Chapter 7
Dementia: Genes, Environments, Interactions

Margaret Gatz, Jung Yun Jang, Ida K. Karlsson and Nancy L. Pedersen

Older adulthood is characterized by normative changes in cognition as described
in Chaps. 5 and 6. At the same time, age is also the most important risk factor for
nonnormative cognitive changes, or dementia. In this chapter, we briefly review
the epidemiology of dementia then turn to behavior genetic research, molecular
and genomic studies, environmental risk factors, and interactions of genetic and
environmental risk factors. The field is rapidly growing, with new work on biomar-
kers, ever larger genome-wide association studies (GWAS) consortia, and yet more
“omics” approaches; thus, we conclude by pointing to areas where new develop-
ments are likely to emerge.

7.1 Introduction to Dementia

7.1.1 Defining Dementia

Dementia refers to a group of disorders marked by progressive cognitive deterio-
ration, primarily in old age. Persons with dementia show significant difficulties
in performing everyday activities, which eventually lead to complete reliance on
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Fig. 7.1 Model of the clinical trajectory of Alzheimer disease (AD). The stage of preclinical AD
precedes mild cognitive impairment (MCI) and encompasses the spectrum of presymptomatic
autosomal dominant mutation carriers, asymptomatic biomarker-positive older individuals at risk
for progression to MCI due to AD and AD dementia, as well as biomarker-positive individuals
who have demonstrated subtle decline from their own baseline that exceeds that expected in typi-
cal aging, but would not yet meet criteria for MCI. Note that this diagram represents a hypothe-
tical model for the pathological—clinical continuum of AD but does not imply that all individuals
with biomarker evidence of AD-pathophysiological process will progress to the clinical phases of
the illness. (Reprinted from Sperling et al. 2011, p. 283, Copyright 2011, with permission from
Elsevier)

others in basic self-care. Current understanding places dementia on a spectrum,
where a disease process may start to occur years before symptoms manifest and
cause a mild cognitive decline before symptoms become severe enough to meet
diagnostic criteria for dementia (Sperling et al. 2011; see Fig. 7.1). In an effort
for early detection and intervention, in the past two decades, a large number of
studies have been conducted to characterize mild cognitive impairment (MCI) in
relation to normative cognitive aging (see Gauthier et al. 2006, for review). Ack-
nowledging the recent advancement in understanding the continuum of dementia
and its clinical utility, the new soon-to-be-released fifth edition of the Diagnostic
and Statistical Manual of Mental Disorders (DSM-5) revised its definition of de-
mentia and proposed the new terms “minor neurocognitive disorder” and “major
neurocognitive disorder.” According to the DSM-5, a neurocognitive disorder
may be broadly defined as a decline from a previously attained level of cogni-
tive functioning in one or more domains (Jeste et al. 2010). Cognitive domains
that may be affected include complex attention (sustained and divided attention,
processing speed, and selective attention), executive ability (planning, decision-
making, working memory, and mental flexibility), learning and memory (imme-
diate and recent episodic memory), language (expressive and receptive language),
visuoconstructional—perceptual ability (construction and visual perception), and
social cognition (emotion recognition and behavioral regulation). Major neuro-
cognitive disorder indicates sufficient severity of impairment in these domains
and loss of independence in daily functioning to be consistent with dementia
(Reiman et al. 2011). Recognizing the pattern of specific cognitive domains
affected may be helpful to further diagnose subtypes of dementia, with the sub-
types representing different etiologies.
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7.1.2 Dementia Prevalence

Reports on dementia prevalence use different age classifications and assessment ap-
proaches, making comparisons difficult. Further, prevalence reflects a combination
of incidence and survival, and survival rates among the nondemented vary widely
in different parts of the world. That said, the following is a summary of the most
recent, most comprehensive numbers.

As of 2010, the number of people with dementia above 60 years of age world-
wide was estimated to be 35.6 million, with a projection of almost twofold increase
by 2030 (Ferri et al. 2005; Wimo and Prince 2010). Estimated crude prevalence
of dementia among those aged 60 years and older was higher among developed
countries, with approximately 7% in North America and Western Europe, than
among developing countries; whereas the rate of increase in prevalence was far
higher among developing countries, including Latin American nations, China, and
India (Ferri et al. 2005). Across all population-based studies in different regions of
the world, prevalence of dementia consistently increases with age, with the highest
percentage of affected people in the population aged 85 years or older (Berr et al.
2005; Ferri et al. 2005; Plassman et al. 2007). Thus, the projected increase in num-
ber of people with dementia directly reflects increased life expectancy.

7.1.3 Dementia Subtypes

By far, the most prevalent subtype is dementia due to AD, a degenerative pro-
cess that accelerates neuronal death in the brain. Population-based studies of the
prevalence of dementia show that AD accounted for 70 % of all cases of dementia
in the USA (Plassman et al. 2007); 64 % in Canada (Canadian Study of Health and
Aging 1994); 54 % across eight European countries (Lobo et al. 2000); and 60 %
in developing countries (Kalaria et al. 2008).

Early clinical presentation of typical AD has progressive short-term memory
deficits at its core (Cummings and Cole 2002). Histopathological markers of AD
observed postmortem include: extracellular amyloid plaques and intracellular neu-
rofibrillary tangles (NFTs). The National Institute on Aging and the Alzheimer’s
Association (NIA-AA) recently published the new diagnostic criteria for AD
(McKhann et al. 2011). To meet diagnostic criteria for “probable dementia due
to AD,” an individual should have (1) a clinical diagnosis of dementia, includ-
ing impairment in multiple domains that interfere with functional independence,
(2) gradual cognitive decline with insidious onset, (3) either amnestic (learning and
recall) or nonamnestic (language, visuospatial, and executive dysfunction) cognitive
deficits, and (4) no prominent features of other dementia subtypes. Additionally,
corroborative evidence that improves diagnostic confidence includes documented
decline based on informant report and neuropsychological assessments, presence
of known AD genetic mutations, and abnormal pathophysiological biomarkers on
imaging or cerebrospinal fluid assays. Of note, the new NIA-AA criteria expanded
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the definition of AD to include nonmemory types of AD, recognizing that some AD
cases may not present memory deficits early on and instead show deficits in other
cognitive domains (Lopez et al. 2011). With respect to the continuum of demen-
tia, the new NIA-AA criteria specify diagnostic features of “MCI due to AD” and
“preclinical AD.” Criteria for MCI due to AD include self- or informant-reported
changes in cognition, education- and age-inappropriate cognitive impairment in
one or more cognitive domains, and slight decline in performing functional tasks
with intact functional independence (Albert et al. 2011). Notably, preclinical AD is
proposed as a category for research only, not for clinical use. Criteria for preclini-
cal AD include asymptomatic individuals with positive biomarkers and presumed
at risk for developing either MCI due to AD or AD dementia, or individuals with
positive biomarkers and subtle age-incongruent cognitive decline (Sperling et al.
2011).

