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Abstract
This article reviews the modulation of cognitive function by normal genetic variation. Although the
heritability of “g” is well established, the genes that modulate specific cognitive functions are largely
unidentified. Application of the allelic association approach to individual differences in cognition
has begun to reveal the effects of single nucleotide polymorphisms on specific and general cognitive
functions. This article proposes a framework for relating genotype to cognitive phenotype by
considering the effect of genetic variation on the protein product of specific genes within the context
of the neural basis of particular cognitive domains. Specificity of effects is considered, from genes
controlling part of one receptor type to genes controlling agents of neuronal repair, and evidence is
reviewed of cognitive modulation by polymorphisms in dopaminergic and cholinergic receptor
genes, dopaminergic enzyme genes, and neurotrophic genes. Although allelic variation in certain
genes can be reliably linked to cognition—specifically to components of attention, working memory,
and executive function in healthy adults—the specificity, generality, and replicability of the effects
are not fully known.
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General cognitive ability is known to be highly heritable (Plomin, DeFries, McClearn, &
McGuffin, 2001), although the particular genes that underlie the heritability have only recently
been investigated. Individual genes can exert multiple effects on cognition. The neural
pathways of such influences can be fairly discrete, as in the control of a subunit of one type of
neuronal receptor, or relatively general, as in the modulation of the efficiency of neuronal
repair. In this article, we review the nascent literature on the role of individual genes in
modulating cognitive function with a view toward assessing the specificity of effects exerted
by individual genes. We also examine the role of these genes in mediating age-related changes
in cognition. Candidate genes selected for this review were largely single nucleotide
polymorphisms (SNPs), for which there is growing evidence concerning both (a) cognitive and
(b) physiological of the polymorphism.

Heritability Studies
A century ago, Spearman (1904) adopted the term “g” to capture the observation that
individuals who do well on one test of intellectual functioning (e.g., verbal ability), tend to do
well on others (e.g., memory and general reasoning). Operationally defined as what is common
to different tests of cognitive ability, “g” has been found in multivariate genetic research on
twins to account for much of the genetic variance in cognitive test performance. A sizeable
literature from twin studies indicates heritabilities of about .5 for general cognitive ability.
Moreover, this estimate of heritability increases with age, ranging from .2 in early childhood
to .4 in adolescence to .8 in old age (McClearn et al., 1997; Plomin & Craig, 1997).

The heritability of “g” may have a substrate in cortical volume. Previous work has shown that
cortical volume is correlated about .4 with “g,” such that individuals with greater brain volumes
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have higher “g” scores (Vernon, Wickett, Banzana, & Stelmack, 2000). This relation appears
to be genetic. Individual differences in regional cortical volume of Broca's and Wernicke's
areas, which were found to be linked to “g,” were also attributed to genetic factors (Thompson
et al., 2001). Although this suggests that “g” varies with genetic effects on cortical volume,
environmental influences cannot be ruled out, for regional brain volume itself is subject to
change by experience (Maguire et al., 2000; Rosenzweig & Bennett, 1972, 1996).

Despite the compelling evidence amassed in twin studies in favor of the existence of “g,” the
notion that a single factor controls a large range of cognitive abilities is controversial.
Arguments have been made for the existence of “multiple intelligences,” including logical-
mathematical, verbal, spatial, and musical (Gardner, 1983). This notion has even been extended
to “emotional intelligence” (Goleman, 1995), although empirical support for this concept may
be lacking (Matthews, Zeidner, & Roberts, 2003). However, recent physiological evidence
suggests that “g” might arise, instead, from a more limited set of functions—namely working
memory and executive functions. Performance on spatial and verbal tasks showing either high
or low correlations with “g” were related to regional blood flow in specific brain regions. Tasks
highly correlated with “g” were found to selectively activate lateral prefrontal cortex and a
region in the medial frontal gyrus (Duncan et al., 2000). These findings suggest that “g” may
be mediated by a limited set of cognitive abilities.

Specific cognitive functions also appear to be heritable but to differing degrees, suggesting the
influence of different genes. McClearn et al. (1997) used a large range of tests, such as
Thurstone's primary mental abilities (PMA) and subtests of the Wechsler Adult Intelligence
Scale (WAIS; Wechsler, 1981) in elderly twins and found heritabilities of .62 for general
cognitive ability, .55 for verbal ability, .32 for spatial ability, .62 for speed of processing, and .
52 for memory. Similarly, measures of executive control (Digit Symbol Substitution, color-
word interference, Trail Making B, and verbal fluency) were found to show a range of
heritabilities from .34 to .68 (Swan & Carmelli, 2002). Posner and colleagues also obtained
evidence of high heritability of .78 for a test of executive attention (Fan, Wu, Fossella, &
Posner, 2001). A study comparing the heritability of varieties of memory found that working
memory had the highest heritability (.49) whereas that of long-term memory was considerably
lower, ranging from 47 for long-term memory (Thurstone's Picture Memory) to .28 for object
recall (MIR) (Johansson et al., 1999). The high heritability of working memory (.43 to .49) has
been independently confirmed (Ando, Ono, & Wright, 2001). Considered together, the twin
literature on components of cognition indicates that cognitive systems that may contribute to
“g” vary in their separate heritabilities.

This range of heritabilities could lead to the view that general cognitive ability is modular—
that is, composed of separate, and separately controlled, processes. By this view, “g” could be
a composite measure of a large number of genetic traits. A different approach claims that
general cognitive ability emerges from the epistatic interaction of genes in addition to their
additive effect—a view termed “emergenesis” (Lykken, McGue, Tellegen, & Bouchard,
1992). Alternatively, “g” could reflect the operation of a small set of traits that influence
apparently diverse abilities (Plomin, 2001). For example, many aspects of cognitive ability
depend on retention and manipulation of items in memory and on selective attention to one
aspect of a task. Thus, “g” could reflect the operation of a small number of genes important in
working memory and attention (Duncan et al., 2000; Swan & Carmelli, 2002).

These diverse views on the genetics of cognition share in common the conclusion that “g” is
extremely unlikely to be controlled by a single gene. But if “g” is a function of multiple genes,
what are the contributing genes? To date, the workhorse in the field of the genetics of cognition
has been the twin paradigm in which identical and fraternal twins are compared to assess the
heritability of a trait. This approach is powerful for showing the existence and degree of genetic
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influence, but it cannot speak to the particular genes involved. Recent advances in molecular
genetics now allow a different, complementary approach to behavioral genetics known as
allelic association. Most commonly used to associate disease with candidate genes, the
association method can also relate specific genes to behavioral performance measures in
healthy persons (Plomin & Crabbe, 2000). This approach has been recently applied to
cognition, revealing evidence of modulation of cognitive task performance by specific genes.
Allelic association requires identification of candidate genes—that is, genes deemed likely to
influence a given cognitive ability or trait because of the functional role of each gene's protein
product in the brain. The completion of the Human Genome Project and the attendant
burgeoning literature on the function of individual genes and SNPs permits investigation into
the genetics of cognition at the level of individual genes.

Overview
In this article, we examine the emerging literature on the role of normal genetic variation on
cognition. We outline a framework for understanding the genetics of normal cognition, which
involves combining the allelic association approach of behavioral genetics with the methods
of modern cognitive neuroscience. Such an approach allows for theory-based, empirical
analysis of the role of particular polymorphic genes in cognition. We recognize that no
component of cognition is likely to be modified by only one gene and that the interpretation
of individual differences in a particular cognitive function will ultimately involve specification
of the role of many genes as well as of environmental factors (Plomin & Crabbe, 2000).
Nevertheless, as will be discussed, certain genes appear to contribute in relatively specific ways
to individual differences in aspects of cognition. By using this approach, the knowledge of
cognitive neuroscience can be brought to bear on genetics to begin to specify the intermediate
steps between genotype and phenotype.

The goal of this review is to consider what is known of the effect of single genes on cognition.
We examine genes that control parts of neuronal receptors as well as those with broader effects
on underlying mechanisms such as neuronal repair. For the most part, we discuss genes in
relation to cognitive functioning in healthy adults across the life span. However, because much
genetic work has been motivated by the need for understanding neuropsychiatric disorders, we
also discuss studies of attention deficit disorder and hyperactivity (ADHD), schizophrenia, and
Alzheimer's disease. We first examine dopaminergic (including DRD4, COMT, and DBH) and
cholinergic (CHRNA4 and CHRNA7) genes because these have been the target of much
research. These genes have been specifically linked to different components of attentional and
memory processes. Subsequently, we discuss genes with a role in neuron health and plasticity.
Neurotrophic genes (BDNF) and neuroprotection genes (apoE, estrogen receptor) are likely to
become important in adulthood once brain aging processes start. Hence, another focus of our
review is to examine the role of these genes in cognitive aging.

A FRAMEWORK FOR LINKING POLYMORPHIC GENES AND COGNITION
Greater than 99% of individual DNA sequences in the human genome do not differ between
individuals and, hence, are of limited interest in investigating individual differences in normal
cognition. However, a significant minority of DNA base pairs (bp) occur as different forms or
alleles. Allelic variation is the result of slight differences in the chain of nucleic acids making
up the gene—commonly the result of a substitution of one nucleotide for another.
Consequently, the protein product of that gene is correspondingly altered. Such variations, or
SNPs, occur at a rate of about 1 every 1000 bp in unrelated individuals. It now is estimated
that there are about 1.8 million SNPs, but only about 5% to 10% of these are likely to be
associated with disorders (Plomin et al., 2001). In some cases, allelic variation is related to
disease. For example, one form of nocturnal frontal lobe epilepsy, which has an autosomal
dominant form of inheritance, is characterized by an insertion into the gene controlling
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production of a cholinergic receptor—the alpha-4 nicotinic cholinergic receptor subunit (the
gene is termed CHRNA4; Steinlein et al. (1997a). This insertion in the gene results in greater
affinity of the receptor itself for acetylcholine, perhaps the result of lower permeability of the
subunit to calcium (Steinlein et al., 1997a). Thus, a SNP can affect neurotransmission in the
synapse in a way that has important consequences for cortical electrophysiology.
Polymorphisms can influence brain function through effects with a range of specificities—
from effects limited to one receptor type, as in the example above, to effects on
neurotransmission systems, to whole-brain effects on neuron health.

The overall goal of this approach is to determine the role of specific genes in producing a
cognitive phenotype. But even given that SNPs with functional significance for behavior
represent only a small part of the human genome, there are still so many of them that forging
valid links to cognition may prove difficult. However, the general problem of establishing a
reliable association between genotype and phenotype may be mitigated by using the allelic
association approach within a theoretical framework in which the intermediate steps between
genotype and phenotype are specified (to a degree). Such a framework should capitalize on
the breakthroughs in understanding the neural bases of cognition that have been made possible
by modern cognitive neuroscience. As such, this approach combines the allelic association
method of relating SNPs to behavior with knowledge gleaned from cognitive neuroscience.
This approach allows theory-based, empirical analysis of the role of particular polymorphisms
in cognition.

