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Abstract

We examined the performance of healthy young (n=57) and older adults (n=43) genotyped as 

apolipoprotein E-ε4 (APOE-ε4) carriers or APOE-ε4 non-carriers on a delayed match-to-sample 

task involving varying degrees of spatial interference hypothesized to assess spatial pattern 

separation. Older adult ε4 carriers were further divided into “impaired” and “unimpaired” groups 

based on their performance on a standardized test of verbal memory. We found that performance 

on the spatial pattern separation test increased as a function of decreased spatial interference 

across all groups. The older ε4 carriers in the impaired group performed significantly worse (p < .

05) than unimpaired ε4 carriers, ε4 non-carriers, and young adults. The data suggest that spatial 

pattern separation may be less efficient in a subset of healthy older adults with subtle memory 

decline who are carriers of the ε4 allele. However, pattern separation performance may be 

comparable to that of young adults in a subset of older adult ε4 carriers and more broadly among 

non-carriers. Our findings offer additional evidence that pattern separation may vary in older 

adults, and they provide novel insight into pattern separation efficiency in ε4-positive older adults.
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1.1 Introduction

Age-related differences on tasks thought to tax pattern separation have been well 

documented in recent studies (Doxey & Kirwan, 2014; Holden, Hoebel, Loftis, & Gilbert, 

2012; Leal & Yassa, 2014; Ly, Murray, & Yassa, 2013; Pidgeon & Morcom, 2014; Reagh et 

al., 2014; Roberts et al., 2014; Stark, Yassa, Lacy, & Stark, 2013; Stark, Yassa, & Stark, 

2010; Tolentino, Pirogovsky, Luu, Toner, & Gilbert, 2012; Toner, Pirogovsky, Kirwan, & 

Gilbert, 2009; Yassa, Lacy, et al., 2011; Yassa, Mattfeld, Stark, & Stark, 2011). Pattern 

separation is a mechanism that separates partially overlapping patterns of neural activation 

so that one pattern may be retrieved as separate from other similar patterns. Pattern 

separation may reduce potential interference or similarity among memory representations, 

thereby increasing the likelihood of accurate encoding and subsequent retrieval (Holden & 

Gilbert, 2012). There is considerable evidence that the dentate gyrus (DG) and CA3 

hippocampal subregions play a critical role in pattern separation (for reviews see Gilbert & 

Brushfield 2009; Kesner & Rolls, 2014; Schmidt et al. 2012; Yassa & Stark 2011).

The human hippocampus has been shown to undergo structural and functional changes as a 

result of aging (Allen, Bruss, Brown, & Damasio, 2005; Driscoll & Sutherland, 2005; Good 

et al., 2001; Raz et al., 2005; Small, Tsai, DeLaPaz, Mayeux, & Stern, 2002; Walhovd et al., 

2010). However, the DG subregion may be particularly susceptible to these age-related 

changes (Small et al., 2002). A recent study by Doxey and Kirwan (2014) used functional 

magnetic resonance imaging (fMRI) and diffusion tensor imaging (DTI) to measure 

functional and structural correlates of behavioral pattern separation in the hippocampus and 

medial temporal lobe. They found that the size of left hemisphere DG/CA3 regions was the 

strongest predictor of performance, other than age, on a task hypothesized to tax pattern 

separation. Diffusion in white matter tracts and resting function connection strengths did not 

significantly predict task performance (Doxey & Kirwan, 2014). However, age-related 

changes are evident in the perforant pathway input to the DG (Yassa, Mattfeld, et al. 2011), 

and a study that used high-resolution fMRI and ultrahigh-resolution DTI showed that 

decreased pattern separation activity in the DG/CA3 regions of older adults was associated 

with structural changes in the perforant pathway. It was hypothesized that these changes 

weaken the processing of new information and strengthen the processing of stored 

information (Yassa, Mattfeld, et al., 2011), which may result in less efficient pattern 

separation.