Hypotheses regarding the cause of AD are relevant to possible genetic pathways,
environmental exposures, and treatments. The two most characteristic neuropatho-
logical features of the disease are extracellular plaques composed of amyloid beta
(AB) peptide and neurofibrillary tangles (NFTs) composed of abnormal tau protein
(Hyman et al. 2012). The amyloid cascade hypothesis (Hardy 2006) has provided
major contributions to understanding the pathophysiology of AD. The amyloid hy-
pothesis as it has evolved posits overaccumulation of AP in the form of soluble
oligomers and insoluble fibrils that aggregate as plaques. Currently, it is thought
that the oligomers instigate the sequence of events, including chronic inflammation
that results in neuronal injury and death (White et al. 2005). The tau hypothesis
postulates that disruptions in tau—microtubule binding by increased phosphoryla-
tion promote abnormal aggregation of “free” tau proteins, eventually leading to the
formation of NFTs, which facilitate neuronal injury and death (Mudher and Love-
stone 2002). The two hypotheses are not independent; it has been observed that an
increased AP concentration triggers abnormal changes in tau protein and resultant
formation of NFTs (Oddo et al. 2006), with measures of tau thus representing a
more “downstream” biomarker of neuronal injury (Albert et al. 2011).

Vascular dementia (VaD) is the second most common subtype of dementia in the
elderly. Prevalence estimates range from 16 to 24 % of all dementia cases (Canadi-
an Study of Health and Aging 1994; Kalaria et al. 2008; Lobo et al. 2000; Plassman
et al. 2007).

A diagnosis of VaD requires (1) clinical symptomatology of dementia, (2) evi-
dence of ischemic or hemorrhagic cerebrovascular disease (CVD) or hypoperfusi-
ve ischemic cerebral infarcts resulting from cardiovascular and circulatory disor-
ders, and (3) close temporal association between dementia and vascular etiology
(Chui et al. 1992; Roman et al. 1993). Several versions of diagnostic criteria for
VaD exist to date, with lack of consensus among them (Chui 2006; Wiederkehr
et al. 2008). In particular, it involves considerable challenge to characterize the
profile of cognitive impairment in VaD because of the heterogeneous nature of un-
derlying cerebral lesions in terms of number, size, and location (Moorhouse and
Rockwood 2008). Increasingly, researchers prefer to use the term vascular cognitive
impairment (VCI) (Hachinski and Bowler 1993; O’Brien et al. 2003), which incor-



7 Dementia: Genes, Environments, Interactions 205

porates a range of cognitive disorders with presumed vascular implications in order
to encompass significant cognitive decline that does not meet criteria for dementia
(Moorhouse and Rockwood 2008). Moreover, VCI construct includes recognition
of the interplay between vascular disease and neurodegenerative pathology. Post-
mortem studies often find that mixed neuropathology, including plaques and tangles
characteristic of AD and vascular infarcts characteristic of VaD, is common (Kalaria
and Ballard 1999; Schneider et al. 2007), and most experts view these pathologies
as additive (Schneider and Bennett 2010).

After AD, dementia with Lewy bodies (DLB) is the second most prevalent
neurodegenerative dementia. A systematic review concluded that it accounts for
0-22% of all dementia cases, with the large range reflecting a need for more
studies and greater use of consensus diagnostic criteria (Zaccai et al. 2005). Ear-
ly cognitive features of DLB include decline in attentional, visuospatial, and
executive abilities with relative memory preservation, compared with AD (Mrak
and Griffin 2007). In addition to a clinical diagnosis of dementia, DLB is cha-
racterized by (1) fluctuating cognition with pronounced variation in attention
and alertness, (2) recurrent visual hallucinations, and (3) spontaneous features
of parkinsonism (McKeith et al. 2005). In terms of pathophysiology, DLB is
marked by the presence of abnormally aggregated protein known as Lewy bodies
throughout the whole brain, including neocortical areas and paralimbic structu-
res. Progressive cognitive impairment may also occur in patients with Parkinson
disease, called Parkinson disease with dementia (PDD). Both DLB and PDD
are Lewy body dementias (LBD), with Lewy bodies comprising clumps of al-
pha-synuclein protein in the brain (Ballard 2004). The two LBDs are generally
distinguished by which symptoms come first, motor (PDD) or cognitive (DLB).
Overlapping pathology is not uncommon, with Lewy bodies often observed in
patients with AD (Bonifati 2008).

Another subtype is frontotemporal lobar degeneration (FTLD), of which Pick di-
sease is one rare clinical syndrome. FTLD is characterized by early manifestations
of deficits in behavior, personality, executive functioning, and language (Rabino-
vici and Miller 2010). With respect to neuropathology and pathophysiology, many
FTLD cases have tau protein deposits, a portion of which comprises Pick bodies,
while a number of cases who were not tau-positive can show ubiquitin inclusions
(Forman et al. 2006).

Finally, individuals may develop dementia symptomatology secondary to
many diseases that affect the immune or metabolic system (World Health Orga-
nization, 2010).