There are, however, limitations to the allelic association approach. This approach has been
applied most often to the genetics of disease; in this context, it has been criticized for risk of
Type I errors and failures to replicate (Ioannidis, Ntzani, Trikalinos, & Contopoulos-Ioannidis,
2001). The heritability of some diseases may derive from a number of genes, each with a small
effect. Moreover, a single diagnostic category may actually encompass several different
disorders. Both of these factors may play a role in the small (< 1%) effect sizes often seen in
association studies of disease (e.g., Ioannidis et al., 2001). With regard to the genetics of
cognition, these limitations can be partially ameliorated by marrying the association approach
with cognitive neuroscience. This approach has a number of advantages. First, cognitive
functions can be fractionated into component processes. It may be reasonable to assume that
effects of single genes on component processes of cognitive functions will be larger than effects
of single genes on a disease category. In contrast to the small (< 1%) effect sizes seen in
association studies of disease, association studies of cognitive functions appear to yield larger
effect sizes. Table 1 shows effect sizes from a sample of recent studies from this small literature.
Secondly, for several functions, knowledge of brain networks and corresponding innervation
can be used to guide selection of SNPs in neurotransmitter genes. Third, twin studies can be
used to establish the heritability of a given cognitive function and/or component processes of
that function (e.g., Fan, Wu, Fossella, & Posner, 2001). Fourth, the test-retest reliability of a
given task aimed at a function or component process can be assessed. Fifth, knowledge of
mechanisms of brain aging can also be used to guide selection of SNPs in genes controlling
aspects of neuronal repair and synaptic plasticity.

Although no broad framework for all of cognition currently exists, enough is known to begin
to undertake such an approach for particular cognitive domains. For example, Posner has
proposed an influential “attentional network” theory in which three separate attentional
functions—orienting, alerting, and executive function—are linked to the activation of separate
but overlapping cortical and subcortical networks (Posner & Petersen, 1990). Posner and
colleagues have also argued that performance on psychological tests of these attentional
functions can serve as phenotypes against which candidate genes can be tested (Fan et al.,
2001; Fossella et al., 2002). We have also argued that specific information processing tests of
particular attentional functions can serve as “behavioral assays” of the integrity of cortical
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networks, thereby allowing for an assessment of the effects of neurodegeneration on these
networks (Parasuraman & Greenwood, 1998).

The neurochemical innervation of brain networks subserving particular cognitive functions are
being increasingly well specified (Everitt & Robbins, 1997; Goldman-Rakic, 1998). For
example, with respect to attentional function and as discussed in further detail in this article,
a growing body of evidence from lesion and electrophysiological studies in animals and
neuroimaging and pharmacological studies in humans points to the role of cholinergically
mediated posterior brain networks in spatial attention and dopaminergically rich frontal
networks in executive attention. Therefore, it follows that if progress is also made in delineating
the genes and their protein products that influence these neurochemical pathways, then links
can be established between genes and different aspects of cognitive function. Figure 1 provides
a rough schematic of these links.

As Figure 1 indicates, the protein products of particular genes can affect cognition through a
number of pathways, including receptor modulation, neurotransmitter modulation, or
neuroprotection. As will be discussed below, genes with a role in neuroprotection and neuronal
repair may become particularly important in aging and following brain injury.

Receptors are neurotransmitter-gated ion channels, which, together with the neurotransmitters
themselves, constitute the main signaling system in the brain. Chemical neurotransmitters, such
as dopamine and acetylcholine, bind to specialized receptors on postsynaptic sites. This binding
causes the ion channel in the receptor to open with the ensuing ion flow through the receptor
channel producing the neuronal signal. Receptor structure and, hence, function are controlled
by genes, some of which have functional polymorphisms.

Variations in receptor structure as a consequence of minor variations in the corresponding gene
can affect efficiency of receptor transmission, as in the example above for the CHRNA4 gene.
Even after a neurotransmitter is released into the synapse, its physiologic fate can be influenced
by genes. There is a need for efficient removal of a neurotransmitter from the synaptic cleft
because continued exposure of receptors to a neurotransmitter can desensitize the receptors.
Neurotransmitters can be removed from the cleft by diffusion, by enzyme degradation, and by
reuptake. The latter two mechanisms are controlled by genes.

Coding sequences of genes controlling receptors are highly conserved. Comparing amino acid
sequences across species—for example, in ion channels—reveals regions with a high degree
of similarity. Consequently, polymorphisms in neurotransmission genes are relatively rare
(Kandel, Schwartz, & Jessell, 2000). The polymorphisms known to exist in brain dopaminergic
and cholinergic systems generally involve receptor and transporter molecules. A
polymorphism in a gene controlling part of a specific receptor type would at least initially only
affect neurotransmission through that receptor type. In contrast, a polymorphism in a gene
controlling an enzyme that degrades a family of neurotransmitters may have broader effects.
A third category of genes plays a role in neuroprotection and thus can have either specific or
broad effects. We will consider all three categories of genes.

DOPAMINERGIC GENES: MODULATION OF ATTENTION AND EXECUTIVE
PROCESSES

Dopaminergic receptor genes are likely candidates for genetic effects on cognition because of
the importance of dopaminergic innervation for functions of memory and attention. Dopamine
agents have been shown to modulate working memory in monkeys (Sawaguchi & Goldman-
Rakic, 1991) and humans (Muller, von Cramon, & Pollmann, 1998), and dopaminergic
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receptor genes have been linked to aspects of attention (Faraone, Doyle, Mick, & Biederman,
2001).

The DRD4 Gene: “Novelty Seeking” and Attention-Deficit/Hyperactivity Disorder
There are at least five known dopamine receptors (labeled D1 to D5), with the gene controlling
the D4 dopamine receptor (DRD4 on chromosome 11) being very high in variability (Ebstein
et al., 1996) because of the variation in a 48bp repeat. Alleles can contain a variable number
of repeats of this sequence—typically 2, 4, or 7 repeats. The most common allele contains 4
repeats, and less common are the 2 and 7 repeats. The 7-repeat allele produces a receptor with
reduced sensitivity to dopamine compared to 2- or 4-repeat alleles (Asghari et al., 1995).

The 7-repeat allele of the DRD4 gene has been associated with the personality trait of “novelty
seeking,” measured as higher than average novelty-seeking scores on a personality inventory
(Benjamin et al., 1996; Ebstein et al., 1996). Using a range of personality scales, Strobel, Wehr,
Michel, & Brocke (1999) concluded that the 7-repeat allele was more associated with
“exploratory” and “extraverted” traits rather than “impulsive” and “disorderly” traits. The same
allele has been associated with decreased responsiveness of infants to novelty (Lakatos et al.,
2003). However, others have failed to find such associations (Paterson, Sunohara, & Kennedy,
1999; Sullivan et al., 1998). A recent meta-analysis found that while 13 studies reported the
association, 7 did not (Kluger, Siegfried, & Ebstein, 2002). Of interest in this context, a
polymorphism in another dopamine receptor gene, DRD1, has been found to affect the same
trait. The G allele of the DRD1 A48G polymorphism has been shown to increase in a gene-
dose manner with novelty-seeking scores in male, but not female, alcoholics (Limosin, Loze,
Rouillon, Ades, & Gorwood, 2003).

Evidence appears to be stronger for another association with the 7-repeat allele of the DRD4
gene—that is, with diagnosis of ADHD. ADHD, perhaps the most common childhood-onset
behavioral disorder, is familial and heritable (Thapar, Holmes, Poulton, & Harrington, 1999).
About 50% of ADHD cases are carriers of the DRD4 7-repeat allele, whereas only about 20%
of controls carry that allele (LaHoste et al., 1996; Swanson et al., 1998). The reduced dopamine
receptor sensitivity associated with 7-repeat alleles (Asghari et al., 1995) may underlie
symptoms of ADHD. Although not all studies have observed the association of the 7-repeat
allele and ADHD (Fisher et al., 2002), a recent meta-analysis has confirmed the association
(Faraone et al., 2001).

Surprisingly, the specific cognitive deficits of ADHD are not fully understood. It has been
claimed that sustained attention is deficient in ADHD and that neither selective attention
(Manly et al., 2001) nor executive functioning (Wu, Anderson, & Castiello, 2002) is affected.
This has been explicated somewhat by a finding that although children with ADHD are not
deficient at shifting visuospatial attention, they are deficient at sustaining focused attention
(Swanson et al., 1991). Working memory and planning also appear to be spared (Sonuga-Barke,
Dalen, Daley, & Remington, 2002). That ADHD carriers of the 7-repeat allele do not appear
to have processing deficits is consistent with the notion that the 7-repeat allele may be more
important for the trait of novelty seeking than for deficiencies in processing.

The cognitive consequences of the 7-repeat allele have also been investigated in healthy
individuals without ADHD. Posner and colleagues have developed a task—the attention
network task (ANT)—designed to measure three aspects of attention simultaneously—
alerting, orienting, and conflict (Fan, McCandliss, Sommer, Raz, & Posner, 2002). In Posner's
terms, “alerting” refers to the achievement of an alert state, “orienting” refers to engagement
and disengagement of visuospatial attention following a location cue, and “conflict” refers to
the use of executive control to resolve conflicting location cues. The ANT task uses asterisk
cues to the location of target arrows placed either above or below a centered fixation and
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requires discrimination of the direction of the arrows. To create the conflict condition, the target
arrows are flanked by distractor arrows pointing in opposite directions. The cues are valid,
invalid, or neutral (double cue) in indicating target location. Individuals carrying the 4-repeat
allele showed slower reaction time (RT, time to respond) when flanker arrows conflicted with
target arrows, compared to the 2-and 7-allele carriers (Fossella et al., 2002). There were no
genotype differences in overall RT or alerting. This suggests that the 4-repeat, but not the 7-
repeat, allele may be associated with subtle deficiencies in executive functioning.

Recently published evidence on the world-wide distribution of the 7-repeat allele suggests that
the behavior associated with the allele may not be most accurately characterized as a disorder.
Based on evidence of strong linkage disequilibrium (deviation from expected frequencies of
alleles), it was argued that the 7-repeat allele is “younger” (in the evolutionary sense) than the
other DRD4 alleles (Ding et al. 2002). This was interpreted to indicate that the 7-repeat allele
was originally a rare mutation that subsequently increased in frequency through natural
selection. It has been suggested that this allele conferred a reproductive advantage in
competition for food in “local group male competition” (Harpending & Cochran, 2002) or from
migration (Chen, Burton, Greenberger, & Dmitrieva, 1999). In light of evidence for the
association of the 7-repeat allele with novelty seeking, this evidence suggests that the behavior
associated with the 7-repeat allele may fall more into the category of normal individual
differences than of disorders. Consistent with this is the finding of Fossella et al. (2002) of
unimpaired executive attention in 7-repeat carriers. Also consistent is the finding that 7-repeat
carriers diagnosed with ADHD showed normal RT speed and variability, whereas RT in
noncarriers diagnosed with ADHD was slower, with more variable response patterns (Swanson
et al., 2000). Thus, the 7-repeat allele may lead to novelty-seeking behavior consistent with a
diagnosis of ADHD but without apparent processing deficits.

The COMT Gene
The dopamine system also appears to play a role in an aspect of cognition considered to be a
component process of attention—that of executive control. The concept of executive control
is one that is widely accepted, although there is not complete consensus about its characteristics.
In general, executive control is thought to play a role in conflict resolution, difficult processing,
and multitasking (Posner & DiGirolamo, 1998) as well as the process by which contents of
memory storage are used in planning and execution of tasks (Smith & Jonides, 1999). Executive
control appears to depend on prefrontal cortex (PFC). Lesion and electrophysiologic studies
in the animal literature have shown the importance of PFC integrity for representation of the
goals of planning (Fuster & Alexander, 1971; Goldman-Rakic, 1987). Several models have
been advanced, most involving PFC and interactions among regions of PFC (Sylvester et al.,
2003), that attempt to explain mediation of executive processes (MacPherson, Phillips, & Della
Sala, 2002). For example, a division of labor has been proposed between dorsolateral prefrontal
regions claimed to “monitor and select goal-relevant representations” and ventrolateral regions
claimed to store such representations (Wagner, Maril, Bjork, & Schacter, 2001). These
executive control processes appear to be dependent on dopaminergic innervation.
Microinjections of D1 agonists and antagonists into PFC of behaving animals reveal that
executive control performance depends on D1 receptor modulation of PFC and also on
hippocampus inputs to PFC (Seamans, Floresco, & Phillips, 1998).