There is a growing body of evidence that older adults are impaired relative to young adults 

on behavioral tasks hypothesized to tax pattern separation for visual objects, spatial 

locations, temporal order, verbal stimuli, and emotional information (Doxey & Kirwan, 

2014; Holden et al., 2012; Leal & Yassa, 2014; Ly et al., 2013; Pidgeon & Morcom, 2014; 

Reagh et al., 2014; Roberts et al., 2014; Stark et al., 2010; Stark et al., 2013; Tolentino et al., 

2012; Toner et al., 2009; Yassa, Lacy, et al., 2011; Yassa, Mattfeld, et al., 2011). However, 

numerous studies have demonstrated that pattern separation efficiency varies among older 

adults. These studies borrowed an approach commonly used in animal studies of aging (e.g., 

Gallagher et al., 2006), whereby aged subjects are dichotomized into “impaired” and 

“unimpaired” groups based on performance on a well-characterized test (such as the water 

maze test in animals) and then the subjects are tested on a different test to examine group 
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differences in performance. Numerous recent studies have modeled this approach to 

dichotomize older humans into “older-impaired” and “older-unimpaired” groups based on 

performance on standardized serial list learning tests and then investigate differences 

between the two groups on pattern separation tasks (Holden et al., 2012; Holden, Toner, 

Pirogovsky, Kirwan, & Gilbert, 2013; Reagh et al., 2014; Roberts et al., 2014; Stark et al., 

2010; Stark et al., 2013).

Stark and colleagues (2010) were the first to assess potential age-related variability on a task 

designed to measure spatial pattern separation. In the initial comparison of young and older 

adults, no group differences were found. However, when the older adult group was divided 

into aged-impaired and aged-unimpaired groups based on performance on a standardized 

verbal list learning task, the young adults and aged-unimpaired older adults performed 

significantly better than the aged-impaired older adults on the trials that taxed pattern 

separation. Holden and colleagues (2012) replicated these findings using a different task to 

assess spatial pattern separation and found that the pattern of deficits was remarkably similar 

to those of Stark et al. (2010). The older-impaired group showed pattern separation deficits 

relative to the young adults and older-unimpaired adults (Holden et al., 2012). A more recent 

study reported similar results using an incidental encoding task involving objects presented 

in various locations (Reagh et al., 2014). In addition to spatial tasks, studies have produced 

similar results on tests hypothesized to assess pattern separation for temporal order memory 

(Roberts et al., 2014) and visual object information (Holden et al., 2013; Stark et al., 2013). 

Therefore, this approach has provided unique insight into the variability among older adults 

when performing behavioral tasks designed to measure pattern separation.

One factor that might contribute to differences on cognitive tasks among older adults is the 

presence of the apolipoprotein E-ε4 (APOE-ε4) allele on chromosome 19. The APOE gene 

codes for a protein called apolipoprotein E, which plays a role in the transfer of cholesterol 

and other lipids between cells and organs. The ε4 allele of the APOE gene also has been 

linked to Alzheimer’s disease (AD). Although a number of risk factors for AD have been 

discussed—such as increased age, a diagnosis of mild cognitive impairment (MCI), and a 

positive family history—one of the most significant risk factors is possession of the ε4 

variant of the APOE gene (Combarros, Alvarez-Arcaya, Sánchez-Guerra, Infante, & 

Berciano, 2002; Holmes, 2002; Roses & Saunders, 1997; Saunders et al., 2000; Selkoe, 

2001). Cognitive differences have been well documented between healthy older adults who 

carry the ε4 allele versus those who do not (Bondi et al., 1995; Caselli et al., 2001; Lehmann 

et al., 2006; Lind et al., 2006; Mayeux, Small, Tang, Tycko, & Stern, 2001; Rosen et al., 

2005; Seeman et al., 2005; Swan, Lessov-Schlagger, Carmelli, Schellenberg, & La Rue, 

2005; Tupler et al., 2007; Wilson et al., 2002). In addition, the allele has been implicated in 

functional and structural brain changes observed across the aging spectrum (Bookheimer et 

al., 2000; Bondi, Houston, Eyler, & Brown, 2005; Filbey, Chen, Sunderland, & Cohen, 

2010; Han et al., 2007; Johnson et al., 2007; Lind et al., 2006; Mondadori et al., 2007; 

Wierenga et al., 2012; Yang et al., 2014). Hippocampal atrophy is greater in nondemented 

older adults who are ε4 carriers compared to ε4 non-carriers (Cohen, Small, Lalonde, Friz, 

& Sunderland, 2001; den Heijer et al., 2002; Lind et al., 2006; Plassman et al., 1997; 

Soininen et al., 1995) and longitudinal comparisons reveal that the APOE ε4 allele is linked 

to a greater reduction in hippocampal volume (Crivello et al., 2010; Jak, Houston, Nagel, 
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Corey-Bloom, & Bondi, 2007; Stewart et al., 2011) and a decline in white matter integrity in 

the posterior corpus callosum and medial temporal lobes (Nierenberg et al., 2005; Persson et 

al., 2006). Critically, neuroimaging studies examining subregions of the hippocampus have 

implicated the DG/CA3 subregions as being particularly susceptible to volumetric (Mueller 

& Weiner, 2009; Mueller, Schuff, Raptentsetsang, Elman, & Weiner, 2008; cf. Lyall et al., 

2013) and functional (Bookheimer et al., 2000; Han et al., 2007; Suthana et al., 2010) 

changes in older adults who are carriers of the ε4 allele. Given the association between 

APOE-ε4 genotype and changes in the DG subregion, and the importance of this subregion 

in pattern separation, we hypothesized that pattern separation would be impaired in older 

adult carriers of the APOE-ε4 allele.