7.2 Familial Influences and Estimating Heritability

Heritability is defined as the relative percentage of variance in a phenotype explai-
ned by genetic influences compared with the percentage of variance explained by
environmental influences, within the population under study. The heritability of de-
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mentia carries both clinical and scientific importance and must be considered with
regard to the context of each study. Clinically, the information helps relatives of
dementia patients to understand their own risk for dementia. Most research attention
has been given to investigating heritability in studies of AD, with reports typically
specifying AD or combining across all dementias.

7.2.1 Family Studies

Research findings have consistently shown elevated risk for developing AD in first-
degree relatives of AD patients. Among AD probands, various studies have reported
that 34—42 % had a positive family history of AD (Green et al. 2002; Lautenschlager
et al. 1996; Silverman et al. 1994). Taking a different approach to characterizing the
importance of family history, cumulative risk for AD among those with a positive
family history ranges from 30 to 39 % (Lautenschlager et al. 1996; Silverman et al.
1994). These figures can be compared with a risk for AD of 12 % among first-de-
gree relatives of normal controls (Silverman et al. 1994) or to an overall estimated
lifetime risk for AD of 19 % (Plassman and Breitner 1997).

There is some suggestion that African-American first-degree relatives and nor-
mal controls may be at higher risk than respective samples of Whites (Green et al.
2002), and that female first-degree relatives are at greater risk of developing demen-
tia than their male counterparts, even after accounting for the difference in longevi-
ty (Lautenschlager et al. 1996; Van Duijn et al. 1993).

Some family studies stratified first-degree relatives of AD patients according to
the proband’s age of onset (Li et al. 1995; Lautenschlager et al. 1996; Silverman
et al. 2003). From these studies, Li et al. (1995) concluded that earlier age of onset
in the case may increase risk of earlier onset AD in the relative but not their total
lifetime risk. For example, Lautenschlager et al. (1996) reported that relatives of
cases with onset before age 72 years had increased risk of developing AD, but only
until they themselves reached age 82 years.

In a population-based study with 74 FTLD probands and 561 age- and gender-
matched controls, Stevens et al. (1998) reported that the risk for developing demen-
tia before age 80 years among 411 relatives of FTLD probands was 22 %, compared
with 11 % among 2,934 relatives of controls.

7.2.2 Twin Studies

As the most basic descriptive step, comparing monozygotic (MZ) and dizygotic
(DZ) twins in their concordance rates of AD provides evidence with respect to ge-
netic influence on liability to AD. Probandwise concordance rates are based on the
ratio of the number of affected twin partners of independently ascertained probands
to the total number of probands. Four different population-based twin studies were
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launched in the mid-1990s. Probandwise concordance rates for all dementia and
for AD alone are shown in Table 7.1; all four studies report higher concordance for
AD among MZ pairs than DZ pairs, although concordance rates and estimates of
heritability vary across studies.

Bergem et al. (1997) identified dementia probands in long-term care facilities in
Norway and located their cotwins using the Norwegian Twin Registry. Heritability
for AD in this study was estimated to be 60 % (Bergem and Lannfelt 1997).

Breitner et al. (1995) ascertained all twins with dementia from the National Aca-
demy of Sciences-National Research Council (NAS-NRC) Registry of Aging Twin
Veterans, largely from World War II. Twins in this study were relatively young, with
their ages ranging from 62 and 73 years at the time of screening, prior to the age at
which many would likely develop dementia, hence reducing concordance and her-
itability. Heritability was estimated to be 28 % (Plassman and Breitner 1997). When
liability to disease was modeled using age of onset rather than disease risk, herita-
bility was estimated to be 37 % (Meyer and Breitner 1998). As the cohort has aged,
concordance has increased (Plassman et al. 2004; Steffens et al. 2000). Additionally,
Steffens et al. found more cases of AD among first-degree relatives of the concor-
dant twin pairs compared with first-degree relatives of the discordant twin pairs.

In the Finnish Twin Registry consisting of all same-sex twin pairs in Finland,
Réihi et al. (1996) identified twins with dementia through matching the twin regis-
try to the national hospital discharge database. On the basis of the data in the article,
Plassman and Breitner (1997) computed heritability to be 45 % in this sample. Use
of the discharge registry to identify cases likely resulted in underascertainment,
which would depress heritability (Gatz and Pedersen 1996).

Gatz et al. (1997) identified all cases of dementia in the Swedish Adoption/Twin
Study of Aging (SATSA) sample, which comprises a subset of Swedish Twin Re-
gistry (STR). Using standard biometrical models, heritability of AD was estimated
to be 74 %, and heritability of all dementias, 43 %. However, the difference between
age of onset for twins in concordant MZ pairs was as large as 16 years. Pedersen
et al. (2001) estimated heritability of AD in this same sample using multiple thres-
holds reflecting age of onset rather than disease risk. Using this approach, heritabi-
lity estimated using a threshold fixed to age-based population prevalence was 78 %,
whereas using a model that allows for varying thresholds derived from observed
data produced an estimate of 57 %, accounting for mortality and likelihood of fol-
low-up to a certain age in the data set.

Subsequently, Gatz et al. (2006) screened all twin pairs in the STR aged 65 years
and older for cognitive impairment, and referred those who screened positive and
their cotwins for a complete diagnostic work-up. A total of 11,884 twin pairs were
included in the study. Heritability estimates for AD were 58 % in an age-adjusted
full model, including genetic, shared, and nonshared environmental factors, and
79 % in the age-adjusted best fitting model, excluding shared environmental effects.
Probandwise concordance rates for all dementia were 44 % in MZ and 25% in DZ
pairs for men and 58 % in MZ and 45 % in DZ pairs for women. As a point of com-
parison, Gatz (2007) created unrelated pairs matched by sex and year of birth; the
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estimated concordance for dementia over a series of random unrelated pairs was
12% for men and 21 % for women.