Several studies have found components of executive control to be highly heritable (Fan et al.,
2001; Swan & Carmelli, 2002). The above-reviewed evidence showing dopaminergic
innervation of the mediators of executive control in PFC suggests that one contributor to that
heritability could be a gene with a role in the metabolism of dopamine. One candidate is the
gene producing catechol-O-methyltransferase (COMT), an enzyme in the cytoplasm that is
important in the metabolism of dopamine (and other catecholamines) following release into
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the synaptic cleft. A polymorphism in the COMT gene is known to affect activity of the enzyme
controlled by the gene. This polymorphism is a G-to-A transition resulting in a valine-to-
methionine substitution at codon 158 (val158met) on chromosome 22. Homozygosity for
158met leads to a 3- to 4-fold reduction in enzymatic activity in red blood cells and liver,
compared with homozygosity for 158val (Lachman et al., 1996). This substitution in coding
appears to affect brain function. The frequency of the low-activity met allele has been found
to be markedly higher among alcoholics than controls (Tiihonen et al., 1999). The met allele
is also more prevalent in individuals with panic disorder (Woo, Yoon, & Yu, 2002) and with
reduced response to pain (Zubieta et al., 2003).

In light of the evidence that the COMT gene regulates dopamine metabolism, Egan et al.
(2001) hypothesized that the high-activity val allele would result in faster degradation of
dopamine at the synapse and thereby impair prefrontal functioning. This was assessed by a test
sensitive to prefrontal processing—the Wisconsin Card Sort Test (WCST), a complex task
requiring both working memory and executive control. Consistent with the hypothesis,
increased gene dose of the low-activity met allele (0, 1, or 2 copies inherited) was associated
with fewer perseverative errors on the WCST. Production of the low-activity enzyme would
slow clearance of dopa-mine from the synapse. This result was seen in healthy controls,
schizophrenics, and their unaffected siblings. Although schizophrenics and their siblings
performed worse than controls, all groups showed an effect of geno-type. Thus, faster
catabolism of prefrontal dopamine was found to impair prefrontal function (Egan et al.,
2001). Importantly, this finding has been replicated in healthy individuals. Participants
homozygous for the low-activity met allele made fewer perseverative errors on the WCST than
did subjects carrying the high-activity val allele (Malhotra et al., 2002). However, the WCST
is a complex task, and it is not clear which specific cognitive components of the task were
affected by the COMT genetic variation. To clarify, a subsequent study by Weinberger and
colleagues found a gene dose effect of the met allele on an “n-back” task (Goldberg et al.,
2003). Such a task requires retention of memory for some aspect of a target item (e.g., color)
during processing of nontarget items for some number of trials (“n”), typically 1 to 3. For
example, under a 2-back condition, the color of the target 2 trials back has to be compared with
the color of the current target. Thus, the information held in memory must be continually
updated. Goldberg et al. found effects of gene dose of the met allele on n-back task performance
but not on vigilance task performance. Another study of COMT genotype found the low-
activity met allele was associated with improved processing speed and attention performance
but had no effect on executive, memory, and motor functions (Bilder et al., 2002). Further work
will be needed to determine whether effects of COMT genotype are selective for prefrontal
functions.

The DBH Gene
Low plasma or cerebrospinal fluid (CSF) levels of dopamine beta-hydroxylase (DBH)—the
enzyme converting dopamine to norepinephrine in adrenergic vesicles—are associated with
psychotic symptoms in several psychiatric disorders. Plasma levels of DBH are under genetic
control by the DBH gene, known to have several polymorphisms (Kohnke et al., 2002; Zabetian
et al., 2001). One of these polymorphisms, a G-to-A substitution at 444, exon 2 (G444A) on
chromosome 9, has been reported to predict smoking behavior (McKinney et al., 2000) and
paranoia in cocaine users (Cubells et al., 2000) and in depressives (Wood, Joyce, Miller,
Mulder, & Kennedy, 2002). DBH has also been associated with ADHD. Polymorphisms in
both DBH and DAT1 genes were found to be associated with familial cases of ADHD (Daly,
Hawi, Fitzgerald, & Gill, 1999).

To determine the specificity of the effect of normal variation in the DBH gene, we compared
the following two functions: working memory, which is strongly linked to dopaminergically
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innervated prefrontal regions (e.g., Abi-Dargham et al., 2002), and visuospatial attention,
which is strongly linked to cholinergically innervated parietal regions (Davidson & Marrocco,
2000; Witte, Davidson, & Marrocco, 1997). Healthy young and old individuals were grouped
by genotype of a C1545T mutation in the alpha-4 nicotinic acetylcholine receptor subunit
(CHRNA4) gene (Steinlein et al., 1997b). This gene is expressed strongly in the parietal cortex,
which is known to mediate visuospatial attention (Corbetta, 1998; Nobre et al., 1997). We also
genotyped our sample for the G444A polymorphism of the DBH gene. This polymorphism
has been shown to modulate plasma levels of the DBH enzyme (Cubells et al., 2000; Cubells
et al., 1998), which is known to convert dopamine to norepinephrine. The DBH gene was
chosen for its links to dopamine modulation, which is known to be important in working
memory (Abi-Dargham et al., 2002; Sawaguchi & Goldman-Rakic, 1991). Visuospatial
attention and working memory were measured (Greenwood, Fossella, & Parasuraman, 2003).
Visuospatial attention was manipulated in a cued discrimination task in which arrow cues
preceded a target letter and predicted its location with variable validity (Figure 2a). Response
time (RT) to categorize the target as consonant or vowel was speeded by valid cues and slowed
by invalid cues, both relative to a neutral cue (centered asterisk). These data were analyzed in
a repeated-measures ANOVA with the Greenhouse-Geisser correction for sphericity. When
analyzed by CHRNA4 genotype, this generated a significant main effect of cue validity (F
[2,116] = 26.78, p < .0001) and stimulus onset asynchrony (SOA) (F[2,116] = 6.74, p < .002),
which interacted (F[2,206] = 40.35, p < .0001). There was no main effect of Genotype (F
[2,103] = .56), but there was a Cue Validity × Genotype interaction (F[4,206] = 2.45, p < .05).
Cued discrimination RT can also be analyzed as RT “benefits” of valid cues (Neutral RT –
Valid RT) and “costs” of invalid cues (Invalid RT – Neutral RT). Comparing benefits of valid
cues with costs of invalid cues revealed a significant interaction of Measure (cost, benefit) ×
Genotype (F[2,82] = 4.54, p < .01). Figure 3a shows this is the result of greater costs associated
with the CHRNA4 C allele and greater benefits associated with the T allele. Carrying out the
same analysis for DBH shows only a main effect of genotype (F[2,61] = 5.31, p < .01) because
of overall slower responding in 444G allele carriers (Figure 3b). Thus, CHRNA4 genotype,
but not DBH genotype, modulated visuospatial attention performance.

In addition, working memory was manipulated in a task that required retention of up to three
locations over a 3 second delay (Figure 2b). Following the delay, memory for target location
was measured as the accuracy of judging whether a probe appeared at one of the target locations.
Memory accuracy declined as the number of targets increased (F[2,122] = 147.79, p < .0001).
Memory was also modulated by DBH genotype, increasing in accuracy with the number of G
alleles, particularly with multiple locations (Figure 4a; F(2,61) = 3.19, p < .05). However,
memory was unaffected by CHRNA4 genotype (Figure 4b; F(2,53) = .25). These data suggest
that the effect of the DBH gene is selective for working memory. Moreover, a double
dissociation was observed with visuospatial attention modulated by a cholinergic but not a
noradrenergic gene and spatial working memory modulated by a noradrenergic but not a
cholinergic gene (Greenwood et al., 2003).

Modulation of Executive Attention by Dopaminergic Genes: A Critical Evaluation
In the previous sections, we have reviewed evidence for the role of a number of dopaminergic
genes—DRD4, COMT, and DBH—in the modulation of attentional processes underlying
executive functioning. Can it be concluded that these polymorphisms affect executive attention
per se? It could be hypothesized that receptor genes might exert more specific effects than
enzyme genes. A receptor gene controls transmission only through a particular receptor type,
whereas a gene controlling an enzyme degrading a neurotransmitter could exert effects more
widely. Because they alter the rate of dopaminergic catabolism, enzyme genes could affect a
number of cognitive systems and therefore might have less specific effects. In that regard, the
DRD1 and DRD4 receptor genes show some specificity in that both have been linked to one
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dopamine-related disorder, ADHD, but not to another, schizophrenia (Georgieva et al., 2002;
Hori, Ohmori, Shinkai, Kojima, & Nakamura, 2001). Moreover, the same DRD4
polymorphism appears to modulate RT speed and variability (Swanson et al., 2000) as well as
executive attention (Fossella et al., 2002). This suggests that although the 7-repeat allele of the
DRD4 gene may exert fairly specific effects on processing, those effects cannot as yet be
characterized as limited to executive processes.

The COMT polymorphism might be predicted to have broader effects than the DRD4
polymorphism based on its control of an enzyme for dopamine. Variations in the COMT gene
do not appear to be associated with ADHD (Hawi, Millar, Daly, Fitzgerald, & Gill, 2000) or
bipolar disorder (Kirov, Jones, McCandless, Craddock, & Owen, 1999), although COMT may
affect the risk of schizophrenia (Weinberger et al., 2001). The COMT val158met
polymorphism has been related to certain aspects of cognition—namely, WCST performance
both in schizophrenics (Egan et al., 2001) and in healthy individuals (Malhotra et al., 2002) as
well as working-memory performance (Goldberg et al., 2003). However, this polymorphism
is associated with effects that are not solely cognitive, as it appears to modulate pain perception
(Zubieta et al., 2003) and risk of alcoholism (Tiihonen et al., 1999). Further, evidence from a
range of neuropsychological tasks indicates that this COMT polymorphism may not modulate
executive function (as has been claimed) but rather selective attention (reflected in Trails A
and B and Digit Symbol tasks; Bilder et al., 2002).

Finally, we have obtained evidence for selective effects of a DBH polymorphism on working
memory but not on visuospatial attention (Greenwood et al., 2003). However, as reviewed
above, that same polymorphism has been linked to a number of disorders. Therefore, its
specificity for memory needs to be confirmed.

Overall, although the DRD4, COMT, and DBH genes appear to modulate cognition, including
executive attention and memory, in reliable ways, the extent of specificity of these effects is
less clear. It is not yet possible to distinguish between dopaminergic genes that have relatively
specific versus general effects.

CHOLINERGIC GENES: MODULATION OF VISUOSPATIAL ATTENTIONAL
PROCESSES

Cholinergic genes are also good candidates for investigating genetic contributions to cognition
—in particular, attention. Acetylcholine is a major neurotransmitter in the brain with
cholinergic receptors modulating neuronal function in the hippocampus and parietal cortex
(Xiang, Huguenard, & Prince, 1998). Although a majority of cholinergic receptors are
muscarinic, nicotinic receptors are important in regulating fast synaptic transmission
(Alkondon, Pereira, Eisenberg, & Albuquerque, 2000). This may underlie the important
functional role that nicotinic receptors play in attention (Levin & Simon, 1998; Nordberg,
2001). Nicotinic acetylcholine receptors (nAChRs) are composed of subunits that assemble
together to form the receptor itself. There are seven alpha-like subunits (alpha-2 to alpha-7 and
alpha-9) and three beta-like subunits (beta-2, beta-3, and beta-4). The most widely distributed
nicotinic receptor in the central nervous system is composed of alpha-4 and beta-2 nAChR
subunits assembled together (Flores, DeCamp, Kilo, Rogers, & Hargreaves, 1996). Another
major nicotine receptor consists of alpha-7 subunits assembled together.

