
Effects of Apolipoprotein E Genotype on Spatial Attention,

Working Memory, and Their Interaction in Healthy, Middle-Aged

Adults: Results From the National Institute of Mental Health’s

BIOCARD Study

P. M. Greenwood,

Catholic University of America

Chantal Lambert,
Catholic University of America and National Institute of Mental Health

Trey Sunderland, and

National Institute of Mental Health

Raja Parasuraman
Catholic University of America

Abstract

The cognitive consequences of the apolipoprotein E–ɛ4 (APOE-ɛ4) allele were examined in middle

age, before likely onset of symptoms of Alzheimer’s disease. The authors identified 3 cognitive

processes—visuospatial attention, spatial working memory, and the effect of visuospatial attention

on working memory—and devised “behavioral assays” of the integrity of components of these

processes. Redirecting visuospatial attention, retention of memory for location, and attentional

modulation of memory of target location were affected by APOE genotype. Visuospatial attention

showed additive effects of ɛ4 gene dose; each additional ɛ4 allele inherited further slowed

disengagement from invalidly cued space. In contrast, working memory performance was affected

only in ɛ4 homozygotes. Effect sizes for the APOE gene were moderate to large, ranging from 14%

to 24%. Effects of APOE genotype on component processes of cognition in healthy, middle-aged

adults is consistent with the emergence in adulthood of an APOE-ɛ4 cognitive phenotype.
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Understanding the genetic basis of individual differences in both general and specific cognitive

abilities has long been an important goal of research in behavioral genetics (Plomin, DeFries,

McClearn, & McGuffin, 2001). Further progress toward this goal has been achieved recently

by linking specific polymorphisms to information-processing components underlying

cognitive performance (Egan et al., 2001; Greenwood, Sunderland, Friz, & Parasuraman,

2000; Swanson et al., 2000). Rather than use broadly conceived, standardized

neuropsychological tests, some investigators have developed more sensitive “behavioral
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assays” of component processes of cognition that can be linked to the activation of different

brain networks. Notably, Posner and colleagues have hypothesized the existence of three

attentional networks that can be distinguished anatomically and neurochemically and have

developed a set of tasks aimed at behavioral assessment of both the integrity (Fan, McCandliss,

Sommer, Raz, & Posner, 2002) and the genetic mediation (Fan, Wu, Fossella, & Posner,

2001; Fossella et al., 2002) of each network.

Using a similar approach, we have sought to understand the effects of the apolipoprotein E

(APOE) gene on the component processes of cognition (Greenwood et al., 2000). This gene is

known to be related to the risk of late-onset Alzheimer’s disease (AD) in older adults (Corder

et al., 1993; Henderson et al., 1995). However, there is also evidence that this gene may

influence cognition in individuals without dementia prior to old age (Greenwood et al., 2000;

Parasuraman, Greenwood, & Sunderland, 2002). Therefore, we were interested in determining

which components of cognition are affected by normal variation of this gene in healthy adults.

The APOE gene is inherited as one of three alleles, termed ɛ2, ɛ3, and ɛ4, with mean frequencies

in the general population of about 8%, 78%, and 14%, respectively (Utermann, Langenbeck,

Beisiegel, & Weber, 1980). The degree of risk of AD conferred by APOE-ɛ4 rises in a “gene

dose” manner, increasing with the number of ɛ4 alleles inherited, from zero (noncarriers), to

one (heterozygotes), to two (homozygotes; Corder et al., 1993). Because AD usually appears

late in life and progresses slowly, the APOE-ɛ4 allele may exert its effects prior to the clinical

diagnosis of AD. Consistent with this view is research showing that older carriers of the ɛ4
allele who do not have dementia nevertheless do show cognitive deficits. For example, men

over age 70 declined in performance on the Mini-Mental State Examination (MMSE; Folstein,

Folstein, & McHugh, 1975) over a 3-year period in a manner related to ɛ4 gene dose: greatest

in homozygotes, intermediate in heterozygotes, and least in noncarriers (Feskens et al.,

1994). Nor are deficits seen only on general function tests such as the MMSE. Specific

cognitive processes, such as episodic memory, have also been found to be impaired in older

ɛ4 carriers compared with noncarriers (Bondi et al., 1995).

The most common type of AD—sporadic and nonfamilial—is primarily a disorder of old age,

and its prevalence increases with age (Evans et al., 1989). As a result, any large group of adults

over 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

older adult ɛ4 carriers may simply reflect an increased proportion of persons with undiagnosed,

preclinical AD. That otherwise healthy older individuals possessing an ɛ4 allele are cognitively

impaired relative to noncarriers suggests the existence of a prodromal stage of AD (Daffner &

Scinto, 2000). Researchers have estimated that cognitive dysfunction precedes diagnosis of

AD by 4–6 years in those who develop the disease (Fox, Warrington, Seiffer, Agnew, & Rossor,

1998; Linn et al., 1995). Confirming this finding, Small, Fratiglioni, Viitanen, Winblad, and

Backman (2000) observed that individuals eventually diagnosed with AD showed rates of

cognitive change from 6 to 3 years prior to diagnosis that were similar to those in individuals

who did not develop AD. In contrast, there was a precipitous decline beginning about 3 years

prior to diagnosis.

Cognitive deficits associated with APOE-ɛ4 are not confined to older adults. They may also

occur as early as midlife, a decade or more before the likely onset of symptoms of AD in those

destined to get the disease. A group of individuals with a mean age of 46 (range = 24–60) and

with at least one ɛ4 allele showed cognitive deficits relative to noncarriers on tasks of verbal

learning, visual memory, and attention span (Flory, Manuck, Ferrell, Ryan, & Muldoon,

2000). Greenwood et al. (2000) found that a medically screened group of middle-aged ɛ4
homozygotes without dementia (mean age = 58) who were unimpaired on standard

neuropsychological tests nevertheless showed deficiencies in components of tasks of spatial
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attention and visual search. The results of the Greenwood et al. study are of particular interest

because the pattern of attentional impairment in their sample of APOE-ɛ4 carriers without

dementia was qualitatively (but not quantitatively) the same as those observed in older,

clinically diagnosed AD patients (Parasuraman, Greenwood, Haxby, & Grady, 1992).