Few findings are available for dementias other than AD. In the Norwegian study,
concordance for VaD was 29 % among both MZ and DZ twins (Bergem et al. 1997);
in the Finnish study, the figures were 31 % for MZ and 12% for DZ twins. Wang
et al. (2009) examined autopsy-confirmed DLB in the NAS-NRC twins. In 17 pairs,
only one MZ pair was concordant for DLB. Four additional pairs were concordant
for dementia, but only one twin in each pair was diagnosed with DLB. One newer
twin study, the Vietnam Era Twin Study of Aging (VETSA), a longitudinal study of
cognitive and brain aging beginning in midlife (Kremen et al. 2006), will soon be
able to report on concordance and heritability of MCIL.

An important contribution of twin studies to knowledge about AD lies in their
indicating the extent to which genes likely play a role in liability to the disease,
providing a context for the search for specific risk genes. Although findings show
variability, the variability is less in samples of similar age, and it is clear that her-
itability of liability for AD is substantial. On the basis of MZ twin similarity alone,
Roberts et al. (2012) estimated the predictive capacity of knowing an individual’s
personal genome. For most diseases, predictive capacity was low. However, for AD,
those who hypothetically received a positive genetic test would have a markedly
elevated risk of eventually developing the disease, whereas a negative genetic test
would indicate a substantially lowered risk.

7.3 Molecular Studies

Once there is evidence for familial aggregation of a disorder, such as the increa-
sed risk in first-degree relatives, differential concordances in MZ and DZ twins,
or heritability estimates, the next logical step is to try to identify which genes are
contributing to the disorder.

7.3.1 Family Linkage Studies and Rare Mutations

The earliest attempts to identify genes that could be responsible for dementia
in general and AD in particular were classical linkage studies of relatively large
pedigrees, in which multiple family members were identified with the disease (often
affected sib pairs). Chromosome 21 was long thought to be a likely chromosome
with loci that could be important for dementia, as those with Down syndrome often
develop AD-typical plaques. The first gene with mutations linked to early-onset
AD was amyloid precursor protein (APP) on chromosome 21 (Goate et al. 1991).
Identifying mutations in this gene (now up to 29) and subsequent work with under-
standing the mechanisms by which mutations change the protein product of this
gene did much for developing the amyloid cascade hypothesis of AD (Hardy 2006).
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Two other genes also have mutations that are linked with familial, early-onset
AD: presenilin 1 (PSENI) on chromosome 14 (Sherrington et al. 1995) and prese-
nilin 2 (PSEN2) on chromosome 1 (Levy-Lahad et al. 1995; Rogaev et al. 1995).
Mutations in all three of these genes are completely penetrant, with an autosomal
dominant mode of transmission. All are involved in production or processing of
APP, hence leading to A deposition and increases in the AB42:AB40 ratio (Tanzi
2012). Mutations in PSEN/ are the most common (185 to date); nevertheless, mu-
tations in these three genes are relatively rare, and they account for less than 5% of
all AD cases (Cummings and Cole 2002). Notably, the vast majority of AD cases do
not carry mutations in any of these genes.

A rare form of VaD called cerebral autosomal dominant arteriopathy with sub-
cortical infarcts and leukoencephalopathy (CADASIL) has similarly been attributed
to a mutation in a single gene (Chabriat et al. 2009). Mutations in five genes have
been associated with autosomal dominant FTLD, accounting for about 10% of all
FTLD (Rabinovici and Miller 2010). At least two genes have been identified in
autosomal dominant LBD, implicated in both PD and DLB, but explaining only a
small minority of cases (Bonifati 2008; Forman et al. 2005).

7.3.2 Association Studies of Candidate Genes

Prior to the technological advancements that enabled large-scale GWAS, most other
efforts to identify genes for AD or any dementia were candidate gene association
studies. Some leads in the late 1990s revolved around linkage findings on chromo-
somes 10 and 12. However, several dozen loci on other chromosomes were also
considered. The majority of studies focused on candidate genes that were hypothe-
sized to infer increased susceptibility due to what was known of their function, such
as being part of certain pathogenic pathways. Many were considered because they
were involved in APP processing and AP production, clearance, and degradation.
Others were considered because of potential roles in the formation of NFTs, where-
as others because of their role in inflammation, oxidative stress, or cerebrovascular
events (Bertram and Tanzi 2008).

Genetic association studies for AD had their most important breakthrough in 1993
when the epsilon 4 (g4) allele of apolipoprotein E (4APOE) was associated to both late-
onset familial and sporadic AD (Corder et al. 1993; Saunders et al. 1993; Strittmatter
et al. 1993). Meta-analyses of 38 case-control studies indicated that carriers of the 4
allele had an odds ratio (OR) of 3.68 compared with carriers of the “wild-type” €3 al-
lele, whereas €2 carriers are protected (OR=0.62) (http://www.alzgene.org). Another
meta-analysis indicates that ¢4 homozygotes have an OR of 14.9 in Caucasian popu-
lations and 33.1 among Japanese (Farrer et al. 1997). APOE genotypes are actually
haplotypes of two single nucleotide polymorphisms (SNPs), rs7412 and rs429358.
The latter, which is essential for defining the &4 allele, is solely responsible for the
association of APOE and dementia, and this association is mediated predominantly
through its effect on AB42 levels in the central nervous system (Bennet et al. 2010).
APOE as a susceptibility gene for AD is the most robust genetic association for any
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complex disorder known today. Not only is the association consistently found across
studies and ethnicities (although the effect size in African-Americans needs some cla-
rification), the effect size is several orders of magnitude greater than those typically
found for most candidate genes and even findings from GWAS studies described later.

Findings from genetic association studies of candidate genes have been system-
atically catalogued and reviewed by Bertram and others (Bertram 2011; Bertram and
Tanzi 2001, 2008) and are publically available with meta-analyses in the AlzGene
database (http://www.alzgene.org) (Bertram et al. 2007; Bertram et al. 2011). From a
handful of studies in the early 1990s, there has been an explosion in the number of re-
ports. Through 2001, approximately 450 association studies were published (Bertram
2011). In the most recent update of AlzGene 10 years later (as of April 18, 2011), there
were nearly 1,400 studies reporting on nearly 3,000 polymorphisms in 700 genes. De-
spite the large number of reports and genes evaluated, only 40 genes show significant
risk effects in meta-analyses. A few genes that reached significance but were not sig-
nals in GWAS include SORLI (sortilin-related receptor), ACE (angiotensin-converting
enzyme), /L8 (interleukin 8), and LDLR (low-density lipoprotein receptor) (Tanzi
2012). Many of the studies suffer from the classic perils of gene discovery studies,
such as small sample sizes, publication bias, and insufficient attention to appropriate
covariates and confounders.