The Cholinergic System and Visuospatial Attention: Nongenetic Evidence
Lesions of the basal forebrain cholinergic system reveal the importance of cholinergic system
integrity for attention (Everitt & Robbins, 1997; Gallagher & Colombo, 1995; Voytko,
1996). Specifically, Voytko and colleagues tested monkeys with and without basal forebrain
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lesions in a task in which location cues preceded a detection target (Posner, 1980). Monkeys
had to depress a button at the center of the screen until the target appeared. Cues to target
location, either valid or invalid, appeared 200 ms before target onset. Both control and lesioned
monkeys were faster to respond to the target when cues were valid (when the target appeared
at the cued location) compared to when cues were invalid. However, the basal forebrain
lesioned monkeys were slower than the controls to release the center button at target onset,
particularly on invalid trials. The same monkeys showed no deficits on a delayed nonmatch to
sample task learned preoperatively. This was interpreted as evidence that the cholinergic basal
forebrain is more important for visuospatial attention than for working memory (Voytko et al.,
1994).

Electrophysiological evidence also documents the modulation of attention by cholinergic
neurotransmission. The P300 component of the event-related potential (ERP)—an attention-
related component of the brain's electrical response to discrete stimulation—can be selectively
eliminated from the ERP by administration of cholinergic antagonists such as scopolamine
(Hammond, Meador, Aung-Din, & Wilder, 1987). Scopolamine also induces disproportionate
slowing of responses to invalidly cued targets in rats (Phillips, McAlonan, Robb, & Brown,
2000). In addition, we have shown that scopolamine reduces the ability of Alzheimer's disease
(AD) patients to scale visuospatial attention in response to cues of varying size. Individuals
with mild to moderate AD were administered a cued visual search task in which a cue to target
location varied in size and, hence, precision during a visual search task. A precise precue to
target location speeded visual search in AD patients. This benefit of precue precision was
largely eliminated by acute administration of scopolamine (Levy, Parasuraman, Greenwood,
Dukoff, & Sunderland, 2000).

More direct evidence from monkeys indicates the importance of cholinergic mechanisms for
processes of visuospatial attention specifically. The ability to shift visuospatial attention
through space was impaired by direct infusion of scopolamine into the intraparietal sulcus of
monkeys, where neurons had been identified by microelectrode recording as being responsive
to location cuing (Davidson & Marrocco, 2000). Scopolamine infusion into other cortical
regions did not affect attention-shifting behavior. Human cholinergic innervation in the parietal
cortex appears to be nicotinic, not muscarinic (Mentis et al., 2001). Similar selective
modulation has been seen in the rat (Phillips et al., 2000). This evidence points to selective
dependence of the ability to shift visuospatial attention in space on cholinergic receptors in the
intraparietal region.

Understanding the role of cholinergic genes on cognition is important in light of evidence that
the cholinergic system may be particularly vulnerable to healthy aging. The “cholinergic
hypothesis” of aging has attributed cognitive decline in aging to selective deterioration within
the cholinergic system (Bartus, Dean, Beer, & Lippa, 1982). Although cholinergic neurons do
not die in the course of healthy aging (Morrison & Hof, 1997), they undergo a reversible
atrophy. Aged rats show a significant decrease in parietal synaptic sites, particularly in
cholinergic neurons (Casu, Pan Wong, De Koninck, Ribeiro-Da-Silva, & Cuello, 2002) and
exhibit atrophy of subcortical cholinergic neurons related to spatial learning deficits (Martinez-
Serrano, Fischer, & Bjorklund, 1995). Aged monkeys show reductions in density of temporal
and frontal cholinergic receptors (Tsukada et al., 2001) as well as loss of subcortical cholinergic
markers and shrinkage of subcortical neurons (Smith, Roberts, Gage, & Tuszynski, 1999).
Importantly, this age-related atrophy is reversible. It can be reversed by delivery of human
nerve growth factor (NGF) to cholinergic cell bodies in basal forebrain of rats (Martinez-
Serrano et al., 1995) and monkeys (Conner, Darracq, Roberts, & Tuszynski, 2001) and by
administration of nicotine to mice (Rogers, Gahring, Collins, & Marks, 1998) and humans
(Perry et al., 2000). That neurotrophins can reverse age-related atrophy suggests that genes
controlling those substances could affect the course of aging. Finally, human cholinergic
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receptor subunits are particularly vulnerable to age-related decline (Picciotto & Zoli, 2002;
Rogers et al., 1998; Whitehouse, 1997), suggesting that the genes controlling them may play
a role in cognitive aging.

Nicotinic Genes and Aspects of Attention: The CHRNA4 Gene
A number of nAChR subunits are controlled by polymorphic genes which could contribute to
individual differences in neuromodulation of attentional processes. At present, there is
evidence for the modulation of attention by two cholinergic subunit genes, CHRNA4 and
CHRNA7.

The alpha-4 nAChR subunit is a component of the most widely distributed nicotinic receptor
in cortex, the alpha-4/beta-2 nAChR (Flores et al., 1996). Therefore, the loss of the alpha-4
subunit in normal and pathologic aging is significant. Aged mice have been reported to show
almost total loss of alpha-4 nAChR subunits in the hippocampus (Rogers et al., 1998). In the
human postmortem frontal cortex, there is an age-related decrease in both alpha-4 and beta-2
subunit expression (Tohgi, Utsugisawa, Yoshimura, Nagane, & Mihara, 1998). In AD, there
is a selective loss of alpha-4 nAChRs in the cortex compared to alpha-3 and alpha-7 nAChRs
(Martin-Ruiz et al., 1999). Moreover, the alpha-4 subunit was reduced significantly in the
hippocampus (35%) and the temporal cortex (47%). In contrast, the alpha-7 subunit was
reduced significantly (36%) in the hippocampus but not in the temporal cortex (Guan, Zhang,
Ravid, & Nordberg, 2000).

The importance of these subunits to brain function and their vulnerability to age and disease
suggests that variations in the genes controlling them could be a source of individual differences
in cognition, perhaps most strongly in aging. Polymorphisms in both alpha-4 (Kent, Middle et
al., 2001; Steinlein et al., 1999), and beta-2 (De Fusco et al., 2000; Rempel, Heyers, Engels,
Sleegers, & Steinlein, 1998) genes are associated with nocturnal frontal lobe epilepsy. Another
polymorphism of the human alpha-4 gene causing epilepsy in a Norwegian family increases
the affinity of the receptor subunit for acetylcholine (Steinlein et al., 1997a). This increase in
receptor sensitivity may underlie the neural hyperactivity of seizures.

Recently, we obtained evidence of a role for the alpha-4 nAChR gene (CHRNA4) in deploying
visuospatial attention. As described in the preceding section, we compared effects of genotype
of both a dopaminergic gene (DBH) and the CHRNA4 gene on both a memory (Figure 2b) and
attention task (Figure 2a) performance. CHRNA4 genotype affected the shifting of visuospatial
attention (Figure 3a) but not the accuracy of working memory (Figure 4b). DBH genotype did
not affect attention performance (Figure 3b) but did affect accuracy of working memory (Figure
4a; Greenwood et al., 2003).

Modulation of Visuospatial Attention by Cholinergic Genes: A Critical Evaluation
This work shows that polymorphisms in cholinergic receptor subunit genes have functional
consequences for behavior. The CHRNA4 polymorphism has been linked to cortical
electrophysiology (Steinlein et al., 1997) and visuospatial attention (Greenwood et al., 2003).
Moreover, the observed effect of CHRNA4 genotype on visuospatial attention appears to be
selective for CHRNA4 genotype but not for DBH genotype. The CHRNA7 gene has also been
linked to both electrophysiology and behavior—namely, cortical excitability in the P50 defect
(Freedman et al., 1997) and sustained attention (Cullum et al., 1993). The lack of an association
of the CHRNA7 gene with ADHD (Kent, Green et al., 2001) and the absence of the P50 defect
in ADHD adults (Olincy et al., 2000) suggests that the effects of this polymorphism are not
general. However, the number of studies in this area is still small, and further work is needed
to determine the specificity of the observed cognitive effects of both of these nicotinic receptor
polymorphisms.
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NEUROTROPHIC GENES: MODULATION OF WORKING MEMORY
The molecular biology of memory formation involves expression of a number of genes. Explicit
memory in mammals depends on long-term potentiation (LTP) in the hippocampus where
enzyme and receptor genes are critical to the process (Kandel, 2001). In cortex, mRNA
expression of the D1 dopamine receptor (DRD1) specifically appears to be important for LTP
at the hippocampal-prefrontal cortex synapses (Gurden, Takita, & Jay, 2000). In the prefrontal
cortex, working memory requires stimulation of the D1 dopamine receptors (DRD1) in the
dorsolateral prefrontal cortex (DLPFC) in both monkeys (Sawaguchi & Goldman-Rakic,
1991) and humans (Abi-Dargham et al., 2002). This suggests that genes controlling both LTP
and dopamine receptors could contribute to individual differences in memory formation ability.

Memory ability appears to be quite heritable. Estimates from twin studies range from .38
(Pedersen, Plomin, Nesselroade, & McClearn, 1992) to .43 (McGue & Bouchard, 1989).
Estimates of working memory range from .43 to .49 (Ando et al., 2001; Johansson et al.,
1999). Estimates of heritability of long-term memory range from .28 to .49 in a study of elderly
twins (Johansson et al., 1999) and from .39 to .50 in a study with three adult age groups (Finkel,
Pedersen, McGue, & McClearn, 1995). Working memory—the ability to maintain and
manipulate information in a memory store (Baddeley & Hitch, 1974)—appears to depend on
the integrity of two brain regions, the medial temporal lobe and DLPFC. Although
polymorphisms in the DRD1 gene have been identified (Cichon, Nothen, Erdmann, &
Propping, 1994; Cichon et al., 1996) and linked to psychiatric disorders (Ni et al., 2002; Sato,
Soma, Nakayama, & Kanmatsuse, 2000) and novelty seeking (Limosin et al., 2003), they have
not been linked to memory performance.

The BDNF Gene and Memory Formation
A gene controlling a neurotrophin appears to play a role in the other brain region critical for
memory—the hippocampus. Neurotrophins are a family of polypeptides long known to be
essential for the differentiation and survival of neurons during development (Levi-Montalcini,
1998). As reviewed above, age-related atrophy of cholinergic neurons can be reversed by
neurotrophic factors. Recently, neurotrophins have been found to participate in synaptic
modulation. Two reviews marshal evidence showing that neurotrophin activity can induce
rapid changes in synaptic plasticity (Lu & Gottschalk, 2000; Poo, 2001). One neurotrophin,
brain-derived neurotrophic factor (BDNF), appears to be important in plastic processes
underlying memory formation.

Recognition memory formed in ewes for their lambs within 2 hours of birth is associated with
increased BDNF mRNA expression in brain areas involved in the consolidation of olfactory
memory—pyriform and entorhinal cortices (Broad, Mimmack, Keverne, & Kendrick, 2002).
In hippocampal CA1 neuron cultures, BDNF induced a long-term enhancement of excitatory
glutaminergic transmission (Schinder, Berninger, & Poo, 2000; Sherwood & Lo, 1999).

