of human brain volumes

Author Subjects Age in y, mean (range) Brain region Heritability in %
(95% CI)

Reveley et al.
(1984)

18 MZ, 18
DZ

NA LV 82%–85% (NA)

Bartley et al.
(1997)

10 MZ, 9
DZ

MZ: 31 (19–54), DZ: 33
(18–29)

TB 94% (NA)

Carmelli et al.
(1998)

74 MZ, 71
DZ

68–79 y IC 91% (NA)

Pennington et
al. (2000)

Reading
disability:
25 MZ,
  23 DZ;
non-
reading
  disability:
9 MZ, 9
DZ

Reading disability: MZ:
17.1, DZ:
  16.8; Non-reading
disability:
  MZ: 19.4, DZ: 18.7

TB 97% (NA)

Neocortex 56% (NA)

Pfefferbaum
et al. (2000)

45 MZ, 40
DZ

MZ: 72.2, DZ: 71.4,
range:
  68–78

Subcortex 70% (NA)

IC 81% (72–90)

CC 79% (69–89)

LV 79% (55–100)

Posthuma et
al. (2000)

See Baaré
et al.
(2001)

See Baaré et al. (2001) CB 88% (81–92)

Sullivan et al.
(2001)

45 MZ, 40
DZ

MZ: 72.2, DZ: 71.4,
range:
  68–78

HIP 40% (NA)

Thompson et
al. (2001)

10 MZ, 10
DZ

48.2±3.4 Middle frontal sensomotor
and
  anterior temporal cortices,
  Broca’s and Wernicke’s
  region (cortical thickness)

90%–95%

Baaré et al.
(2001)

54 MZ, 58
DZ, 34 sibs
15 MZ, 18
DZ

MZM: 31.2, MZF: 34.1,
DZM:
  30.3, DZF: 30.6, OS:
30.3,
  sibs: 29.0; range: 19–
69

IC 88%(82–92)

TB 90% (85–93)

GM 82% (73–88)

75.7 ± y WM 87% (80–91)

LV C. 59% (47–69),

Size CC   (E) 41% (31–53)

Microstructure CC (DTI) 5:1 (NA)
3:1 (NA)

Geschwind et
al. (2002)

72 MZ, 67
DZ

MZ: 72.3, DZ: 71.8 Cerebral hemispheres 65% (NA)

Eckert et al.
(2002)

27 MZ, 12
DZ

MZ: 6.9–16.4, DZ: 6.1–
15.0

Planum temporale asymmetry NA

Wright et al.
(2002)

10 MZ, 10
DZ

MZ: 31 (19–54), DZ: 23
(18–29)

TB 66% (17–100)

LV C. 48% (0 –97), (E)
  50% (32–84)

CB 63%, (E) 22%
(NA)

Ventrolateral FR, cingulate,
  anterior/superior/transverse

58%–73% (NA)
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Author Subjects Age in y, mean (range) Brain region Heritability in %
(95% CI)

  temp, retrosplenium

White et al.
(2002)

12 MZ, 12
control
pairs

MZ: 24.5±7.2, controls:
  24.4±7.2

TB, GM, WM, CB r>0.90

CAU, PUT, THAL, cortical
  depth

r>0.75

Scamvougeras
et al. (2003)

14 MZ, 12
DZ

MZ: 16–41, DZ: 18–32 CC 94% (NA)

Pfefferbaum
et al. (2004)

34 MZ, 37
DZ

4-year longitudinal
follow-up
T1: 68–80 y, T2: 72–84
y

CC (T1) 89% (NA)

CC (T2) 92% (NA)

LV (T1) 92% (NA)

LV (T2) 88% (NA)

Wallace et al.
(2006)

90 MZ, 37
DZ

MZ: 11.9, DZ: 10.9,
range: 5–19

TB 89% (67–92)

GM 82% (50–87)

WM 85% (56–90)

FR, TEMP, PAR 77%–88% (50–90)

CB 49% (13–83)

LV 31% (0–67), (C)
  24% (0 –58), (E)
  45% (33–60)