7.3.3 Genome-Wide Association Studies of AD

Attempts to find genes involved in the pathogenesis of AD have now shifted over to
high-density GWAS with the first reports by Coon et al. (2007), Grupe et al. (2007),
and Reiman et al. (2007) (see Table 7.2). As of mid-2012, there were 28 published
GWAS reported in recent summaries from http://www.alzgene.org and the cata-
logue available through the National Human Genome Research Institute website
(http://www.genome.gov/gwastudies/index.cfm?pageid =26525384#searchForm),
with more than 60 loci implicated as potential modifiers of susceptibility to AD or
age at onset for AD. In most cases, APOE comes out as the most significant finding
and with the largest effect size. Many of the findings from these studies have yet to
be replicated in other samples. Nevertheless, nine other genes have sufficient repli-
cation or significant meta-analytic results to be considered real associations: BIN/
(bridging integrator 1), CLU (clusterin), ABCA7 (ATP-binding cassette subfamily A
member 7), CRI (complement receptor 1), PICALM (phosphatidylinositol-binding
clathrin assembly protein), MS446A4/MS44A4E (membrane-spanning 4-domains,
subfamily A, member 6A/4E), CD33 (myeloid cell surface antigen CD33 iso-
form 2 precursor), and CD2A4P (CD2 associated protein). In contrast to APOE, for
which the meta-analytic OR for €4 versus €3 is 3.68, the ORs for these loci are
much smaller, ranging from 1.11 to 1.23. Another way of putting the importance
of APOE into perspective is to consider the population attributable fraction, which
is the proportion of disease burden attributable to a factor, in this case, an allele
(Levine 2007). Using OR and minor allele frequencies, Bertram (2011) estimated
that the population attributable fraction for APOE was 27 %, whereas the combined
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attributable fraction for BINI, CLU, CR1, and PICALM was only 19.3% with no
single locus being greater than 6.5%. Similarly, many of the large consortia with
GWAS data have applied genetic risk prediction models to their findings; all report
that the addition of these genes minimally improved prediction of incident AD be-
yond age, sex, and APOE €4 (see Seshadri et al. 2010, for example). GWAS find-
ings reinforce the futility of using individual genetic risk profiling for AD beyond
having information on age, sex, family history, and APOE status (Pedersen 2010).
At the same time, family history and twin heritability studies indicate that there
is genetic risk not yet accounted for. Findings of relatively few replicable genes,
each with very modest effect sizes (beyond APOE), suggest that there is consider-
able genetic heterogeneity for a complex disorder such as AD. It is not surprising
that GWAS efforts are finding genes with relatively small effect sizes, as this would
be compatible with a polygenic model of inheritance. Larger and larger consortia
are combining their findings in the hunt for discovering new associations with AD.
Power will increase to find genome-wide significant associations, all with effect siz-
es as small as those previously reported. Some consortia are implementing genome-
wide gene-based approaches to find associations (Lambert et al. 2013). Others are
focusing on whole-genome sequencing to identify rare variants that may contribute
to late-onset AD. Recently, Jonsson et al. (2012) discovered that a rare variant in
the APP gene (frequency of 0.2-0.5%) is protective of AD and cognitive decline
in the oldest old. This finding is important as it gives further insight into the role of
B-cleavage in APP and may lead to advances in finding therapeutic interventions.

7.3.4 Gene—Gene interactions

Moving beyond gene identification requires, focusing on multiple genes, including
additive and interactive effects, and incorporating information on environmental
risk and protective factors is required rather than further pursuit of gene identifica-
tion or replication. Many cohorts that have contributed information to the GWAS
analyses have at least some information on selected risk factors other than age, sex,
and APOE genotype. Perhaps the greatest challenge for AD geneticists will be to
evaluate both gene—gene interactions as well as gene—environment interactions.
Early evidence for potential interactions between genes at different loci (known
as epistasis or gene—gene interaction) for AD came from candidate gene studies
that found evidence for association of a candidate gene only when APOE was taken
into account. Using synergy factor analysis, Combarros et al. (2009) evaluated 100
“claims or suggestions of epistasis” in AD. They found 27 gene—gene interactions in
networks involving cholesterol metabolism, f-amyloid metabolism, inflammation,
oxidative stress, and other networks. The vast majority of the interactions were with
APOE. Most of the interactions were synergistic, such that the effect of another
gene was considerably stronger in the presence of APOE e4. Nevertheless, some
interactions were antagonistic, with €4 presence masking the effect of another gene.
The Epistasis Project, a consortium of seven AD research groups with 1,757 AD
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cases and 6,294 controls, is systematically replicating interactions that have been
reported in AD (Bullock et al. 2013; Heun et al. 2012; Kolsch et al. 2012) and has
focused on genes involved in inflammation and glucose metabolism.

Given the strong association of APOE with AD, genome-wide studies that have
not adjusted for APOE appropriately may find both false-positive and false-negati-
ve results (Wijsman et al. 2011). Indeed, the early GWAS finding for GAB2 required
post hoc stratification by APOE to reach significance (Reiman et al. 2007). Never-
theless, gene—gene interactions may explain some of the heritability of AD (Heun
et al. 2012), although no attempts to quantify the contribution have been made.

7.4 Environmental Influences and Gene—Environment
Interactions

7.4.1 Environmental Factors

Findings from twin studies provide evidence for a significant role of environmen-
tal influences on liability to dementia. Researchers have made vigorous efforts to
identify potential environmental factors that can contribute to higher or lower risk
of AD or dementia more generally. The focus has largely been directed to lifestyle
choices and medical conditions. Recently, a group of experts was commissioned
by National Institutes of Health (NIH) to provide an evidence report with regard to
risk-modifying factors of AD (Williams et al. 2010). Key findings from that report,
including 25 systematic reviews and 250 primary research studies mainly from de-
veloped countries, are featured here, while noting additional research evidence for
possible underlying mechanisms.