BDNF appears to regulate hippocampal LTP believed to underlie explicit memory in mammals
(Chen, Kolbeck, Barde, Bonhoeffer, & Kossel, 1999; Kovalchuk, Hanse, Kafitz, & Konnerth,
2002; Patterson et al., 1996). A brief pulse of stimulation to any of the major synaptic pathways
increases amplitude of excitatory postsynaptic potentials (EPSPs) in the target hippocampal
neurons. Application of BDNF facilitates LTP (Figurov, Pozzo-Miller, Olafsson, Wang, & Lu,
1996), and its removal depresses LTP (Korte et al., 1995). Restoration of BDNF in BDNF
knock-out mice reversed deficits in LTP (Patterson et al., 1996). LTP in rat dentate gyrus
resulted in elevation of BDNF gene expression (Bramham, Southard, Sarvey, Herkenham, &
Brady, 1996). LTP has a transient early phase and a longer late phase, and BDNF is important
in both phases (Lu & Gottschalk, 2000; Poo, 2001). The mechanism underlying the synaptic
effects of BDNF involves modulation of both synaptic density and the distribution of synaptic
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vesicles within presynaptic terminals of CA1 pyramidal neurons (Tyler & Pozzo-Miller,
2001). BDNF also enhances synaptic transmission by facilitating synaptic vesicle
“docking” (Gottschalk, Pozzo-Miller, Figurov, & Lu, 1998; Xu, Gottschalk, et al., 2000).

With regard to learning, there is evidence for a direct role for BDNF gene expression in spatial
memory in the hippocampus. Training in a radial arm maze, which requires formation of
memories for spatial location, produced an increase in BDNF mRNA expression in the
hippocampus but not in the frontal cortex. When the spatial learning was chemically inhibited,
the increase in BDNF mRNA did not occur (Hall, Thomas, & Everitt, 2000). Finally,
suppression of BDNF synthesis by antisense BDNF impaired spatial learning (Mizuno,
Yamada, Olariu, Nawa, & Nabeshima, 2000).

BDNF also appears to play a role in human memory formation. Weinberger and colleagues
hypothesized that normal variation in the BDNF gene might modulate memory performance.
They assessed the effect of a previously described polymorphism arising from a guanine to
adenine mutation producing a valine to methionine substitution at codon 66 (val66met) (Neves-
Pereira et al., 2002) on the memory of normal individuals, schizophrenics, and their unaffected
siblings (Egan et al., 2003). No relationship between BDNF genotype and schizophrenia
incidence was seen; this was consistent with previous findings (Krebs et al., 2000; Wassink,
Nelson, Crowe, & Andreasen, 1999). However, this group found that BDNF genotype did
significantly affect performance on the Wechsler Memory Scale-R (WMS-R) Logical Memory
Task, a task that requires immediate and delayed recall of a narrative. It was found that met/
met homozygotes showed lower scores than val/val homozygotes or val/met heterozygotes. In
contrast, BDNF genotype did not affect semantic memory—even with a delay—or
performance on the Wisconsin Card Sort Task, a test of combined working memory and
executive function.

In addition to behavioral measures, there is also physiological evidence of BDNF genetic
modulation. Individuals with the low-activity met allele of the val66met polymorphism showed
poorer episodic memory and lower levels of a marker of neuronal integrity in the hippocampus
in vivo (Egan et al., 2003). Hippocampal blood flow was also measured during performance
of a working-memory (n-back) task. The val/met group exhibited an “abnormal” pattern of
increased activation of the hippo-campus, whereas the val/val group showed evidence of
“hippocampal deactivation” (Egan et al., 2003). (There were insufficient numbers of met/met
homozygotes to run in the imaging phase of the study.) The authors interpreted their results as
showing that reduced hippocampal activation during a working-memory task represents
“normal” hippocampal disengagement (Meyer-Lindenberg et al., 2001). Thus, they interpret
increased hippocampal activation as abnormal and decreased hippocampal activation as
normal.

Recent imaging work directly comparing episodic and working memory has shown activation
of hippocampal and parahippocampal regions during both types of memory task (Cabeza,
Dolcos, Graham, & Nyberg, 2002). Electrical activity has been recorded from depth electrodes
in the perirhinal cortex and the hippocampus proper during memory formation (Fernandez et
al., 1999). Imaging studies have also found activation in the parahippocampal gyrus to be
greater during the presentation of items recalled compared to items not recalled on a subsequent
memory task (Brewer, Zhao, Desmond, Glover, & Gabrieli, 1998; Wagner et al., 1998).
Similarly, greater activation was seen in the left anterior hippocampus when objects had to be
remembered along with their locations compared to when only the objects or only the locations
had to be remembered (Mitchell, Johnson, Raye, & D'Esposito, 2000). Navigation through a
virtual reality town was found to activate right hippocampus and right inferior parietal regions
(Maguire et al., 1998). Thus, this literature is somewhat at odds with the finding of Egan et al.
that increased hippocampal activation during a working-memory task suggests pathology.
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Nevertheless, the evidence of Egan et al. is important in showing that normal variation in BDNF
genotype modulates memory performance.

Modulation of Working Memory by Neurotrophic Genes: A Critical Evaluation
The BDNF gene appears to exert its effects at several levels of hippocampal function, including
neuronal, physiological, and behavioral. This elegant work from one laboratory (Egan et al.,
2003; Hariri, Egan, Mattay, Kolachana, & Weinberger, 2002) provides much of the evidence
for cognitive effects of variation in the BDNF gene. The cognitive effects will need to be
replicated and also examined with a range of memory and nonmemory tasks to determine their
specificity.

GENES MODULATING NEURON HEALTH AND PLASTICITY: EFFECTS ON
COGNITION AND AGING

The genes discussed thus far are involved in controlling relatively discrete and specific aspects
of neurotransmission. Those genes with protein products that are receptor subunits—such as
alpha-4 and alpha-7 nAChR subunits—exert effects on the particular cholinergic receptor of
which their subunit is a part. Effects of variation in subunit genes can be predicted to be greatest
on networks mediated by the particular neurotransmitter. More general effects may be exerted
by genes controlling the enzymes that degrade neurotransmitters following release, such as
DBH and COMT. A third category of genetic effects on cognition involves genes that exert
their effects on neuron health and plasticity; these are more likely to have a broad influence.

The best-known gene in this category is apolipoprotein E (apoE), involved in cholesterol
transport and strongly linked to AD risk. The dominant amyloid prediction of AD (Hardy &
Higgins, 1992) leads to the hypothesis that genes with a role in the degradation of beta-amyloid
(Abeta), the substance thought to be the neurotoxic agent of AD, would be candidate genes for
cognitive decline in old age. In addition, genes with a role in neuronal repair would likely be
increasingly expressed in aging or subsequent to brain injury or pathology. One of these, the
insulin-degrading enzyme (IDE) gene on chromosome 10 was prominently reported to be
linked to AD (Bertram et al., 2000; Ertekin-Taner et al., 2000; Myers et al., 2000). Additional
work suggests an AD-susceptibility gene on chromosome 10 with a weak effect on risk of AD
(Blacker et al., 2003), but other laboratories have failed to replicate that association (Abraham
et al., 2001; Boussaha et al., 2002). A recent haplotype analysis suggests a role for IDE variation
only in the absence of the apoE-ε4 allele (Edland et al., 2003).

The ApoE Gene and Mechanisms of Neuronal Repair
The polymorphic apoE gene on chromosome 19 occurs as one of three alleles (ε2, ε3, and ε4),
with mean frequencies in the general population of about 8%, 78%, and 14%, respectively
(Utermann, Langenbeck, Beisiegel, & Weber, 1980). The ε4 allele modifies risk of AD in a
“gene dose” manner, increasing with the number of ε4 alleles inherited from both parents, from
0 (noncarriers) to 1 (heterozygotes) to 2 (homozygotes) (Corder et al., 1993). Whereas 34% to
65% of individuals with AD carry the apoE-ε4 allele, it is present in only approximately 24%
to 31% of the nonaffected adult population (Saunders et al., 1993). Investigators around the
world have confirmed that carriers of the ε4 allele are at increased risk of developing AD
(Farrer et al., 1997; Havlik et al., 2000; Henderson et al., 1995; Katzman et al., 1997; Perry,
Collins, Harrell, Acton, & Go, 2001). In contrast, it has been claimed that carriers of the ε2
allele are at reduced risk of AD (Farrer et al., 1997; Talbot et al., 1994), although there is
disagreement on this point (Sorbi et al., 1994; van Duijn et al., 1995).

The product of the apoE gene is a plasma protein involved in the transport of cholesterol and
other hydro-phobic molecules. ApoE is the principal apolipoprotein in the brain and CSF, and
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its role as a lipid carrier may allow it to remove lipids from degenerating cells and supply lipids
for growing neuronal processes (Rebeck et al., 1998). It has been postulated that glia recycle
cholesterol from degenerating terminals, combine it with apoE, and supply it to neurons
actively engaged in remodeling synapses and extending dendrites (Poirier, 1994). In support
of this view, a complex of apoE and cholesterol has recently been identified as a strong promoter
of synapse development (Mauch et al., 2001; Ullian, Sapperstein, Christopherson, & Barres,
2001).

There is other evidence of a role for apoE in neuronal repair and plasticity. ApoE genotype
affects neurodegenerative diseases other than AD (Chapman, Korczyn, Karussis, &
Michaelson, 2001). Possession of the ε4 compared to the ε3 allele is associated with a poorer
prognosis in individuals with amyotrophic lateral sclerosis (Drory, Birnbaum, Korczyn, &
Chapman, 2001) and with a faster rate of progression in multiple sclerosis (Fazekas et al.,
2001). ApoE-ε4 carriers with traumatic brain injury show poorer recovery (Lichtman, Seliger,
Tycko, & Marder, 2000) and worse memory performance compared to noncarriers, although
they do not differ from each other on injury variables or measures of executive functioning
(Crawford et al., 2002). Similarly, individuals with traumatic head injury show increased risk
of AD if they are apoE-ε4 carriers (Mayeux et al., 1995). Thus, apoE genotype appears to
modulate the brain response to insult generally, consistent with its role in neuronal repair.

The role of apoE in brain repair mechanisms has been studied at the neuronal level. Following
lesions to the entorhinal cortex in mice, the apoE protein was observed to be upregulated in
tandem with clearance of cholesterol and lipid debris from the site of the injury. This may
reflect the redistribution of lipids in the service of neurite extension (White, Nicoll, &
Horsburgh, 2001). Consistent with this finding, entorhinal cortex lesions were followed by
persisting neurodegeneration products in the deafferented hippocampus in apoE knock-out
mice but not in wild-type mice (Fagan et al., 1998).

Moreover, the apoE protein produced by the ε4 allele is less effective at moderating lesion
damage than that produced by the ε3 allele. Transgenic mice with insertions of human apoE-
ε3 or -ε4 alleles underwent lesions of the entorhinal cortex. Post-lesion neurodegeneration in
the dentate gyrus was more pronounced in ε4 compared to ε3 mice. By 90 days post-lesion,
compensatory sprouting in the dentate gyrus had increased 45% in the ε3 mice but only 20%
in the ε4 mice (White, Nicoll, Roses, & Horsburgh, 2001). Similarly, in mouse hippocampal
slice culture, greater apoE-ε3 gene expression was associated with increased sprouting of
granule cell mossy fibers following injury, whereas greater ε4 expression was associated with
decreased sprouting. This was interpreted to indicate actively suppressed regeneration by the
lipoprotein produced by the apoE-ε4 gene (Teter et al., 2002). In human AD patients, apoE
was found to be increased in the hippocampus in ε3 but not in ε4 carriers, also interpreted as
reflecting suppressed neuronal repair mechanisms in ε4 carriers (Glockner, Meske, & Ohm,
2002). This literature documents a role for apoE in repair and recovery mechanisms that are
reduced in effectiveness when the ε4 and not the ε3 allele directs apoE production.