Moreover, even when frank neuropsychological deficits are not seen (Plassman et al., 1997;

Reiman et al., 1996), there are subtle but distinct brain changes in middle-aged ɛ4 carriers

compared with age-matched noncarriers. Reduced hippocampal volume has been observed in

APOE-ɛ4 heterozygotes with mean ages of 55 (R. M. Cohen, Small, Lalonde, Friz, &

Sunderland, 2001) and 63 (Plassman et al., 1997). In addition to finding brain structural

variation, researchers using positron emission tomography have also found evidence of

hypometabolism of association cortex in ɛ4 homozygotes with a mean age of 55.4 (Reiman et

al., 1996) and, surprisingly, in ɛ4 heterozygotes with a mean age of 30.7 (Reiman et al.,

2004). (For a review of cognitive and neural changes associated with APOE-ɛ4 in healthy

adults, see Parasuraman et al., 2002.)

Such findings suggest that a cognitive phenotype of APOE could exist independently of the

eventual development of AD. Possession of the ɛ4 allele is far from a guarantee of later

dementia, given that only about 50% of ɛ4 homozygotes have developed AD by age 80 (Meyer

et al., 1998) or 90 (Henderson et al., 1995). Thus, although not all ɛ4 carriers will develop AD,

as a group they exhibit altered cognition prior to old age. This suggests either brain development

or age-related brain change phenotypic of the allele. There is some evidence that in youth a

cognitive phenotype exists in those individuals destined to develop AD late in life. Individuals

diagnosed with AD in old age had lower IQs at age 11 (Whalley et al., 2000) and lower “idea

density” in written work at age 20 (Snowdon et al., 1996), compared with individuals who did

not later develop AD. Carriers of a tau mutation on Chromosome 17 linked to an inherited

dementia have specific cognitive deficits in the third decade, compared with noncarriers in the

same family (Geschwind et al., 2001). Like the tau mutation, the APOE gene might influence

brain functioning only in adulthood. The APOE-ɛ4 allele does not affect IQ in childhood

(Turic, Fisher, Plomin, & Owen, 2001), although it is associated with greater cognitive decline

from youth to old age (Deary et al., 2002) and greater memory and verbal comprehension

impairments in AD (Smith et al., 1998). This evidence suggests that the APOE-ɛ4 cognitive

phenotype detected in midlife is related to maintenance of brain integrity in adulthood.

Consistent with an APOE-ɛ4-related reduction in brain and cognitive integrity beginning in

midlife is evidence that the protein product of the APOE gene—termed apoE—plays a role in

neuronal plasticity and repair (Arendt et al., 1997; Fagan et al., 1998; Krzywkowski et al.,

1999). A complex of apoE and cholesterol is a strong promotor of synapse development (Mauch

et al., 2001). Further, apoE is upregulated in tandem with clearance of cholesterol and lipid

debris from the site of the injury following lesions to the entorhinal cortex in mice. This may

reflect the redistribution of lipid in the service of neurite extension (White, Nicoll, &

Horsburgh, 2001). Such processes appear to be reduced in effectiveness when the ɛ4 and not

the ɛ3 allele directs apoE production (White, Nicoll, Roses, & Horsburgh, 2001). That greater

APOE-ɛ3 allele expression was associated with increased sprouting of hippocampal granule

cell mossy fibers, whereas greater ɛ4 allele expression was associated with decreased sprouting

after injury, has been interpreted to indicate that the lipoprotein produced by the APOE-ɛ4
allele actively suppresses regeneration (Teter et al., 2002). This is evidence for a role for apoE

in repair and recovery following brain injury.

Consistent with that evidence are findings that the APOE genotype affects prognosis in several

neurologic disorders, namely, amyotrophic lateral sclerosis (Drory, Birnbaum, Korczyn, &

Chapman, 2001) and multiple sclerosis (Fazekas et al., 2001), and following head injury

(Crawford et al., 2002). This evidence suggests that the APOE gene may modulate the response
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to brain insult generally. If so, then effects of the APOE genotype may not be evident until

midlife—after development is complete and adult aging has begun. It is in midlife that there

emerges AD-like neuropathology (Braak & Braak, 1996; Reiman et al., 1998) and subtle

cognitive change (Flory et al., 2000; Greenwood et al., 2000). On the basis of these findings,

we sought further evidence for a cognitive phenotype of APOE in midlife.

The term cognitive phenotype has been used to refer to a characteristic cognitive profile in a

number of heritable disorders, such as Williams syndrome (Donnai & Karmiloff-Smith,

2000), autism (Hughes, Plumet, & Leboyer, 1999), and Fragile X syndrome (Kaufmann,

Abrams, Chen, & Reiss, 1999). A cognitive phenotype characterized by memory and verbal

comprehension deficits has been claimed for APOE-ɛ4 homozygotes with AD as well as those

with mild cognitive impairment, but not in individuals without dementia (Smith et al., 1998).

We hypothesize that the negative consequences of inheriting the APOE-ɛ4 allele for brain

integrity in the face of a range of insults (reviewed above) leads to subtle cognitive deficits by

midlife or earlier. Because most APOE-ɛ4 carriers will not develop AD (Henderson et al.,

1995), deficits in those individuals could be viewed as a cognitive phenotype evident regardless

of the eventual development of AD. In this view, the APOE-ɛ4 allele would not cause AD but

could allow its development through weak or inefficient repair mechanisms. This view is in

contrast to one that considers all deficits in ɛ4 carriers to be related to the AD prodrome. In

either view, cognitive consequences would be related to ɛ4 gene dose, much as risk of AD is

related to gene dose (Corder et al., 1993). In the present study, we tested this hypothesis by

examining the influence of the ɛ4 allele on spatial attention, working memory, and the effect

of spatial attention on working memory in middle age.

Cognitive deficits in healthy, middle-aged adults are likely to be small and subtle, given that

an early stage of aging is being probed. Therefore, whole-task performance, particularly on

general neuropsychological tests (such as the Mattis Dementia Rating Scale; Mattis, 1976),

may be lacking in specificity and hence, in sensitivity, when compared with information-

processing tests in which components of cognition can be isolated (Greenwood et al., 2000;

Parasuraman et al., 2002). Accordingly, in three experiments we used well-developed

information-processing tests to examine three aspects of cognition: (a) spatial attention, (b)

spatial working memory, and (c) the interaction between spatial attention and working memory.

Evaluation of not only two different domains of cognitive functioning, attention and memory,

but also the influence of one on the other provided a test of the generality of the APOE genotype

effect and its consequences for the ability to integrate functioning across cognitive systems.