7.4.1.1 Education, Occupational Complexity, and Cognitive Engagement

One of the most studied variables is level of education and the related factors of
cognitively challenging occupational and leisure activities. The preponderance of
evidence from prospective cohort studies indicates that fewer years of education is
associated with increased risk of AD (Williams et al. 2010). Low education remains
a significant risk in discordant MZ twin pairs, and bivariate twin modeling indicates
that the association between low education and dementia is not genetically medi-
ated (Gatz et al. 2007).

The Williams et al. (2010) report did not find sufficient evidence for a significant
protective effect of occupation beyond the effect of education, but did conclude that
more frequent participation during one’s leisure in activities that are cognitively enga-
ging is associated with reduced risk of AD. In twin studies, both complexity of work
with people and midlife participation in cognitively engaging activities have been
found to be protective (Andel et al. 2005; Carlson et al. 2008). Not yet resolved is the
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extent to which the mechanism accounting for the association of complex cognitive
activities with lower rates of dementia is neuroprotection or improved compensation.

7.4.1.2 Physical Activity

Williams et al. (2010) reported a significant association between a high level of
physical activity and decreased incident AD. On the basis of animal (Cotman and
Berchtold 2002) and human (Erickson et al. 2011) studies, researchers posit that
exercise induces increased levels of brain-derived neurotrophic factor (BDNF), im-
portant in facilitating neuronal growth.

7.4.1.3 Diet

Williams et al. (2010) conclude that high adherence to Mediterranean-type diet,
typically involving higher consumption of fish, fruits, vegetables, and unsaturated
fatty acids (e.g., olive oil), may be beneficial in lowering the risk of AD. Findings
also seem to suggest a reliable association between low baseline serum folate levels
and increased risk for AD and dementia. No other findings were judged conclusive
with respect to demonstrating a role for any other dietary or nutritional factor.

7.4.1.4 Smoking

Evidence consistently indicates an elevated risk of AD for current smokers, compa-
red with those who never smoked (Cataldo et al. 2010; Williams et al. 2010). The
association is somewhat difficult to specify for former smokers because of variabi-
lity in the length of tobacco use and abstinence (Williams et al. 2010).

7.4.1.5 Vascular Factors

The preponderance of research evidence establishes an increased risk of AD among
persons with diabetes mellitus, with some evidence for increased risk of AD associa-
ted with elevated cholesterol in midlife (Williams et al. 2010). Statin use is associated
with a moderately reduced risk for AD (Williams et al. 2010). Inconsistencies were
found with respect to other vascular factors, including hypertension, antihypertensive
use, and obesity. In twins, we find that obesity and overweight in midlife, but not in
old age, are risk factors for dementia (Xu et al. 2011), possibly explaining some incon-
sistencies. One hypothesis posits that the insulin resistance syndrome may selectively
affect the hippocampus and medial temporal cortex in the brain, areas affected in the
AD patients (Craft 2009). Cerebrovascular changes associated with vascular risk fac-
tors may act additively with AD pathology in impairing brain function, giving addi-
tional importance to the role of vascular risk profiles for stroke (Gorelick et al. 2011).
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7.4.1.6 Depression

Reviewed studies have found a reliable association between a history of clinical
depression and incident AD (Williams et al. 2010). More studies than not, including
studies of twins, have found that the association between depression and dementia
only holds for depression that occurs for the first time, close in time to the age of
onset of dementia (Brommelhoff et al. 2009). These findings are consistent with the
hypothesis proposed by Alexopoulos (2005) that, at least for some individuals, there
is disruption of frontal-striatal and frontal-limbic brain pathways that potentiates
both late-onset depression and dementia.

7.4.1.7 Traumatic Brain Injury (TBI)

Some evidence suggests a heightened risk of AD for individuals with a history of
TBI (Williams et al. 2010). It appears that the risk may be greater for males than for
females, although this apparent difference may reflect the greater chance that males
will be exposed, or inclusion of more males in studies reviewed.

7.4.1.8 Estrogen

Prospective cohort studies generally indicate a protective role for estrogen exposure
and for estrogen replacement therapy (Williams et al. 2010). In contrast, in clinical
trials with estrogen with or without progesterone, there is either no effect on risk of
AD, all dementia, or MCI, or a slightly increased risk of AD (Williams et al. 2010).

7.4.2 Interaction between genes and environments

Environmental risk factors for dementia may have differential effects on individuals
as a function of their genetic status, and vice versa. Understanding the interaction
between genetic and environmental influences may be important for understand-
ing disease mechanisms, treatment, and prevention. Studies to date focused almost
entirely on the interactions with APOE status.

One of the earliest reports described a synergistic effect in which head injury
significantly increased risk of AD only in the presence of APOE €4 (Mayeux et al.
1995). However, a more recent review of subsequent studies determined that evi-
dence for the interactive role of APOE and head injury in the development of AD
was inconclusive (Van Den Heuvel et al. 2007).

Much attention has been devoted to whether cerebrovascular risk factors are
potentiated in APOE €4 carriers. Eriksson et al. (2010) found that nonstroke cardio-
vascular disease increased risk of AD in APOE €4 carriers, but not in noncarriers.
Similarly, previous stroke or transient ischemic attack predicted increased risk of
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developing AD only in APOE &4 carriers, and not in noncarriers (Johnston et al.
2000). Peila et al. (2001) showed a synergistic effect of APOE ¢4 and midlife hyper-
tension on cognitive impairment in old age, where elevated systolic blood pressure
had a greater adverse effect on cognition in APOE €4 carriers than in noncarriers.
Both Peila et al. (2002) and Irie et al. (2008a) reported that APOE €4 increases the
risk for AD in individuals with diabetes mellitus beyond an additive effect of the
separate risks.