Is there a cognitive phenotype of apoE ε4? Deficient processes of neuronal repair in ε4 carriers
could lead to weaker recovery in the face of brain insult and, thus, eventually to impaired
cognition. Consistent with that view, some studies have found that apoE-ε4 genotype is
associated with cognitive decline in midlife or earlier, potentially decades before average age
of onset of AD in those destined to develop the disease. Thus, the apoE gene may be a genetic
source of individual differences in cognition in otherwise normal individuals experiencing the
perhaps subtle brain insults of normal aging (Greenwood, Sunderland, Friz, & Parasuraman,
2000; Parasuraman, Greenwood, & Sunderland, 2002). If so, then there might be a cognitive
phenotype characteristic of apoE-ε4 carriers that exists independently of AD (Smith et al.,
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1998; Yaffe, Cauley, Sands, & Browner, 1997) and that is the result of inefficient processes
of neuronal repair.

Because apoE genotype is a risk factor for AD, any claim regarding the existence of an apoE-
ε4 cognitive phenotype must distinguish cognitive deficits associated with a phenotype from
those associated with a prodromal stage of AD. There is strong evidence that the ε4 allele is
associated with poorer cognitive performance in nondemented individuals older than age 65
(Feskens et al., 1994; Reed, Carmelli, & Swan, 1994), even when such individuals are selected
as “high functioning” (Bretsky, Guralnik, Launer, Albert, & Seeman, 2003). However, the
most common type of AD—sporadic and nonfamilial—is primarily a disease of old age, and
its prevalence accordingly increases with age (Evans et al., 1989). As a result, any large group
of adults older than age 65 is likely to include some individuals who are in an early stage of
AD (Sliwinski, Lipton, Buschke, & Stewart, 1996). Therefore, the presence of cognitive
decline in a group of elderly ε4 carriers may simply reflect an increased proportion of persons
with undiagnosed, “preclinical” AD in the group.

The existence of a long, prodromal stage of AD is one way to explain evidence that otherwise
healthy elderly individuals possessing an ε4 allele are cognitively impaired relative to
noncarriers (Daffner & Scinto, 2000). It has been estimated that cognitive dysfunction precedes
diagnosis of AD by 5 to 6 years in those who later develop the disease (Fox, Warrington,
Seiffer, Agnew, & Rossor, 1998; Linn et al., 1995). Consistent with this, a sizeable proportion
of ε4 carriers with impaired cognition had converted to AD at follow-up (Bondi, Galaski,
Salmon, & Thomas, 1999; Bondi et al., 1995).

However, not all ε4 carriers develop AD. Only about 50% of ε4 homozygotes—those at greatest
statistical risk of the disease—have developed the disease by the 8th (Myers et al., 1996) or
9th (Henderson et al., 1995) decades. Therefore, weak neuronal repair processes apparently do
not inexorably lead to AD, at least by age 90. Indeed, it has been argued that apoE influences
when, rather than whether, an individual develops the disease (Meyer et al., 1998). AD may
be hastened by weak repair mechanisms, but such fragility could also affect cognition in the
absence of AD. If there were a cognitive phenotype of apoE ε4, at what age would deficient
repair mechanisms in ε4 carriers be manifested in cognitive impairment?

Only a few studies have examined cognitive integrity as a function of apoE genotype prior to
old age. ApoE genotype did not predict intelligence in a study of healthy children between the
ages of 6 and 15 years old (Turic, Fisher, Plomin, & Owen, 2001). However, the apoE-ε4 allele
was associated with greater decline in IQ from age 11 to age 80 (Deary et al., 2002). A group
of individuals of mean age 46 (age range from 24 to 60) carrying at least one ε4 allele showed
cognitive deficits relative to noncarriers on tasks of verbal learning, visual memory, and
attention span (Flory, Manuck, Ferrell, Ryan, & Muldoon, 2000). But these data are certainly
not extensive, and more studies need to be done in younger samples. Nevertheless, they do
point to the possibility that cognitive effects, although not present in children, could possibly
emerge in early adulthood once development is complete (Paus et al., 1999).

We have examined the relationship of apoE-ε4 geno-type to cognitive functioning prior to old
age (Greenwood et al., 2000). We tested a group of medically screened nondemented, middle-
aged, ε4 heterozygotes (mean age 58) who were unimpaired on standard neuropsychological
tests. We found that these healthy individuals nevertheless showed deficiencies in components
of tasks of spatial attention and visual search. On a cued discrimination task (adapted from
Posner's cued detection paradigm), we found that carriers of the apoE-ε4 allele were
particularly slow to respond when the location precue was invalid (Figure 5), an effect termed
“dis-engagement” by Posner and colleagues (Posner, Walker, Friderich, & Rafal, 1984). On a
cued visual search task in which search was required for a target letter whose location was
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precued with varying precision, we found that carriers of the apoE-ε4 allele showed reduced
effects of precue precision compared to noncarriers (Figure 6).

The results of the Greenwood et al. (2000) study are also of interest because the pattern of
attentional impairment in the nondemented sample of apoE-ε4 carriers was qualitatively (but
not quantitatively) the same as those observed in older, clinically diagnosed AD patients
(Greenwood, Parasuraman, & Alexander, 1997; Parasuraman, Greenwood, Haxby, & Grady,
1992).

In a follow-up study, we confirmed and extended these results. We identified three cognitive
processes—visuospatial attention, spatial working memory, and the effect of visuospatial
attention on working memory—and devised tasks as behavioral assays of the integrity of
components of these cognitive processes. The tasks were cued discrimination (Figure 2a),
working memory (Figure 2b), and cued working memory (spatial location precued by means
of cues varying in size and, hence, precision). We observed that ability to redirect visuospatial
attention, retain memory for location, and benefit from precue precision in retention of memory
for location were selectively affected by gene dose (0, 1, or 2) of the ε4 allele. Moreover, ε4
gene dose affected these cognitive processes differently. Attention was affected in a graded
manner such that each additional ε4 allele incrementally slowed disengagement of visuospatial
attention from invalidly cued space and reduced its effects on memory (Figure 7a). In contrast,
apoE geno-type affected working memory performance only in homozygotes (two ε4 alleles;
Figure 7b). In general, apoE genotype selectively affected component processes of cognition
in healthy, middle-aged adults, only some of whom will go on to develop AD later in life
(Henderson et al., 1995). This is consistent with the idea that a cognitive phenotype of the
apoE-ε4 allele emerges in adulthood (Greenwood, Sunderland, Friz, Lambert, & Parasuraman,
2002).

However, not all studies report cognitive deficits in middle-aged ε4 carriers. There are two
possible reasons for this discrepancy. Studies which have observed ε4-related cognitive deficits
in middle-age have either used assessment that is more comprehensive (Caselli et al., 2001;
Flory et al., 2000) or aimed at more specific component processes of cognition (Greenwood
et al., 2002; Greenwood et al., 2000) compared to studies not observing such effects (Plassman
et al., 1997; Reiman, Armstrong, Matt, & Mattox, 1996). Moreover, even when middle-aged
ε4 carriers do not show frank cognitive deficits, compared to noncarriers, they do show
evidence of brain change—specifically, lower association cortex metabolism (Reiman, Caselli
et al., 1996), smaller hippocampal volume (Plassman et al., 1997), and reduced inferotemporal
blood flow related to task performance (Smith, Andersen, et al., 1999). Individuals diagnosed
as having “mild cognitive impairment,” a possible prodromal stage of AD, show reductions in
cholinergic basal forebrain receptors compared to age-matched controls. Moreover, in
postmortem tissue, the number of receptors on cholinergic nucleus basalis neurons was
correlated with performance in life on tests of working memory and attention (Mufson et al.,
2002). This evidence does indicate some decline in brain integrity in ε carriers as early as
middle age.

Modulation of cognition by apoE: A critical evaluation. Evidence that there are consequences
for brain structure and cognition from apoE genotype is fairly convincing. However, the
question remains, as posed above, to what extent these consequences are the result of a long
prodromal phase of AD as opposed to a cognitive pheno-type. In fact, this point may be moot.
As discussed above, to the extent that apoE is important in neuronal repair, differences in
efficiency of repair related to apoE genotype could affect neuronal integrity at some point in
adulthood once environmental insult and aging begin to exert their effects. If so, then a
cognitive pheno-type associated with the apoE-ε4 allele would actually be a consequence of
inefficient neuronal repair, whatever the cause of insult.
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Estrogen Receptor Genes
Physiological and cognitive effects of estrogen. Estrogen appears to have broad excitatory and
neuroprotective effects on neurons in the brain. In the basal forebrain cholinergic system,
estrogen replacement in ovariectomized female rats leads rapidly (within 24 hours) to increased
production of choline acetyltransferase (ChAT; Luine, 1985; Luine, Park, Joh, Reis, &
McEwen, 1980), an enzyme important in the neurochemical pathway of acetylcholine. Over
longer periods of administration (up to 28 weeks), a decline in choline uptake subsequent to
ovariectomy was partially prevented by estrogen replacement. Estrogen has also been shown
to enhance the strength of hippocampal LTP (Cordoba Montoya & Carrer, 1997), and,
consequently, to enhance learning dependent on hippocampal integrity (Luine, Richards, Wu,
& Beck, 1998).

Estrogen stimulates neuronal growth, exerting strong effects on synapse formation on dendritic
spines in the hippocampus (Murphy, Cole, & Segal, 1998; Woolley & McEwen, 1992).
Moreover, estrogen has recently been found to promote neurogenesis in the adult rat hippo-
campus, both experimentally and during natural estrus (Tanapat, Hastings, Reeves, & Gould,
1999).

Estrogen also has a neuroprotective role in the brain. Pretreatment with estrogen protects
against neuronal death following such brain insults as stroke and head injury (reviewed in
Wise, Dubal, Wilson, Rau, & Bottner, 2001). Moreover, following neuronal insult, there is
upregulation of both estrogen synthesis (Garcia-Segura, Azcoitia, & DonCarlos, 2001) and
estrogen receptor expression at the site of injury (Dubal, Shughrue, Wilson, Merchenthaler, &
Wise, 1999). Estrogen promotes hippocampal neuron survival (Diaz Brinton et al., 2000) and
protects against ovariectomy-induced loss of BDNF expression in the hippocampus (Singh,
Meyer, & Simpkins, 1995). In humans, such estrogenic neuroprotection is seen in better
recovery by woman compared to men following brain injury; this is attributed to naturally
produced estrogens (Groswasser, Cohen, & Keren, 1998).

The neuroprotective properties of estrogen may also underlie its role as one of the few
substances that modify risk of AD. This has been studied in women undergoing what is termed
hormone replacement therapy (HRT) in which estrogen, alone or combined with a progestin,
is prescribed for the symptoms of menopause. There is evidence that HRT in postmenopausal
women delays or prevents the onset of AD. Some of this evidence comes from observational
studies that consistently report that among nondemented elderly women, HRT users show
better cognition (Resnick, Metter, & Zonderman, 1997; Yaffe, Haan, Byers, Tangen, & Kuller,
2000) and lower risk of AD (Kawas, Resnick, & Morrison, 1997). Cross-sectional studies in
healthy, nondemented postmenopausal women have found that verbal memory in particular is
relatively preserved in HRT users compared to nonusers (Kampen & Sherwin, 1994; Sherwin,
1997). This finding has been confirmed by longitudinal studies (Maki & Resnick, 2000;
Resnick et al., 1997). However, all these studies are limited by self-selection of the population
to HRT use, by the different estrogen/progestin formulations used, and by the common use of
nonspecific cognitive assessment.