Hulshoff Pol
et al. (2006)

See Baaré
et al.
(2001)

See Baaré et al. (2001) WM (SOFT, CC, CST)
GM, MFL, SFL, STL, CING,
  PARAHIP, AMYG, OCC

69%–82% (NA)

55%–85% (NA)
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Table 2

Relation between APOE genotype and LOAD endophenotypes

Author Subjects Age in y, mean
(range)

Endophenotype Finding

Age-at-onset

  Lehtovirta et al., 1995 202 Finnish LOAD
  patients and 55 age-
  and sex-matched
  controls

Disease onset: ε4: −/−
  76±10, −/+: 77α8,
  2,+/+ 71±7

Age-at-onset Age-at-onset
decreased from
76 to 69 as the
  number of ε4
alleles
increased from
0 to 2

  Gomez-Isla et al.,
1996

359 Patients LOAD, age
  and sex matched 129
  controls

LOAD group: mean
age
  of 77.8 y; control
  group: mean age of
  77.8 y

Age-at-onset Age of onset
declined
significantly as
  number of ε4
alleles
increased
(P<0.0001
  for linear
contrast ε3/ε3
to ε3ε4 to ε4/
ε4)

  Holmes et al., 1996 164 Patients 60 y And older Age-at-onset Trend for
decreasing age-
at-onset of 3–4
y
  in carriers of
the APOEε4
allele (mean
  age (SD): no
ε4-vs ε4: 78.7
(7.9) vs. 75.5
  (5.9),
P=0.004))

  Murman et al., 1996 107 Normal, elderly
  control subjects and
  123 LOAD patients

45 y And older Age-at-onset Increased
APOEε4
frequencies
associated
  with onset
ages of 55 and
75 y, but not at
  the extremes
of onset ages
(i.e. onset
  between 45
and 54 y of age
and after age
  75)

  Breitner et al., 1999 5677 Elderly residents of
  Cache County, Utah

65 y And older Prevalence and age-
  at-onset

Age-specific
prevalence of
LOAD reached
in
  APOEε4
heterozygotes
the maximum
at
  age 87, in
homozygotes
at age 73 and in
  non-carriers at
age 95

  Tang et al., 1996 305 LOAD patients, 485
  nondemented controls

LOAD cases: 76.4
±9.1
  y, controls: 72.9±6.7
  y

Relative risk of LOAD,
  age-at-onset

RR for LOAD
associated with
APOEε4
  homozygosity
increased in all
ethnic
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Author Subjects Age in y, mean
(range)

Endophenotype Finding

  groups
(African
American
relative risk
  [RR]=3.0;
95%
confidence
interval
  [CI]=1.5–5.9;
Caucasian
RR=7.3, 95%
  CI=2.5–21.6;
and Hispanic
RR=2.5, 95%
  CI=1.1–5.7),
compared with
those with
  APOE-epsilon
3/epsilon 3
genotypes. The
  risk was also
increased for
APOE-epsilon
  4
heterozygous
Caucasians
(RR=2.9,
  95% CI=1.7–
5.1) and
Hispanics
(RR=1.6,
  95% CI=1.1–
2.3), but not for
African
  Americans
(RR=0.6, 95%
CI=0.4–0.9).
  The age
distribution of
the proportion
of
  Caucasians
and Hispanics
without LOAD
  was
consistently
lower for ε4
homozygous
  and
heterozygous
individuals
than for
  those with
other APOE
genotypes

  Kurz et al., 1996 91 Patients, 69 healthy
  age-matched controls

44–95 y Age-at-onset Inheritance of
at least one ε4
allele
  associated
with significant
reduction of
  age-at-onset
by 7.7 y among
patients 83 y
  or older, and a
weaker
relationship
among
  patients aged
44–63 y
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Author Subjects Age in y, mean
(range)

Endophenotype Finding

  Poirier et al., 1993 91 Patients with LOAD
  and 74 controls

Mean age (SD): 75.1
  (10.3)