A minority of research findings suggest the opposite pattern of interaction bet-
ween APOE €4 and cerebrovascular risk factors. In population-based studies of Af-
rican-Americans and Nigerians, researchers found that increased level of choleste-
rol was associated with increased risk of AD in noncarriers of APOE €4, but not in
carriers (Evans et al. 2000; Hall et al. 2006).

For other risk factors, predominantly nonvascular, the risk factor is more promi-
nent among non-4POE &4 carriers, or APOE status made no difference. For smo-
king, the increased risk of AD for current smokers is limited to those with no APOFE
€4 alleles, compared with those with one or two €4 alleles (Aggarwal et al. 2006;
Reitz et al. 2007). These findings were similar for African-American and non-Af-
rican-American respondents. Two studies have looked at fish intake and APOE &4
status, finding that more than weekly consumption was associated with reduced
risk of AD, but only in APOE &4 noncarriers (Barberger-Gateau et al. 2007; Huang
et al. 2005).

Researchers have also looked at the interaction between APOE €4 and depres-
sion in the development of AD. Steffens et al. (1997) found no evidence for an
interaction. Synergistic interactions were reported by Irie et al. (2008b) for AD and
by Geda et al. (2006) for MCI, with elevated risk among individuals with both de-
pression and APOE €4.

Results are mixed for the interaction between physical activity and APOE geno-
type. In one study, low rate of leisure-time physical activity appears more deleteri-
ous among APOE &4 carriers than noncarriers (Rovio et al. 2005). In another study,
the relationship between higher physical activity and reduced risk for dementia was
limited to noncarriers, and no such relationship was found among carriers (Podewils
et al. 2005).

There are either null and inconsistent findings, or an absence of evidence, with
respect to interactions between APOE and education or cognitive activity. Carlson
et al. (2008), for example, reported that the protective effect of midlife participation
in cognitively engaging activities was significant for APOE €4 carriers but not for
noncarriers, whereas Wilson et al. (2002) reported no difference in the protective ef-
fect by APOE status. Finally, using a community sample of older women, one study
investigated the interaction between APOE &4 and estrogen in cognitive impairment
and found an association between the current estrogen use and attenuated risk of
cognitive impairment only in noncarriers (Yaffe et al. 2000).



7 Dementia: Genes, Environments, Interactions 219

7.5 Current Directions

Numerous efforts continue to attempt to identify associations between gene vari-
ants and AD, primarily through large GWAS consortia and sequencing efforts to
find rare variants (Jonsson et al. 2012). These gene discovery studies are being
complemented by replication studies of previous gene candidates, often using ad-
ditional information about detailed phenotyping, such as that gained through neu-
roimaging (Meda et al. 2012) or metabolomics. Gene—environment interactions are
being pursued through classic epidemiological designs, where specific genes and
environmental risk factors are evaluated in the same models, as described above in
Sect. 7.4.2. A recent complement to this line of investigation is to evaluate the ex-
tent to which epigenetic changes may be induced by environmental risk factors for
AD and hence account for gene—environment interactions (Chouliaras et al. 2010).

7.5.1 Metabolomics and Dementia

Metabolomics refer to the study of small molecules and metabolites in cells, tissues,
and body fluids. It is now possible to identify and quantify hundreds to thousands
of metabolites simultaneously. Hopes are that these metabolites will represent new
biomarkers for disease detection (beyond AP and tau in cerebral spinal fluid), disea-
se progression, and identification of networks implicated in disease pathogenesis,
as envisioned by the new NIA-AA diagnostic criteria. Complex mathematical mo-
dels are applied to detect differences in metabolic signatures between diseased and
healthy individuals. Like other “omics” approaches, metabolomics is a hypothesis-
free method of studying the state of the organism at the global level rather than
studying one or a few potential biomarkers (Quinones and Kaddurah-Daouk 2009).
Studies investigating metabolomic changes in dementia are still rather sparse,
but the field is rapidly growing. One of the first studies was conducted already in
1995, when Shonk et al. (1995) were able to demonstrate that AD patients had lower
levels of N-acetylaspartate (NAA). These results have since been confirmed by se-
veral other studies (Adalsteinsson et al. 2000; Block et al. 2002; Rami et al. 2007).
More recently, Kaddurah-Daouk et al. (2011) performed a pilot-study to assess the
feasibility of identifying AD patients through metabolites in cerebrospinal fluid
samples. They found that a model including levels of tryptophan, norepinephrine,
and indoleacetic acid was able to completely separate the AD patient group from
the control group. Moreover, they were also able to identify important differences
between AD patients and controls in the levels of several metabolites related to the
norepinephrine and serotonergic pathways. The largest difference was found in the
level of norepinephrine, which was significantly decreased in patients with AD.
Focusing on lipidomics, Han et al. (2011) studied the levels of over 800 molecu-
lar lipid species in plasma from 26 AD patients and 26 cognitively normal controls.
They found significantly reduced levels in eight molecular species of sphingomyelin
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and significantly increased levels of two ceramide species in AD patients compared
with controls. Furthermore, they showed that the ratios of ceramide to sphingomye-
lin species better discriminated between AD patients and controls compared with
either metabolite alone.

Although the field is still in its beginning years, metabolomics is providing de-
mentia research several interesting new directions for further investigations. If new
biomarkers for early disease detection and diagnosis can be identified, metabolo-
mics could be of great importance for dementia, since the disease has such a long
preclinical phase and is very difficult to diagnose. By using metabolic signatures
rather than single biomarkers, it is also possible to capture a more comprehensive
picture about the pathology of complex diseases.

7.5.2 Epigenetics and Dementia

Epigenetics refer to the regulation of gene expression through reversible mecha-
nisms, mainly changes in DNA methylation and chromatin structure (epigenetics
is described in more detail in Chap. 6). Several lines of evidence suggest that epi-
genetic mechanisms are involved in dementia, including the higher frequency of
sporadic cases over familial cases, the non-Mendelian inheritance pattern, and the
late age of onset (Bihagqi et al. 2012). The following sections provide examples of
specific epigenetic mechanisms related to AD risk.