Experiment 1: Spatial Attention

Visuospatial attention is a basic aspect of cognition (Posner, 1980) that is fundamental for

effective visual functioning in everyday life. This function may be particularly important for

older adults, as it appears to be relatively resistant to age-related decline (Gottlob & Madden,

1999; Hartley, Kieley, & McKenzie, 1992). Alterations in the efficiency of visuospatial

attention appear only very late in life and then only in certain conditions (Greenwood &

Parasuraman, 1994; Greenwood, Parasuraman, & Haxby, 1993). However, in contrast to that

of healthy older adults, the ability to redirect spatial attention in the visual field is impaired in

AD patients with mild dementia (Parasuraman et al., 1992). The efficiency of reorienting

attention is also diminished in middle-aged individuals without dementia who are APOE-ɛ4
allele carriers, although to a lesser extent (Greenwood et al., 2000). In Experiment 1, we sought

to both confirm and extend this latter finding. A larger sample size of healthy, middle-aged

APOE-ɛ4 carriers was used to allow an examination of the gene dose (zero, one, or two copies

of the ɛ4 allele) effect of the APOE-ɛ4 allele on spatial attention.
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A cued discrimination task was used to direct visuospatial attention to regions of space

containing letter targets (illustrated in supplemental Figure 1 on the Web at http://dx.doi.org/

10.1037/0894-4105.19.2.199.supp). Cues were valid, invalid, or neutral in predicting the

location of the target letter, which they preceded by a cue–target stimulus onset asynchrony

(SOA) of 200, 500, or 2,000 ms.

Method

Participants—The sample consisted of healthy individuals (N = 177), aged 41 to 85, who

volunteered to participate in the National Institute of Mental Health’s Prospective Study of

Biomarkers for Older Controls at Risk for Alzheimer’s Disease (known as BIOCARD), which

is double-blind and longitudinal. Individuals were excluded from participation if their

performance did not fall within the normal age-related range of scores on a battery of

standardized neuropsychological test batteries, including the Mattis Dementia Rating Scale,

the Buschke Selective Reminding Test (Buschke, 1973), and the Wechsler Memory Scale—

Revised (WMS–R; Wechsler, 1987). Other criteria for exclusion were significant medical

problems, including diabetes mellitus, hypertension, cerebrovascular disorder, autoimmune

disorder, vitamin B-12 deficiency, or thyroid disorder. Exclusion of individuals for

cerebrovascular disease was made on the basis of history of strokes and hypertension and on

review of MRI scans. Of the 177 individuals tested, 80% had first-degree relatives diagnosed

with AD. Demographic characteristics are given in Table 1. Apolipoprotein E genotypes were

determined by restriction endonuclease digestion of polymerase chain reaction amplified

genomic DNA (performed by Athena Diagnostics, Worcester, Massachusetts). All procedures

were approved by institutional review, and informed consent was obtained from all

participants.

Because the APOE gene increases the risk of AD according to the gene dose of the ɛ4 allele

(Corder et al., 1993), the number of ɛ4 alleles (zero, one, or two) was the basis for grouping

participants. The groups were designated as follows: zero ɛ4 alleles (noncarriers), one ɛ4 allele

(heterozygotes), and two ɛ4 alleles (homozygotes). Table 1 reports only a subset of an extensive

neuropsychological battery administered to these individuals. For those participants common

to all experiments, separate one-way analyses of variance (ANOVAs) were used to assess gene

dose group differences on each measure. There were no statistical differences on age, on years

of education, or on a large number of standardized neuropsychological tests (results of which

will be reported in an upcoming paper). Of these comparisons, the only significant difference

occurred between the gene dose groups on the delayed measure of the Logical Memory II

subtest of the WMS–R, F(2, 165) = 3.70. However, after a Bonferroni correction for number

of comparisons, it was no longer significant.

Stimuli and procedures—A spatially cued letter discrimination task, developed in our

previous study of APOE-ɛ4 carriers (Greenwood et al., 2000), was used. Following a fixation

point (displayed for 500 ms), a centered location cue (an arrow pointing to the left, to the right,

or in both directions) appeared (see supplemental Figure 1 on the Web at http://dx.doi.org/

10.1037/0894-4105.19.2.199.supp). The cue was valid in predicting the subsequent target

location on 62.5% of the trials, invalid on 18.75%, and neutral on 18.75%. The centered location

cue appeared for a variable cue–target SOA of 200, 500, or 2,000 ms, following which a letter

target appeared 6.7° to the right or left of fixation. Participants were required to make a speeded

categorization of the target as either a consonant or a vowel by pressing one of two response

buttons. The intertrial interval was varied randomly (2,200, 2,500 or 2,800 ms).

Results

All statistical tests were performed at the .05 level of significance.
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Accuracy—Accuracy of target categorization as consonant or vowel was analyzed as ratios

(number correct:number presented) for each condition. These were subjected to a repeated

measures ANOVA, with APOE-ɛ4 gene dose as the between-subjects factor and cue validity

and cue–target SOA as within-subjects factors. Accuracies ranged from .944 to .993. Accuracy

varied with cue validity, F(2, 348) = 4.04, in a manner that interacted with SOA (Validity ×

SOA), F(4, 696) = 3.15. The only effect of APOE gene dose on accuracy was seen in an SOA

× Gene Dose interaction, F(4, 696) = 2.43 (see supplemental Table 1 on the Web at http://

dx.doi.org/10.1037/0894-4105.19.2.199.supp). Accuracy can be seen to decline as reaction

time (RT) increased in the ɛ4 homozygotes from neutral to invalid cues. However, across SOA

it was a small decline from a high level—from .984 to .968.

RT—Means of median RTs were subjected to a mixed-effects ANOVA, with ɛ4 gene dose as

the between-subjects factor and cue validity (valid, neutral, or invalid) and cue–target SOA

(200, 500, and 2,000) as within-subjects factors. As can be seen in Figure 1, RT was fastest

following valid cues, slowest following invalid cues, and intermediate following neutral cues,

F(2, 348) = 50.58. The cue validity effect developed with time following cue onset, as indicated

by the significant main effect of SOA, F(2, 348) = 35.09, and the Cue Validity × SOA

interaction, F(4, 696) = 32.06. There was no overall effect of ɛ4 gene dose on RT, but there

was a significant interaction of gene dose with cue validity, F(4, 348) = 2.50. Figure 1 shows

that as ɛ4 gene dose increased, RT on invalidly cued trials was increasingly slowed. In contrast,

there was little effect of ɛ4 gene dose on valid cue RT. This does not appear to be due to a

speed–accuracy trade-off. In supplemental Table 1 on the Web at http://dx.doi.org/

10.1037/0894-4105.19.2.199.supp, it can be seen that although accuracy decreased as RT

slowed from neutral to invalid cues in ɛ4 homozygotes, the change was very small (e.g., from .