Better evidence comes from randomized controlled trials in which women are randomly
assigned to either HRT or placebo. A recent review of such studies has tentatively concluded
that verbal memory is selectively preserved in postmenopausal women on estrogen
replacement (Sherwin, 2002). A more rigorous meta-analysis of randomized controlled trials
—in all of which the estrogen was unopposed by a progestin—concluded that mainly verbal
memory improved only in those HRT users who were experiencing symptoms of menopause.
A separate meta-analysis of the observational studies showed lower relative risk of AD in HRT
users (LeBlanc, Janowsky, Chan, & Nelson, 2001). A study in which young women served as
their own controls found deficits in verbal but not visual memory during ovarian suppression
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for uterine myomas. This verbal memory deficit was reversed in those randomly assigned to
“add-back” estrogen after 3 months but not in those assigned to placebo (Sherwin & Tulandi,
1996). Similar results were observed in a study of young women undergoing surgical
menopause (Phillips & Sherwin, 1992; Sherwin & Phillips, 1990).

As mentioned above, one problem with the literature assessing effects of estrogen on cognition
using HRT arises from variation from study to study in the specific formulations of estrogen
and progesterone used. Two new reports from the Women's Health Initiative Memory Study
(WHIMS) examined cognitive change and dementia incidence in older women after 4 years
of randomly assigned administration of a specific HRT formulation. In contrast to the animal
literature documenting a neurotrophic effect of estrogen and the clinical literature showing a
benefit of estrogen on cognition, this study found a cost associated with a combination of a
conjugated equine estrogen and medroxyprogesterone acetate. This cost was seen both in lower
Modified Mini-Mental State Exam performance (Rapp et al., 2003) and greater incidence of
dementia, particularly vascular dementia (Shumaker et al., 2003), compared to women not
assigned to HRT.

Although a sizeable literature documents the benefits of estrogen on the brain, there has been
little work done on the cognitive effects of various clinically used progestins administered in
combination with estrogen to inhibit uterine proliferation. Brinton and colleagues reported that
whereas the progestin used in the WHIMS study (medroxyprogesterone acetate) completely
counteracted the physiologic effects of estrogen on CA+ flow in hippocampal cell culture, a
natural progesterone did not (Nilsen & Brinton, 2003). In rats, estrogen alone increased basal
forebrain cholinergic function whereas estrogen administered with progesterone did not
(Gibbs, 2000). Similarly, monkeys treated with conjugated equine estrogen combined with
medroxyprogesterone acetate showed reduction in cholinergic enzymes (choline
acetyltransferase and acetylcholinesterase). Treatment with estrogen alone did not have this
effect (Gibbs, Nelson, Anthony, & Clarkson, 2002). In humans, an observational study found
that users of unopposed estrogen experienced greater improvement in global cognition, abstract
reasoning, and category fluency than never-users. In contrast, users of estrogen plus
medroxyprogesterone acetate showed decline in global cognition and mental tracking (Rice et
al., 2000).

Medroxyprogesterone acetate has also been shown to antagonize estrogen's inhibitory effects
on coronary artery atherosclerosis (Adams, Register, Golden, Wagner, & Williams, 1997;
Register, Adams, Golden, & Clarkson, 1998). An accompanying editorial to the two WHIMS
studies raised the possibility that medroxyprogesterone acetate could be a factor in the
observation that vascular dementia largely explains the increased incidence of dementia in the
HRT users (Yaffe, 2003). To fully understand the effect of HRT on cognitive aging, future
work will need to assess effects of estrogen and progesterone independently. The large-scale
WHIMS estrogen-alone trial that is currently ongoing (Shumaker et al., 1998) will provide
important evidence on the effect of unopposed estrogen on cognitive aging.

Neuroprotection by estrogen may be partly mediated by changes in cerebral blood flow, which
has been shown to increase over time in postmenopausal women on HRT (10 of whom were
on estrogen, 6 on estrogen plus progesterone; (Maki & Resnick, 2000). In a rigorous
randomized, double-blind, placebo-controlled, crossover trial in postmenopausal women,
estrogen alone was shown to heighten blood flow changes during working-memory tasks
(Shaywitz et al., 1999).

It has been hypothesized that an estrogen-signalling pathway may contribute to risk of AD. In
cell culture, physiologic levels of estrogen reduce production of the putative AD neurotoxin
A beta in cerebrocortical neurons (Xu et al., 1998). Moreover, the estrogen-induced increase
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in synaptic sprouting following lesions to dentate gyrus appears to be dependent on normal
apoE gene expression (Stone, Rozovsky, Morgan, Anderson, & Finch, 1998). Estrogen
attenuates the excitotoxicity and oxidative injury induced by Abeta on hippocampal neurons
(Goodman, Bruce, Cheng, & Mattson, 1996). Women carrying one apoE-ε4 allele are at greater
risk of developing AD compared with men with the same genotype (Breitner et al., 1999;
Hendrie et al., 2001).

This literature documents both the cognitive effects of estrogen and the physiological bases of
those effects. Although the behavioral data suggest that verbal memory shows the greatest
benefit of estrogen, that finding could be the result of differences in task sensitivity. Although
the physiologic evidence suggests hippocampal-dependent functions might show particular
effects of estrogen (Murphy, Cole, Greenberger, & Segal, 1998; Murphy, Cole, & Segal,
1998; Tanapat et al., 1999), the blood flow data (Shaywitz et al., 1999) and the brain injury
data (Dubal et al., 1999; Goodman et al., 1996; Groswasser et al., 1998) would predict more
global effects. The neurophysiologic effects of estrogen in the brain make genes controlling
its receptors attractive candidates for individual differences in cognition.

Estrogen receptor genes and cognition. Two types of estrogen receptors are known to reside
in cell nuclei—ER-alpha and ER-beta—with overlapping distributions in the brain. The ER-
alpha receptor is expressed in the hypothalamus and the amygdala. The ER-beta receptor is
expressed mostly in the hippocampal formation, the entorhinal cortex, and the thalamus
(Osterlund & Hurd, 2001), all regions important in memory formation. However, the
neuroprotective properties of estrogen have been linked to ER-alpha (Wise et al., 2001).
Although ER-alpha mRNA is not normally expressed in the cerebral cortex of adult rats
(Shughrue, Scrimo, Lane, Askew, & Merchenthaler, 1997), Wise and colleagues have
demonstrated that ER-alpha, but not ER-beta, is selectively and markedly upregulated
following cerebral ischemia (Dubal et al., 1999).

Based on this strong evidence for estrogenic neuroprotection (reviewed in McEwen, 2001),
particularly with regard to Abeta (Goodman et al., 1996; Xu et al., 1998), the ER receptor genes
have been investigated as candidate genes for AD. Two restriction fragment length
polymorphisms of the ER-alpha gene have been identified. The alleles of these genes are termed
Pp (PvuII gene) and Xx (Xba1 gene) (Albagha, McGuigan, Reid, & Ralston, 2001; Maruyama
et al., 2000). The PvuII restriction site results from a T-to-C substitution (T25C) and the XbaI
site from an A-to-G substitution (A20G). The x allele is more active than the X allele
(Maruyama et al., 2000). Using a case-control design, these polymorphisms were found to
affect the risk of AD in both a Japanese (Isoe, Ji, Urakami, Adachi, 1997) and a Caucasian
population (Brandi et al., 1999). This finding could not be replicated in another investigation
using both types of populations (Maruyama et al., 2000). However, when the two ER-alpha
polymorphisms were examined together with the apoE polymorphism, increased risk of AD
was seen in individuals with at least one ε4 allele and the xpxp ER-alpha genotype (Brandi et
al., 1999; Mattila, Rinne, Roytta, Laippala, & Lehtimaki, 2002). Lambert et al. (2001) found
no effect of either ER-alpha or ER-beta polymorphisms alone, but they did find an effect of
their interaction. Taking a different approach, Yaffe, Lui, Grady, Stone, and Morin (2002)
investigated the effect of the ER-alpha polymorphism on cognition in nondemented older
women. The Modified Mini-Mental State Exam (Teng & Chui, 1987) was administered
initially and 6 to 8 years later. Elderly women who developed cognitive impairment over the
6 to 8 years were more likely to have a p allele or an x allele (Yaffe et al., 2002). This small
literature suggests that ER receptor polymorphisms might have a modulating role in cognitive
decline in healthy aging.

Modulation of cognition by estrogen receptor genes: A critical evaluation. There is convincing
evidence of a modulating effect of estrogen on cognition and on neuronal protection, with the
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former perhaps mediated by the latter. The work on two known polymorphisms in the ER-
alpha gene is preliminary, but the possible interaction with apoE suggests a role in cognitive
aging.

DISCUSSION AND CONCLUSIONS
In this article, we have reviewed evidence that normal variation in single genes can modulate
specific cognitive functions. It has been known for some time that SNPs can affect cognition
but mainly in the context of devastating brain disease such as Huntington's and Alzheimer's
diseases. The question we addressed here was whether, in the absence of frank disorder, some
polymorphisms modulate cognitive functions within normal limits. The evidence clearly points
to a positive answer to this question. Hence, one main conclusion is that allelic variation in
specific single genes can be reliably linked to individual differences in particular components
of cognition in healthy adults. However, much remains to be learned about the specificity,
generality, and replicability of the effects reported to date.

It must be acknowledged that the question assumes a strict division between health and disease,
whereas there may be a continuum between normal variation and disorder. The 7-repeat allele
of the DRD4 polymorphism illustrates this point. This polymorphism is associated with a
disorder (ADHD) but also with a normal personality trait (novelty seeking) (Benjamin et al.,
1996) as well as the efficiency of executive attention in healthy adults (Fossella et al., 2002).
Moreover, as discussed above, there is recent evidence that the 7-repeat allele confers an
evolutionary advantage that may be related to the variation in its world-wide distribution (rare
in Asia, common in South America; Ding et al., 2002). It has been speculated that this
distribution is attributable to increased likelihood of migration in 7-repeat carriers (Chen,
Burton, et al., 1999), which may be consistent with a trait of novelty seeking. Thus, for this
gene, the difference between normal variation and cognitive disorder may be largely a matter
of degree.

Although the field (one might call it cognitive neurogenetics) is in an early stage, there appear
to be at least several genes that contribute to individual differences in specific cognitive
functions. In this review, we considered gene products that vary in hypothesized effect
specificity, from neurotransmitter receptors (e.g., DRD4) to agents with a role in
neuroplasticity (e.g., apoE). This approach makes the assumption that a gene controlling one
receptor will have effects limited to that receptor, whereas a gene controlling mechanisms of
neuronal repair will have more widespread effects. If so, behavioral effects would follow a
similar pattern of specificity and generality, respectively (see Figure 1). It might be argued that
this approach can be overstated. A polymorphic gene affecting one receptor type could exert
effects in brain regions with a distribution of that receptor type but could also exert effects
downstream of that receptor. For example, nicotine influences dopamine release (reviewed in
Levin & Simon, 1998), and BDNF mediates effects of estrogen on neuronal sprouting (Murphy,
Cole, & Segal, 1998). However, given the newness of the field of the molecular genetics of
cognition, the framework presented in Figure 1 can be used as a working hypothesis to drive
future studies.