Prevalence of LOAD,
  age-at-onset

Significant
association
between ε4 and
  sporadic
LOAD (ε4
frequency
0.380 in
  LOAD and
0.122 in
controls,
P<0.01).
  Age-at-onset
in ε4 carriers
earlier than in
  ε2 or ε4
carriers

  Mak et al., 1996 65 LOAD patients and
  82 controls

Mean age of 76.5 y Age-at-onset Tendency
towards lower
age-at-onset in
  subjects with
one or two
copies of ε4
  (mean age-of-
onset (SD) −/−
vs. 4/− vs.
  4/4: 73.3 (8.5)
vs. 72.0 (6.4)
vs. 71.2
  (5.0)), and
higher in
subjects with
ε2/ε2 or
  ε2/ε3 than in
subjects with
ε3/ε3 but
  differences
not statistically
significant
  (P=0.078,
Z=1.419)

  do Couto et al., 1998 68 Patients with LOAD Mean age (SD): 68.8
  (7.9)

Age-at-onset Age-at-onset
significantly
higher in
patients
  bearing the
APOEε4 allele
(ε3/ε4 and ε4/
  ε4, 65.7 (7.1),
n=40)
compared with
  patients
without ε4
allele (ε3/ε3,
61.6
  (7.6), n=28,
P<0.05)

  Dal forno et al.,1996 101 LOAD subjects Mean age: 69.6 y Age-at-onset Age-at-onset
highest for ε4
heterozygous
  subjects and
least for ε4
negative
  subjects.
Heterozygous
subjects
declined
  more rapidly
on MMSE and
the Category
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Author Subjects Age in y, mean
(range)

Endophenotype Finding

  Fluency Test
than subjects
without ε4 or
  ε4
homozygosity

Cognitive performance

  Welsh-Bomer et (l),
2008

507 Participants of the
  CCMS

70–110 y Cognitive performance No association

  Salo et al., 2001 46 Nondemented
  persons

>85 y Memory performance No association

  Murphy et al., 1997 86 Subjects with LOAD Mean age of onset
(SD):
  based on caregiver
  report: 65.3 (7.4);
  based on age when
  MMSE <23: 68.8
  (7.0)

Rate of decline on
  MMSE

No association

  Cosentino et al., 2008 One incident (n=199)
  and two prevalent
  samples (n=215,
   n=156) of LOAD
  patients

Age 65 y and older Memory performance Presence of an
APOE ε4 allele
associated
  with a more
rapid decline in
memory
  performance
over a 7-year
follow-up
  period

  Wehling et al., 2007 70 LOAD patients 50–75 y Cognitive performance APOEε4
carriers had
slightly poorer
  performance
than non-
carriers on the
MMSE
  (27.5 vs. 28.4,
P=0.03) and
learning trials
of
  the CVLT (F
(1,68)=5.46,
P=0.022)

  Hirono et al., 2003 64 LOAD patients 60 y Or older Memory performance Presence of the
APOEε4 allele
in
  dose–response
fashion
associated with
  accelerated
memory
decline on
Word
  Recall subtest
of ADAS-Cog
(mean score
  −/− vs. 4/− vs.
4/4: −0.2 vs.
0.4 vs. 1.0,
  P=0.008)

  Mayeux et al., 2001 563 Healthy elderly
  without LOAD or
  questionable dementia

65 y And older Memory performance
  over 7-year follow-up

APOEε4 allele
associated with
a more rapid
  decline in
memory
performance

  Wilson et al., 2002 669 Participants from
  Religious Order Study

65 y And older Summary measures of
  episodic memory,
  semantic memory,

Average
annual increase
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Author Subjects Age in y, mean
(range)

Endophenotype Finding

  working memory,
  perceptual speed,
  and visuospatial
  ability

of 0.016 units
in
  the ε2
subgroup and
annual
decreases of
  0.022 units in
those with ε3/3
and of 0.073
  units in the ε4
subgroup