983 to .969) in the context of overall high accuracy.

This selective effect on invalid cue RT was confirmed by analysis of the calculated costs of

invalid cues (invalid cue – neutral cue RT) and benefits of valid cues (neutral cue – valid cue

RT). Costs increased with ɛ4 gene dose, F(2, 169) = 4.27, and as SOA lengthened, F(2, 338)

= 27.49 (see Figures 1 and 2 and supplemental Table 2 on the Web at http://dx.doi.org/

10.1037/0894-4105.19.2.199.supp). A post hoc test of costs at the longest SOA revealed that

the noncarriers (zero ɛ4 alleles, 22.1 ± 58.6) differed significantly from both heterozygotes

(one ɛ4 allele, 39.3 ± 50.8) and homozygotes (two ɛ4 alleles, 81.6 ± 63.9), and these two groups

differed significantly from each other (Fisher’s protected least significant difference [PLSD]

test, p < .05). Moreover, the main effect of gene dose on cost remained significant even when

accuracy was included as a covariate, F(2, 169) = 4.02. In comparison, although the benefits

of valid cues varied with SOA, F(2, 338) = 16.16, the gene dose groups did not differ on this

component (see Figures 1 and 2). Therefore, the interaction of cue validity and gene dose could

be attributed to greater costs of invalid cues (slowed disengagement) rather than to a change

in benefits of valid cues.

Examination of effect size is important in single-gene studies, given that such studies have

sometimes been criticized for small effect sizes, low replicability, and Type I error (Ioannidis,

Ntzani, Trikalinos, & Contopoulos-Ioannidis, 2001). Accordingly, we calculated effect size

for the APOE gene, corrected for unequal sample size (J. Cohen, 1988). The effect size for the

significant APOE gene dose effect reported above for RT costs at the long SOA was .24.

Discussion

We previously reported that inheritance of at least one allele of the APOE-ɛ4 gene was

associated with a specific impairment in redirecting visuospatial attention to a location in the

visual field following an invalid cue (Greenwood et al., 2000). There were two main outcomes

of this follow-up experiment. First, the initial results reported by Greenwood et al. (2000) were
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confirmed. Specifically, healthy, middle-aged adults without dementia who were APOE-ɛ4
allele carriers exhibited an impairment in the disengagement of spatial attention while showing

normal overall performance on a spatially cued letter discrimination task. This selective deficit

in attentional shifting is qualitatively similar to, though quantitatively smaller than, the deficit

found in previous studies of clinically diagnosed AD patients (Greenwood & Parasuraman,

1999; Parasuraman et al., 1992; see Parasuraman et al., 2002, for a recent review). Second, this

experiment revealed a selective, systematic effect of the dose of the risky APOE-ɛ4 allele on

this component of spatial attention. The greater the number of ɛ4 alleles carried, the slower

was the speed of redirection of spatial attention following an invalid location cue. At the same

time, RT benefits of valid spatial cues and overall accuracy on the letter discrimination task

were unaffected by APOE-ɛ4 gene dose.

It is important to note not only the significance of the APOE gene dose effect on the spatial

redirection of attention but also its effect size of .24. This moderate-sized effect in a study of

cognitive performance is in marked contrast to single-gene studies of disease category, which

often are very low (about 1%–5%; Ioannidis et al., 2001).

This orderly pattern of results suggests that the disengagement of visuospatial attention may

be particularly sensitive to the neural consequences of inheritance of the APOE ɛ4 gene

(Parasuraman et al., 2002). However, other cognitive functions may be affected as well.

Furthermore, variations in the efficiency of the attentional system may affect the integrity of

memory and other functions. Investigation of memory functioning would be particularly cogent

given that memory dysfunction is a cardinal feature of AD (McKhann et al., 1984) and given

the association between APOE and AD. For these reasons, we sought to examine the effect of

the ɛ4 allele on a cognitive system other than attention—working memory.

Experiment 2: Working Memory

A decline in working memory is one of the major consequences of normal aging (Salthouse,

Mitchell, Skovronek, & Babcock, 1989). In addition, impairments in memory have been

defined as the earliest symptom of AD (McKhann et al., 1984). Persons without dementia who

are genetically at risk of AD because they possess the ɛ4 allele have been found to exhibit

deficits on measures of delayed recall, even when no other neuropsychological deficits are

observed (Bondi, Galasko, Salmon, & Thomas, 1999).

If cognitive change in APOE-ɛ4 carriers is prodromal—that is, a consequence of AD-driven

pathologic change—then memory should be affected. Of the two pathognomonic

neuropathologies of AD, neurofibrillary tangles and amyloid plaques, only tangles appear in

mesial temporal regions in a selective and orderly manner. Because tangles develop in mesial

temporal (entorhinal) cortex of unselected brains prior to midlife (Braak & Braak, 1995),

individuals destined to develop AD might be predicted to have some tangle development by

the fifth decade. A number of studies have shown a relation between tangle counts and

cognition (Arriagada, Marzloff, & Hyman, 1992; Davis & Chisholm, 1997). Given that

memory encoding is known to be dependent on mesial temporal activity (Brewer, Zhao,

Desmond, Glover, & Gabrieli, 1998), the entanglement of that region could compromise

memory function. Indeed, memory loss is a requirement for diagnosis of probable AD

(McKhann et al., 1984). On the other hand, if cognitive decline is phenotypic of the ɛ4 allele,

reflecting native adult cognitive integrity, then memory may be deficient, but not selectively

so. Other functions, such as attention and spatial ability, would be predicted to be vulnerable

as well.

In Experiment 2, a spatial working memory task was used to assess the effect of APOE-ɛ4
gene dose on the ability to form and retain a memory of up to three locations over a delay.
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Method

Participants—See Experiment 1.

Stimuli and procedures—The task was a spatial working memory task, illustrated in

supplemental Figure 2 on the Web at http://dx.doi.org/10.1037/0894-4105.19.2.199.supp.