There is some evidence that genes controlling receptor functions can exert very specific effects.
The CHRNA7 gene controls part of a cholinergic receptor, and a polymorphism in that gene
has been associated in a number of studies with altered cortical electrophysiology in
schizophrenics and their relatives (Freedman et al., 1997). However, the relation between the
P50 defect and symptoms of schizophrenia remain obscure, and there has been only limited
work on the cognitive consequences of that polymorphism (Cullum et al., 1993).

Similarly, the gene controlling the neurotrophin BDNF could be predicted to exert effects
specific to hippocampal-dependent memory formation based on the gene's role in hippocampal
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LTP (Xu, Gottschalk, et al., 2000), neurotransmitter release (Kovalchuk et al., 2002; Tyler &
Pozzo-Miller, 2001), and memory formation (Hall et al., 2000; Mizuno et al., 2000). Consistent
with this, the BDNF gene appears to modulate olfactory-dependent memory in sheep (Broad
et al., 2002), hippocampal blood flow (Hariri et al., 2002), and both episodic (Egan et al.,
2003) and incidental (Hariri et al., 2002) memory in humans. Some specificity is suggested by
findings that the BDNF gene does not modulate semantic memory on the WCST (Egan et al.,
2003), which taxes both working memory and executive function. Further work will be needed
to extend these findings to nonschizophrenics and to cognitive functions less strongly linked
to hippocampal function. For example, as BDNF appears to have both a central and peripheral
role in pain modulation (Bennett, 2001; Xu, Li, Li, Ruan, & Liu, 2000; Zhu, Friess, Wang,
Zimmermann, & Buchler, 2001), it exerts neurotrophic effects outside the hippocampus.
Moreover, the extant work has examined only a limited range of cognitive functions.

Somewhat broader effects could be hypothesized for polymorphisms in genes directing
production of a neurotransmitter enzyme. The COMT gene controls an enzyme in the
degradation path of dopamine. Although cognitive effects of the val158met COMT
polymorphism have been reported, only one study has considered the breadth of that effect in
healthy individuals. That study found effects on attention but not memory (Bilder et al.,
2002), suggesting some specificity. However, a larger role in the brain is indicated by a report
that the same COMT polymorphism modulating cognition also affects responsiveness to pain
(Zubieta et al., 2003). Moreover, this COMT polymorphism affects risk of alcoholism
(Tiihonen et al., 1999), schizophrenia (Egan et al., 2001; Li et al., 2000), and incidence of
schizotypy (Avramopoulos et al., 2002), although not risk of mood disorders (Kirov et al.,
1999) or ADHD (Hawi et al., 2000; Manor et al., 2000). This suggests wide effects on the
dopamine system as might be expected of a gene that controls a dopamine-degrading enzyme.

Estrogen receptor genes might be expected to have both specific and broad effects, consistent
with estrogen's dual roles in neuroprotection (Dubal et al., 1999; McEwen, 2001) and memory
formation (Cordoba Montoya & Carrer, 1997; Luine et al., 1998). Consistent with a broad
effect is evidence that a polymorphism in the ER-alpha gene modulates risk of AD (Brandi et
al., 1999; Lambert et al., 2001; Mattila et al., 2002), although the evidence is inconsistent
(Maruyama et al., 2000). We are aware of only one study examining cognition as a function
of ER-alpha genotype. Consistent with a wide role for estrogen on neuronal health, age-related
changes in cognitive integrity (broadly defined) appeared to be influenced by an ER-alpha
polymorphism (Yaffe et al., 2002). These results suggest broad effects consistent with
neuroprotection.

Polymorphisms may also be expressed unevenly over the lifespan. Genes with a role in
neuronal support and repair functions—such as the AD-susceptibility gene apoE, the estrogen
receptor gene ER-alpha, and the neurotrophic gene BDNF—might be expressed most strongly
in response to demand for neuronal repair, such as in the presence of aging or following brain
injury. Consistent with that view, although apoE genotype does not appear to influence
cognition in youth (Turic et al., 2001), it has been consistently shown to affect cognitive
integrity in old age (Bondi et al., 1995; Feskens et al., 1994; Reed et al., 1994), and there is
some evidence that it affects cognition and brain structure within normal ranges in middle age
as well (Flory et al., 2000; Greenwood et al., 2000; Plassman et al., 1997; Reiman, Caselli et
al., 1996; Reiman et al., 1998). BDNF, another neurotrophic gene, might be expected to play
a particular role in hippocampal integrity with aging. Polymorphisms in the BDNF gene have
been associated with late-onset AD (Kunugi et al., 2001) and late-onset schizophrenia (Krebs
et al., 2000). However, we are unaware of studies examining the role of this gene in cognitive
aging. Finally, as mentioned above, the ER-alpha gene, also with neurotrophic functions,
appears to modulate cognition in old age (Yaffe et al., 2002).
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For each candidate gene, we have reviewed the evidence linking that gene to disease, noting
the discrepancies in the literature, with some studies finding disease associations and others
not. The DRD4 literature, reviewed briefly above, is a good example of this. A recent large-
scale meta-analysis finds that such diversity of results is not unusual in the genetic
epidemiology literature (Ioannidis et al., 2001). Applying meta-analytic methods to 370 studies
examining associations with 36 genes, it was found that the strongest effects were usually seen
by the first study reporting an association. The authors suggest both publication bias and
population diversity as factors. Therefore, evidence from association studies should perhaps
be considered only when findings are at least somewhat consistent or when meta-analyses have
been conducted—for example, for DRD4 (Faraone et al., 2001).

The allelic association approach to genetic effects on cognition may have the same limits. If
the apoE literature can be taken as an example, most studies of elderly apoE-ε4 carriers do find
cognitive deficits, and studies of middle-aged apoE-ε4 carriers similarly find evidence either
of cognitive deficits or brain change (reviewed above in subsection titled “Is there a cognitive
phenotype of apoE ε4?”). It is acknowledged that apoE may exert an unusually strong effect.
Nevertheless, other polymorphisms have shown genotype effects on cognition with relatively
small samples. To be specific, Fossella et al., (2002) observed significant effects of DRD4
genotype on cognition with 220 participants. Whereas Egan et al. (2001) observed significant
effects of COMT genotype on cognition with 274 participants, Malhotra et al. (2002) required
only 73. This latter sample size is comparable to that of 97 reported by Greenwood et al.
(2000) for apoE. As discussed above, the effect size obtained may depend on the sensitivity of
the assessment. Egan et al. used the complex WCST, whereas Bilder et al. (2002) used more
focused tests aimed at specific processes and obtained significance with an N of 58, only 7 of
whom had the met/met genotype. These sample sizes can be contrasted with those used in
studies of association with diagnosis, which typically number in the thousands (see Ioannidis
et al., 2001). This indicates that specific aspects of cognition show genetic modulation with
medium effect sizes (Table 1). However, the issue of replicability will not be resolved without
both additional work and meta-analyses.

Individual differences in cognition have long been recognized to exist. The small but emergent
and growing literature using the allelic association approach indicates that such individual
differences may owe something to what is viewed as normal genetic variation. Future work
assessing genetic effects on cognitive processes would benefit from selecting genes based on
links to known brain networks, as in the genetic studies of visuospatial attention and working
memory reviewed in this article. Such links can provide a reliable foundation for relating
particular genetic polymorphisms to cognitive functions.
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Figure 1.
Schematic of the Relation Between a Hypothetical Gene With a Behaviorally Relevant
Polymorphism and Specific or General Effects on Cognition (the possible intermediate steps
between genotype and phenotype are indicated).
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Figure 2.
Schematic of a Directed-Attention Task and a Working-Memory Task. NOTE: (a)
Schematic of a directed-attention task with central, symbolic arrow cues indicating the possible
future location of a target letter. A speeded decision is required, indicating whether the target
is consonant or vowel. (b) Schematic of a working-memory task in which the location of 1, 2,
or 3 dots had to be remembered over a 3 sec delay. A decision is required about whether the
test dot (shaded dot) appeared in the same location as one of the target dots (black dots).
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Figure 3.
Response Times (RT) in a Cued Letter Discrimination Task. NOTE: (a) RT plotted as a
function of CHRNA4 genotype (group sample sizes: T/T n= 63; T/C n= 25; C/C n= 18) for
costs of invalid cues (Invalid – Neutral RT) and benefits of valid cues (Neutral – Valid RT);
(b) RT plotted as a function of cue validity and DBH genotype (group sample sizes: G/G n=
18; G/A n= 33; A/A n= 13).
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Figure 4.
Accuracy in a Spatial Working-Memory Task Plotted as a Function of Number of
Locations to be Remembered Over a 3 Second Delay. NOTE: (a) DBH genotype (group
sample sizes: A/A n= 17; A/G n= 35; G/G n= 12. (b) CHRNA4 genotype (group sample sizes:
T/T n= 19; T/C n= 18; C/C n= 19).
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Figure 5.
(a) Response Times (RT) in a Cued Letter Discrimination Task Plotted for the ε2, ε3, and
ε4 ApoE Genotype Groups as a Function of Cue Validity and SOA, and (b) the Total Cue
Validity Effect (Invalid – Valid RT) for Each ApoE Group and SOA. SOURCE: (d) From
Greenwood, Sunderland, Friz, and Parasuraman, 2000. NOTE: ApoE = apolipoprotein E; SOA
= stimulus onset asynchrony. (a) 200 ms, (b) 500 ms, and (c) 2000 ms.
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Figure 6.
(a) Visual Search Response Times (RT) Plotted as a Function of Cue Size for the ε2, ε3,
and ε4 Genotype Groups, and (b) the Calculated Slope Measures of the Effects of Precue
Precision for the Three Groups for the Feature and Conjunction Search Tasks. SOURCE
= From Greenwood, Sunderland, Friz, and Parasuraman, 2000.
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Figure 7.
Results of the Follow-Up to the Study Shown in Figure 5. NOTE: (a) Response time (RT)
from cued discrimination task plotted for each apoE group. (b) Accuracy from spatial working-
memory task plotted for each apoE group (see text for explanation). Group sample sizes: 0 ε4:
n = 113; 1 ε4: n = 52; 2 ε4: n = 12.
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Table 1
Effect Sizes for Cognitive Allelic Association Studies

Gene
Allele With
Cognitive

Effects
Task f

a Source of Data

ApoE     ε4 (a) cued discrimination (b) word pair
recall, digit symbol

(a) .14 (b) .
42

(a) Greenwood, Sunderland,
Friz, and Parasuraman, 2000 (b)
Flory, Manuck, Ferrell, Ryan,
and Muldoon, 2000

BDNF Val66met     met (a) WMS
b
 delayed recall (b) scene

recognition
(a) .26 (b) .
46

(a) Egan et al., 2003 (b) Hariri et
al., 2003

COMT val158met     met (a) WCST
c
 (b) processing speed/

attention
(a) .41 (b) .
42

(a) Egan et al., 2001 (b) Bilder
et al., 2002

DBH G444A     A memory for location .19 Greenwood, Fossella, and
Parasuraman, 2003

DRD4 exon 3 VNTR     7-
repeat (a)attentional orienting (b) RT .29 (a) Fossella et al., 2002 (b)

Swanson et al., 2000
DRD1 A-48G     G novelty seeking questionnaire .68 Limosin, Loze, Rouillon, Ades,

and Gorwood, 2003
CHRNA4 C1545T     both? cued discrimination .30 Greenwood et al., 2003

a
Cohen's method for unequal sample sizes (Cohen, 1988).

b
WMS = Wechsler Memory Scale.

c
WCST = Wisconsin Card Sort Test.
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