  Lehman et al., 2006 2181 Elderly of the
  Hordaland Health
  Study

70–74 y Episodic memory APOEε4 effect
on episodic
memory: OR of
  cognitive
impairment in
women 1.8
(95%
  CI: 1.1–2.8)
for
heterozygotes
and 1.1
  (0.3–3.7) for
homozygotes;
OR in men 1.1
  (95% CI 0.6–
2.1) for
heterozygotes
and
  10.7 (95% CI
4.7–24) for
homozygotes

  Liu et al., 2008 2208 Related individuals 50 y And older Cognitive performance APOEε4
significantly
associated with
  reduced test
scores for
Adult Verbal
  Learning Test,
particularly on
the memory
  and learning
subdomains

  Bondi et al., 1995 52 Elderly non-demented 59–83 y Performance on CVLT APOEε4
associated with
poorer
performance
  on CVLT. Six
of the 14
APOEε4
subjects
  developed
either LOAD
or questionable
  LOAD,
whereas none
of the 26 non
  APOEε4
subjects
demonstrated
any
  cognitive
decline

  Dik et al., 2001 1168 Subjects from the
  population-based
  Longitudinal Aging
  Study Amsterdam

62–85 y Performance on
  MMSE, immediate
  recall and delayed
  recall, and the
  Alphabet Coding
  Task 15

APOEε4
carriers had a
greater rate of
  cognitive
decline shown
by MMSE
scores
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Author Subjects Age in y, mean
(range)

Endophenotype Finding

  and slower
information
processing
speeds
  after 6 y. The
effects of both
memory
  complaints
and APOEε4
allele carriage
  were additive:
subjects with
both factors
  had a two
times higher
cognitive
decline
  than did
subjects
without both
factors

  Hsiung et al., 2004 1469 Cases with
  cognitive impairment,
  582 controls

Control group: mean
  age 75.6, group with
  CIND: mean age
  77.8, group with AD:
  mean age 82.7

Progression from
  normal cognition to
  CIND and from
  CIND to AD or
  VaD, age-at-onset
  of LOAD

Possession of
an APOEε4
allele
associated
  with increased
risk of LOAD
developing
  from CIND
(OR 2.6, 95%
CI 1.48–4.92),
  and associated
with decrease
in the age-
  at-onset of
LOAD

  Petersen et al., 1995 66 Patients with MCI
  from Mayo Clinic

Mean age: 79.8 y Conversion from MCI
  to dementia

APOEε4
strong
predictor for
conversion to
  dementia

  Caselli et al., 1999 100 Nondemented
  individuals

Mean age 56 y Immediate and
  delayed recall

Tests sensitive
to immediate
and delayed
  recall showed
significant
negative
  correlation
with age in the
APOEε4
  homozygote
group relative
to the
  noncarrier
group

  Flory et al., 2000 220 Non-demented non-
  Hispanic Caucasian
  men and women

Aged 24–60 (average
  age=46)

Verbal learning and
  memory (e.g.
  learning a list of
  words and recalling
  them 30 min later),
  visual memory (e.g.
  reproducing a
  previously copied
  figure from
  memory), and
  attention span
  memory

Performance
on learning and
memory tasks
  was
significantly
poorer in adults
having
  any APOEε4
allele, relative
to adults with
  APOEε2 or
APOEε3
genotypes
(P<0.01)
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Author Subjects Age in y, mean
(range)

Endophenotype Finding

  Reynolds et al., 2006 478 Non-demented twins
  from the SATSA

50 y And older Memory performance
  over 13 y

APOEε4
associated with
working and
recall
  memory
ability levels
and working
memory
  rate of change,
with ε4
homozygotes
  exhibiting the
worst
performance at
all
  ages over 13
year follow-up

  Schultz et al., 2008 626 Male twins randomly
  drawn from the
  Vietnam Era Twin
  (VET) Registry

In their 50s Memory performance ε4-Carriers:
lower
performance
on immediate
  and delayed
recall than non-
carriers (mean
  (SD)
comparing ε4+
vs. ε4−:
immediate
  recall 22.19
(5.37) vs. 23.8
(6.2); delayed
  recall: 19.5
(5.9) vs. 20.12
(6.6))
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