Following a fixation cross by 1 s, one, two, or three black dots (.67° in diameter, each indicating

a target location) appeared at randomly chosen screen locations for 500 ms. Simultaneously

with dot offset, the fixation cross reappeared for a 3-s delay. At the end of the delay, a single

red test dot appeared alone on the screen. This test dot appeared either at the same location as

one of the target dots (match condition) or at a different location (nonmatch condition). On

nonmatch trials, the distance between the correct location and the test dot was varied over three

levels, being about 2°, 4°, or 8° of visual angle. Participants had 2 s to decide whether the test

dot location matched one of the target dots. RT and accuracy were measured.

Results

The measure of interest was accuracy of memory for target dot location. Ratios were formed

(number correct:number presented) for each condition. APOE-ɛ4 gene dose was the between-

subjects factor, and memory load (one, two, or three target dots) and trial type (match or

nonmatch) were within-subjects factors. Target–test distance could be varied only under

nonmatch conditions. Therefore, an omnibus ANOVA was conducted comparing match with

nonmatch data, collapsed across target–test distance. This revealed main effects of gene dose,

F(2, 128) = 3.47, and memory load, F(2, 256) = 376.03. Memory for target location declined

with ɛ4 gene dose in a way that interacted with the other two factors (Gene Dose × Trial Type

× Memory Load), F(4, 256) = 3.33. To check for response bias on match versus nonmatch

trials, we compared the proportion of false alarms (match responses on nonmatch trials) for

trial type and level of memory load. Although the homozygotes had more false alarms overall,

F(2, 128) = 3.38, results that are consistent with their lower accuracy, there was no main effect

of trial type or a Trial Type × Memory Load interaction. False alarms did increase with memory

load, F(2, 256) = 393.80, and this effect interacted with trial type and gene dose, F(4, 256) =

3.10. Examination of Figure 3 indicates that this interaction was not due to biased responding

as a function of trial type but rather to relatively greater false alarms of homozygotes under

high-load conditions on match trials but under low-load conditions on nonmatch trials.

Because of the different patterns of responding, we analyzed match and nonmatch data

separately. Under match conditions in which the test dot appeared at the target location,

accuracy declined with memory load (one, two, or three locations to remember), F(2, 256) =

318.21. This effect of memory load varied with ɛ4 gene dose, F(4, 256) = 2.53. Figure 4 shows

that the number of ɛ4 alleles exerted the strongest effect when the memory load was greatest.

Confirming this result was our finding that the decrease in accuracy as the number of locations

increased was greatest in the APOE-ɛ4 homozygotes (two ɛ4 alleles), who differed

significantly from both the heterozygotes (one ɛ4 allele) and the noncarriers (PLSD, p < .05).

The effect size calculated for unequal sample sizes (J. Cohen, 1988) was .23.

On nonmatch trials, accuracy again declined with memory load, F(2, 256) = 83.22, but

increased with distance between target and test location, F(2, 256) = 46.85. These two factors

interacted, F(4, 512) = 53.19, largely because of effects of target–test distance when the

memory load was greatest (three locations). When the test dot was near target location, the

presence of more than one dot made it easier to tell if it was in the wrong location. When the

test dot was relatively distant from one of the target locations, accuracy declined as the number

of locations increased. There was no interaction of this effect with genotype. The effect of gene

dose was seen only as a main effect, F(2, 128) = 3.36. The homozygotes differed significantly

from only the heterozygotes (PLSD, p < .05).
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Discussion

Inheritance of the APOE-ɛ4 allele has previously been shown to modulate attentional shifting

between locations (Greenwood et al., 2000). In Experiment 1, this effect was found to vary

with APOE-ɛ4 gene dose. The present results extend this finding to spatial working memory.

The deleterious effects of the ɛ4 allele on spatial working memory were strongest under

conditions of greatest memory load, that is, when three, compared with one or two, locations

had to be kept in mind. However, as we discuss again in the General Discussion, the effect of

genotype was seen mainly in the homozygotes.

Thus, the ɛ4 homozygotes showed reduced ability to retain memory for location. This was true

whether or not the test dot matched the target location. When the test location did not match

the target location, despite poorer retention the homozygous ɛ4 group showed effects of target–

test distance that were similar to those of the other groups.

Thus, the homozygote group along with the other groups (a) performed the task well and (b)

showed effects of the target–test distance manipulation. This indicates that APOE genotype

affected memory but not overall task performance. Moreover, effects were somewhat selective,

as under match conditions effects of genotype were evident mainly when demands on working

memory were substantial. However, as pointed out by a reviewer, neuropsychological

assessments of working memory used to diagnose AD and mild cognitive impairment use much

longer delays than the 3 s used in this task.

Considered together, the results of Experiments 1 and 2 indicate that the ɛ4 allele alters aspects

of both attention and working memory. The effects are subtle, being seen largely under

conditions of higher processing demand (under match conditions). However, the effects are

also robust and systematic, given that both attention and working memory were influenced by

ɛ4 genotype. Moreover, the effect sizes were moderate to large. That both domains were

affected is more consistent with the interpretation that APOE is associated with a cognitive

phenotype than with a prodromal stage of AD. As discussed above, AD neuropathology is

typically seen initially and selectively in the memory-associated mesial temporal regions

(Braak & Braak, 1995). If the ɛ4 carriers were in a prodromal stage, then selective effects on

memory would be predicted. Instead, both attention and memory were affected. Strengthening

this view of an adult cognitive phenotype of APOE-ɛ4 would be evidence that the gene not

only affects different cognitive systems but also the integration between systems. We next

investigate the effect of this gene on the interaction between working memory and attention.

Experiment 3: Effect of Attention on Working Memory

As discussed above, the lipoprotein apoE appears to have a role in promoting neuronal health

and plasticity in response to brain insult (Arendt et al., 1997; Fagan et al., 1998; Teter et al.,

2002). Consistent with this evidence is the prediction that the APOE genotype would be

expected to affect a number of cognitive processing systems, not just a single domain of

cognition. We hypothesized, therefore, that in addition to its influence on integrity of separate

cognitive systems, APOE genotype may also influence the ability to integrate across cognitive

systems. Consequently, we next sought to determine the effects of APOE-ɛ4 gene dose on a

task requiring the integration of attention and working memory. We predicted that the precision

with which cues indicate the location of a target would modulate the accuracy of memory for

that location. Accordingly, we used a cued working memory task in which a precue varying

in size predicted the location of a target that had to be retained over a 3-s delay. After the delay,

participants had to indicate whether a test dot was in the same location as the original target

dot (see supplemental Figure 3 on the Web at http://dx.doi.org/

10.1037/0894-4105.19.2.199.supp).
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Method

Participants—See Experiment 1.