7.5.2.1 Dysregulation in Epigenetic Mechanisms

Deficient dietary intake of vitamins B6 and B12 and folic acid, which has been
implicated in AD (Chouliaras et al. 2010), has been shown to influence the methy-
lation regulatory pathway, specifically through a gene-encoding methylenetetrahy-
drofolate reductase (MTHFR). In turn, a polymorphism of MTHFR is associated
with AD (Wang et al. 2008). Thus, the process by which B6, B12, and folic acid
deficiency increases risk for AD may be through dysregulation of this epigenetic
mechanism (see Kwok 2010 review).

The methylation status of repetitive elements, such as Linel, Alu, and SAT-a, is
also thought to be important for global DNA methylation. Bollati et al. (2011) studied
methylation in repetitive elements of AD patients and healthy controls and found a
significant increase in methylation status for the transposable element LINE1.

7.5.2.2 Differences in Methylation of Specific Genes
Tissue-specific methylation patterns (both hypo- and hypermethylation) are asso-

ciated with cancers, autoimmune diseases, and some neurological disorders, such
as DLB (Fernandez et al. 2012), although no significant differences in patterns at
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1,505 CpG sites could be detected in a small sample (n=11) of AD brain tissues.
Nevertheless, other studies have found that several genes already implicated in
AD show dysregulation in methylation status. 4APP, the gene most commonly mu-
tated in familial AD, has been shown to be hypomethylated in AD patients com-
pared with healthy controls (West et al. 1995). Cell culture studies have shown
that PSENI, the second gene often mutated in familial AD, is overexpressed in
response to alteration in methylation, leading to increase in AP production (Wang
et al. 2008). Finally, the APOE gene has a hypomethylated CpG-poor promoter and
a fully methylated 3’-CpG-island, that contains the sequences for the e4-haplotype.
Aberrant epigenetic control in this CpG-island may contribute to late-onset AD.
Wang et al. (2008) showed hypermethylation of the APOE promoter in cells both
from postmortem prefrontal cortex and lymphocytes of AD patients compared with
controls. Without appropriate longitudinal samples, it is impossible to know whet-
her these differences are a cause or a consequence of the AD pathology (Chouliaras
etal. 2010).

7.5.2.3 Epigenetics as a Mechanism for Environmental Risks
and for Gene-Environment Interaction

Environmental risk factors for dementia may act by inducing epigenetic changes,
for example, deficiency of vitamin B12, B6, and folate, as discussed above. Head
injury is another risk factor for dementia that has been shown to induce epigenetic
changes (Chouliaras et al. 2010). Further work is necessary to determine whether
epigenetic changes may also underlie gene—environment interactions (Iraola-Guz-
man, et al. 2011). For example, it has been suggested that the methylated 3'-CpG-
island in APOE may be dysregulated by exposure to environmental triggers, thus
lending €4 carriers more susceptible to developing AD pathology (Wang et al.
2008).

In 1989, Barker et al. proposed the “Fetal Basis of Adult Disease” hypothesis,
postulating that many adult diseases actually have fetal origin, where insult at a
critical period of development may result in changes in gene expression leading
to functional deficits later in life (Barker et al. 1989). Along the same line, Lahiri
et al. (2008) proposed the “Latent Early-Life Associated Regulation” (LEARnN)
model for AD, stating that environmental factors early in life can lead to latent
expression of specific genes later in life. According to the model, environmental
agents (such as heavy metals, cytokines, or dietary factors) can induce epigenetic
changes in a gene, leading to changes in gene expression either immediately or
after a period of latency in response to a secondary trigger. Animal studies support
this hypothesis. Basha et al. (2005) showed that lead exposure in rodents led to a
delayed overexpression of APP 20 months later. In contrast, no change in APP ex-
pression could be seen in response to lead exposure during old age. Further work
is called for examining longitudinal differences in total methylation and gene-spe-
cific epigenetic dysregulation in concert with information about early and midlife
exposures.
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7.6 Summary

Dementia is one of the most common disorders in older adults, affecting an esti-
mated 35.6 million people worldwide (or about 5% of those aged 60 and older).
Prevalence increases markedly with age; the number affected will increase as the
proportion of the population aged 60 years and older, and especially aged 80 years
and older, climbs sharply in both developed and developing countries. The patho-
physiology of AD suggests hypotheses about genetic bases for the disorder, that is,
that pathways concerning deposition of AR may be of importance. Twin and family
studies demonstrate that AD is one of the most heritable disorders, with genetic
factors accounting for as much as 79 % of the variation in AD.

Mutations in three genes, APP, PSENI, and PSEN2, all related to AP, are highly
penetrant, follow Mendelian transmission, but account for a tiny fraction of all AD
cases, and mostly those with a relatively early age of onset. APOE continues to be
the most important susceptibility gene for AD. Yet, the population attributable frac-
tion for APOE is estimated at approximately 25 %, indicating that a great deal of the
heritability for AD must be found in other genes of smaller effect size.

Even with GWAS, we have not succeeded at accounting for all genetic influ-
ences. Genes identified through GWAS have very small effect sizes, and little if
anything will be gained from further gene discovery efforts. Thus, we are far from
the point of personalized genetic risk profiling beyond using information on age,
family history, and APOE status.

This situation leads us to pose two possibilities: might it be that AD is not just
polygenic but also the result of risk alleles in a cluster of genes (most often in-
cluding APOE), where some constellations of risk alleles are important in some
individuals while other combinations are important in other individuals? Or might
different combinations of risk alleles and environmental triggers (manifested as ge-
ne—environment interactions) characterize different individuals and thus thwart the
ability to predict genetic risk? There are very few strong “environmental” risk (or
protective) factors, and there is evidence that many of these work together with
genes. The most consistent findings point to the importance of vascular risks in
combination with APOE, which is related to cholesterol transport and Ap42 levels.
We urge further work to understand the extent and nature of gene—gene and gene—
environment interactions and their role in the pathogenesis of AD. For example, one
promising line of research may be in exploring the role of epigenetic mechanisms in
explaining how environmental factors may impinge on genetic predisposition and
trigger development of the disease.
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