Stimuli and procedures—A task was designed to manipulate the accuracy of memory for

location by varying the precision of location precues (see supplemental Figure 3 on the Web

at http://dx.doi.org/10.1037/0894-4105.19.2.199.supp). The task was a spatial working

memory task similar to that in Experiment 2, but with the target location precued with varying

precision. Following a 1-s duration fixation cross, a circular cue appeared for 500 ms in 1 of

12 randomly selected locations on the screen and in one of three sizes (1.6°, 5.2°, and 8.1° of

visual angle). At cue offset, one black target dot (.67° in diameter) appeared centered in the

cue for 100 ms. Thus, cues were 100% valid in predicting target location. At target offset, a 3-

s delay began, during which time only the fixation cross was visible. After the delay, the screen

cleared and a red test dot appeared either at the same location as the target dot (match trial) or

at a different location (nonmatch trial). On nonmatch trials, the distance between the target

location (or nearest target location when there were multiple targets) and the test dot varied,

being 1.9°, 3.8°, or 5.7° apart. The red test dot remained visible for 2 s, during which a match–

nonmatch decision was required. Both accuracy and RT were measured.

Results

Accuracy—The measure of interest was accuracy of memory for target dot location.

Accuracy ratios (defined as number correct: number presented) were subjected to a repeated

measures ANOVA. Within-subjects factors were trial type (match or non-match) and target–

test distance. Because target–test distance could be varied only under nonmatch conditions, an

omnibus ANOVA was conducted comparing trial type by averaging across the target–test

distance factor on nonmatch trials. As shown in Figure 5, this analysis revealed that accuracy

was lower overall on match trials, F(1, 196) = 57.26, and in homozygotes (two ɛ4 alleles), F

(2, 196) = 4.21. The interaction of trial type with cue size, F(2, 392) = 9.42, appears to be due

to a benefit on accuracy from small cues on match trials but a cost from small cues on nonmatch

trials.

On the basis of finding a significant main effect of trial type on accuracy ratios, we analyzed

match and nonmatch conditions separately. Under match conditions, APOE-ɛ4 gene dose was

the between-subjects factor, and cue size was the within-subjects factor. Accuracy on match

trials, which ranged narrowly from .83 to .95, decreased as cue size increased, F(2, 196) =

3.01. Accuracy also decreased with ɛ4 gene dose, F(2, 196) = 3.37. A post hoc test of the group

effect indicated that noncarriers differed significantly from homozygotes, who differed

significantly from heterozygotes (PLSD, p < .02). The size of the main effect of ɛ4 gene dose

was .14 (formula for unequal sample sizes, J. Cohen, 1988). As can be seen in Figure 5, both

noncarriers (zero ɛ4 alleles) and heterozygotes (one ɛ4 allele) tended to decrease in accuracy

with increasing cue size. In contrast, the homozygotes (two ɛ4 alleles) showed little change

with cue size.

In analyzing nonmatch conditions, we set APOE-ɛ4 gene dose as the between-subjects factor

and cue size and target–test distance as within-subjects factors. Accuracy was lower overall in

the homozygotes, F(2, 196) = 3.30, and increased with target–test distance, reflecting the easier

discrimination, when there was more distance between target and test stimuli, F(2, 392) =

83.89. The cue size effect, F(2, 392) = 12.40, was strongest when target and test locations were

close together (Cue Size × Target–Test Distance; see Figure 6), F(4, 784) = 40.62. When the

discrimination was more difficult, a benefit was obtained from a larger attentional scale. There

were no significant interactions involving APOE-ɛ4 gene dose.
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RT—Because decision accuracy was relatively high overall, speed of decision RT was also

analyzed for match trials. RT was slowed by increased cue size, F(2, 392) = 4.25. This result

complements those of the accuracy results described above, in which accuracy was reduced as

cue size increased. Thus, as precue size became larger, which necessarily lessened precue

precision, responses became both slower and less accurate. This effect of cue size on RT

interacted with APOE-ɛ4 gene dose, F(4, 392) = 2.43. This was due to the different pattern

shown by the homozygotes compared with the other gene dose groups (see Figure 7). Although

RT in the noncarriers and heterozygotes slowed as cue size was enlarged, RT in the

homozygotes showed only a weak effect of cue size. This variation of the homozygotes from

the overall trend was also seen in the accuracy results above (see Figure 5).

Discussion

These results show that both memory for spatial location and the effect of attention on memory

for spatial location were modulated by APOE genotype. As in Experiment 2, effects of ɛ4 gene

dose on memory were not graded—that is, they were seen mainly when ɛ4 gene dose was high

(in homozygotes). The performance of heterozygotes was closer to that of noncarriers than of

homozygotes, who were both slower and less accurate in responding.

Even though the target was always centered within the cued space—thereby eliminating spatial

uncertainty—cue size modulated memory for target location. We interpret this result as

reflecting a cue-induced adjustment of the distribution of visuospatial attention at the cued

location—narrowly following small cues and broadly following large cues. Thus, scaling of

the attentional focus around a location can facilitate encoding and/or retention of the memory

for that location, much as previous work has shown that attentional scaling modulates detection

(Castiello & Umilta, 1990), discrimination (Eriksen & St. James, 1986), and visual search

(Greenwood, Parasuraman, & Alexander, 1997). These effects varied with APOE genotype.

Noncarriers and ɛ4 heterozygotes obtained a processing benefit from a small cue, whereas

homozygotes experienced little effect.

Researchers have argued that spatial working memory and visuospatial attention are the same

process, with visuospatial attention acting as a rehearsal mechanism for spatial working

memory (Awh & Jonides, 1998). Offered as evidence is research showing that working

memory for a location is impaired when a secondary task inhibits attending to the location

(Awh, Jonides, & Reuter-Lorenz, 1998) and manipulations of visuospatial attention and spatial

working memory modulate the same early event-related-potential components (Awh, Anllo-

Vento, & Hillyard, 2000). However, in the latter study, attention could have been directed to

the memorized locations. The current results are not easily interpreted as supporting this view.

It is not clear why increased precision of location cuing should affect the efficiency of rehearsal

in spatial working memory. Rather, our results are consistent with the view that visuospatial

attention and spatial working memory are separate processes, but with attention modulating

memory.

As pointed out by a reviewer, the results of this study could be due to genotype-related

differences in effects of attention on either encoding or retention. This study was not designed

to distinguish between effects on encoding or on retention of memory for location. However,

it is possible that heightened target perception led to improved memory for target location, a

result that is consistent with research showing that attention modulates perception (Hawkins

et al., 1990).

General Discussion

We conducted three experiments to examine the influence of the APOE-ɛ4 allele on cognition

in healthy adults without dementia. The results showed that the APOE-ɛ4 allele affects several
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cognitive systems in middle-age—a decade or more before likely onset of symptoms of AD

itself. We had previously shown that inheritance of at least one ɛ4 allele is associated with

selective impairment in redirecting attention to a location in the visual field following an invalid

cue (Greenwood et al., 2000). Experiment 1 confirmed this result in a larger sample of healthy

adults and extended it by showing that the effect varied systematically with APOE-ɛ4 gene

dose. The slowing of target discrimination following invalid cues (costs) increased with ɛ4
gene dose: the more alleles, the greater the slowing. Benefits of valid cues were unaffected.

Experiment 2 extended the finding of ɛ4-related deficits to spatial working memory. The

accuracy of retaining the location of a target in working memory over a delay was reduced in

APOE-ɛ4 homozygotes, particularly under conditions of high memory load (three target

locations). Finally, Experiment 3 showed that the relation between attention and working

memory was also altered by APOE genotype. Memory for spatial location was modulated by

the precision of information about future target location, provided by a precue of variable size.

However, this effect of cue size on memory accuracy was reduced in APOE-ɛ4 homozygotes.

Overall, therefore, the APOE-ɛ4 allele was associated with relative impairment in (a)

redirecting visuospatial attention to an unexpected location, (b) retaining a target location in

working memory, and (c) using attentional scaling to enhance spatial working memory.

Moreover, these effects were seen in healthy, mostly middle-aged individuals with few deficits

on standardized cognitive tests.

These findings indicate that this polymorphism in the APOE gene exerts effects on specific

components of cognition in midlife. Although the effects are subtle in that only particular

components of cognition are affected under certain task conditions, the effect sizes for the

APOE gene were moderate to large, ranging from .14 to .24. Effects of the APOE-ɛ4 allele on

spatial attention (Greenwood et al., 2000) and memory (Bondi et al., 1995) have been reported

previously. However, in the present study we were able to examine effects of the APOE-ɛ4
gene dose, rather than just the presence of the ɛ4 allele. Furthermore, our results show that

these genotype effects occur not only over a range of cognitive domains but also in the

interaction between cognitive domains, namely, the effect of visuospatial attention on working

memory.

Although significant genotype effects were obtained in both visuospatial attention and working

memory performance, there were some differences in the effects observed on these two

cognitive systems. For attention, the effect of the APOE-ɛ4 allele was graded and quasilinear,

results that are consistent with a gene dose interpretation. For working memory, contrary to

our hypothesis, the genotype effect was not graded. In Experiment 2, there was relatively little

effect when only one ɛ4 allele was inherited (ɛ4 heterozygotes), but there was a marked effect

when two alleles were inherited (ɛ4 homozygotes). A similar result was seen in Experiment 3,

which examined the effect of attention on working memory and found the modulation of

working memory by APOE genotype to be significant only at the highest gene dose, that is, in

ɛ4 homozygotes but not in ɛ4 heterozygotes.

The reason for the observed lack of an effect of ɛ4 heterozygosity on working memory is not

fully clear. Evidence of additivity of the APOE-ɛ4 allele, manifested in a gene dose effect, has

been shown in a number of studies with regard to risk of AD (e.g., Corder et al., 1993) and

with regard to cognitive decline without dementia (Feskens et al., 1994). Therefore, it is

interesting that we found an effect of ɛ4 gene dose on attention but an effect of ɛ4 presence or

absence on memory. Although memory loss is defined to be the earliest symptom of AD

(McKhann et al., 1984), the literature does not agree on the order in which deficits appear in

APOE-ɛ4 carriers without dementia. Some investigators have reported selective effects on

episodic memory (Bondi et al., 1999; Wilson et al., 2002), whereas others have observed the

earliest effects of APOE genotype on spatial ability (Bretsky, Guralnik, Launer, Albert, &

Seeman, 2003).
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It is possible that we would have obtained significant effects in heterozygotes on the memory

tasks if a higher memory load had been used. Alternatively, if confirmed, this finding suggests

that the ɛ4 allele exerts additive effects on risk of AD and on integrity of attention systems but

not on integrity of memory systems. This possibility would suggest that the brain regions

mediating working memory are somehow less vulnerable to the negative consequences of ɛ4
inheritance, perhaps because of greater redundancy or relative invulnerability to weaker

neuronal repair mechanisms associated with APOE-ɛ4 (Teter & Ashford, 2002). This is

contradicted by the literature. Working memory is at least partly dependent on functioning of

the hippocampus (Burgess, Maguire, & O’Keefe, 2002; Mitchell, Macrae, & Gilchrist, 2002),

one of the first regions affected in the progression of AD pathology (Braak & Braak, 1996).

However, the known plasticity of the hippocampus in response to experience in adulthood

(Maguire et al., 2000) might contribute to a reduced vulnerability to deleterious effects of the

ɛ4 allele. Regardless of the reason for the difference in APOE-ɛ4 gene dose effects, APOE

genotype did affect spatial attention, working memory, and the interaction of spatial attention

and working memory.

What do these results imply for the association of APOE-ɛ4 with the existence of (a) an adult

cognitive phenotype or (b) a prodromal stage of AD? Although the existence of a prodromal

stage of AD cannot be completely ruled out, we argue that the pattern of results we obtained

is more consistent with the existence of a cognitive phenotype. In the first place, a prodromal

phase in these middle-aged individuals would have to be more than a decade long, as the

average age of the homozygote group in the present study was 57.6 (SD = 7.7, range = 48.5 to

73.4), with only 3 individuals over age 61. Average age of onset of AD is 68.4 in homozygotes

and 75.5 in heterozygotes (Corder et al., 1993). The prodromal view as described by Daffner

and Scinto (2000) assumes that the pathology of AD is initially clinically silent

(presymptomatic stage) but progresses over time to the point where symptoms reach clinical

significance. Although this view is intuitive, it has not been consistently shown that the

existence of pathology in cognitively unimpaired individuals predicts progression to AD. This

is not to argue that AD is not accompanied by pathology, but rather to point out that it is hard

to predict which cognitively unimpaired individuals will develop AD, given that only about

50% of ɛ4 homozygotes develop AD by age 80 or 90 (Henderson et al., 1995; Meyer et al.,

1998). Cognitively unimpaired individuals can and do show the characteristic plaques and

tangles of AD (reviewed in Arriagada et al., 1992; Geula, 2000), including a beta-amyloid load

equal to or greater than that seen in some individuals with AD (Mufson et al., 1999). Similarly,

although some investigators have found that medial temporal atrophy in healthy individuals

predicts AD (Killiany et al., 2000), others have not (Jack et al., 2002; Visser et al., 1999).

Moreover, although the natural history of the AD prodrome is not known, we are unaware of

evidence that it is decades long. Researchers investigating this question appear to agree that

symptoms precede diagnosis by 4–6 years (Backman, Laukka, Wahlin, Small, & Fratiglioni,

2002; Linn et al., 1995; Small et al., 2000). Therefore, it cannot be assumed that cognitive

deficits shown in the present study by healthy ɛ4 homozygotes in middle age are indicative of

an AD prodrome.

Second, given that the neurofibrillary tangles pathognomonic of AD first appear in the

hippocampus and related structures (Braak & Braak, 1995), a prodromal explanation would

predict selective effects on memory, such as reported recently (Wilson et al., 2002). In contrast

to that study, in the present study we obtained little evidence of cognitive selectivity. One

difference could be the age of the participants. The use of participants in their mid-70s by

Wilson et al. (2002) increases the likelihood of including individuals in the early stages of AD

(Sliwinski et al., 1996). Another source of difference could be the tasks used. The standardized

tests used by Wilson et al. may be less sensitive to small deficits in component processes of

cognition than the more specific and tailored tasks used in the present study.
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We acknowledge that the existence of an ɛ4-related AD prodrome could explain the present

results if (a) a subset of these middle-aged ɛ4 carriers were in the early stages of the disease

and (b) the performance of those individuals was sufficient to affect the group mean. Examining

the means for RT costs in Experiment 1 shows that all but 3 of those in the homozygote group

had values that exceeded the mean of the noncarriers. In Experiment 2, all but 4 of those in the

homozygote group had difference scores that were larger than the mean of the noncarriers. In

Experiment 3, all but 3 of the homozygotes had lower accuracy than the noncarriers. Therefore,

in each study, most of the individuals in the homozygote group showed the group effect.

We conclude that the present evidence of subtle cognitive deficits in middle-aged ɛ4 carriers

without dementia is more consistent with the emergence of an APOE-ɛ4 cognitive phenotype

in adulthood rather than with an AD prodrome lasting a decade or longer. Such a cognitive

phenotype could arise from suboptimal repair processes related to brain aging and resulting in

subtle deficits in a broad range of abilities. Consistent with this view of a cognitive phenotype

related to efficiency of neuronal repair in adulthood is the following evidence. First, in

childhood, IQ is unrelated to APOE genotype (Turic et al., 2001). Second, in adulthood, the

APOE-ɛ4 allele is associated with a range of neurologic conditions: poorer prognosis following

head injury (Crawford et al., 2002), incidence of late-onset AD (Corder et al., 1993), rate of

progression in multiple sclerosis (Fazekas et al., 2001), and amyotrophic lateral sclerosis

(Drory et al., 2001). The APOE-ɛ4 allele has also been linked to cognitive integrity in

individuals with diabetes (Ferguson et al., 2003) and folate deficiencies (Mattson, 2003). Third,

the protein product of the APOE gene appears to play a role in neuronal plasticity and repair.

As discussed previously, the apoE lipoprotein has a role in synapse development (Mauch et

al., 2001), clearance of lipid debris from the site of the injury (White, Nicoll, & Horsburgh,

2001), and promotion of granule cell mossy fiber sprouting (Teter et al., 2002). These effects

of APOE genotype on neuronal health and plasticity may become particularly important once

processes of adult aging have begun. Considered together with results of the present study, this

evidence suggests that an APOE-ɛ4 cognitive phenotype reflects reduced integrity of a number

of cognitive systems attributable to inefficient mechanisms of neuronal repair and plasticity.

This study has several limitations. The sample is highly educated, and therefore, results may

not be generalizable to the population as a whole. Also, no attempt was made to control for

effects of gender. Finally, a longitudinal design would have advantages for investigating the

natural history of the AD prodrome as a function of APOE genotype, and we are presently

conducting such a study.
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Figure 1.

Experiment 1: Results of reaction time (RT) data from the ɛ4 gene dose groups, plotted as a

function of cue validity and cue–target stimulus onset asynchrony. A: Zero ɛ4 group

(noncarriers). B: One ɛ4 group (ɛ4 heterozygotes). C: Two ɛ4 group (ɛ4 homozygotes). Error

bars represent standard errors.
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Figure 2.

Experiment 1: Calculated benefits of valid cues (neutral cue RT – valid cue RT) and costs of

invalid cues (invalid cue RT – neutral cue RT), both plotted as a function of ɛ4 gene dose

group. RT = reaction time. Error bars represent standard errors.
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Figure 3.

Experiment 2: Match and nonmatch conditions. Proportion of false alarms after a 3-s delay for

each ɛ4 gene dose group, plotted as a function of memory load (number of locations to be

retained). Error bars represent standard errors.
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Figure 4.

Experiment 2: Match condition. Accuracy of retention of target location after a 3-s delay for

each ɛ4 gene dose group, plotted as a function of memory load (number of locations to be

retained). Error bars represent standard errors.

Greenwood et al. Page 22

Neuropsychology. Author manuscript; available in PMC 2006 January 25.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 5.

Experiment 3: Match and nonmatch (collapsed across target–test distance) conditions.

Accuracy of retention of target location after a 3-s delay for each gene dose group, plotted as

a function of cue size. Error bars represent standard errors.
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Figure 6.

Experiment 3: Nonmatch condition. Accuracy of retention of target location after a 3-s delay

for each cue size, plotted as a function of target–test distance. Error bars represent standard

errors.
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Figure 7.

Experiment 3: Match condition. Reaction time (RT) of decision about target location following

a 3-s delay, plotted as a function of cue size (1.6, 5.2, or 8.1) to target location for each

apolipoprotein E–ɛ4 gene dose group. Error bars represent standard errors.
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