To the authors’ knowledge, only one published study has examined the association between 

pattern separation and possession of the APOE-ε4 allele. Wesnes, Annas, Basun, Edgar, and 

Blennow (2014) examined pattern separation abilities of older adults diagnosed with mild to 

moderate AD with and without the ε4 allele. Their results indicated that, compared to ε4 

non-carriers, ε4 carriers were impaired in their ability to discriminate between pictures with 

features that were similar to those presented previously—a condition hypothesized to tax 

pattern separation. However, no study to our knowledge has examined whether pattern 

separation performance is affected in older adult ε4 carriers without a neurocognitive 

disorder. The present study sought to test young adults and healthy older adults with and 

without the APOE-ε4 allele on a previously published behavioral task hypothesized to 

measure spatial pattern separation.

1.2 Materials and Methods

1.2.1 Participants

The participant sample for the current study consisted of 57 young adults, ranging in age 

from 18–25 years old, and 43 healthy older adults over 65 years of age. The young adults 

were recruited from a pool of college students at San Diego State University and the older 

adults were community dwelling individuals recruited from the San Diego community. All 

procedures were approved by the Institutional Review Boards at San Diego State University 

and the University of California at San Diego, and all participants provided written informed 

consent. The older adult participants were genotyped for APOE using a polymerase chain 

reaction-based method (Saunders et al., 1993). The older adult group was separated into two 

demographically similar groups based on the presence (ε4 carriers; n=24) or absence (ε4 

non-carriers; n=19) of the APOE ε4 allele. We selected demographically comparable ε4 

carrier and ε4 non-carrier samples from existing studies.

A growing number of studies report that pattern separation efficiency varies among older 

adults (Holden et al., 2012; Holden et al., 2013; Reagh et al., 2014; Roberts et al., 2014; 

Stark et al., 2010; Stark et al., 2013). As discussed previously, these studies have utilized a 

method of classifying older adults as “impaired” or “unimpaired” based on performance on a 

standardized measure of memory in order to investigate differences in performance on 

pattern separation tasks (Holden et al., 2012; Holden et al., 2013; Reagh et al., 2014; Roberts 

et al., 2014; Stark et al., 2010; Stark et al., 2013). Thus, participants in the current study 

were divided into a total of four groups: (1) impaired older ε4 carrier adults, (2) unimpaired 
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older ε4 carrier adults, (3) older ε4 non-carrier adults, and (4) young adults. The older ε4 

carrier adults were classified as impaired or unimpaired based on delayed recall performance 

on the Hopkins Verbal Learning Test Revised (HVLT-R; Benedict, Schretlen, Groninger, & 

Brandt, 1998; Brandt & Benedict, 2001) or on long-delay free recall performance on the 

California Verbal Learning Test-Second Edition (CVLT-II; Delis, Kaplan, Kramer, & Ober, 

2000). Specifically, unimpaired older ε4 carriers scored within the normal range for young 

adults (ages 20–29), whereas impaired older ε4 carriers scored more than 1 standard 

deviation below the normal range for young adults. None of the older ε4 non-carriers scored 

more than 1 standard deviation below the normal range for young adults. All young adults 

completed the HVLT-R and older adults completed either the HVLT-R (n=24) or the 

CVLT-II (n=19). Age-corrected z-scores for the long delay free recall index (LDFR) are 

reported in Table 1 for each group. A summary of demographic characteristics for the 

sample also is included in Table 1. One-way analysis of variance (ANOVA) revealed no 

differences in age (p = .386) or education (p = .193) among the three older adult groups. The 

average Dementia Rating Scale (DRS; Mattis, 1976) scores for the older adults also are 

shown in Table 1. None of the older adults had been diagnosed with a neurocognitive 

disorder and all older adults scored above 130 on the DRS.

1.2.2 Spatial Pattern Separation Test

Participants completed a delayed match-to-sample for spatial location task developed in our 

laboratory (Holden et al., 2012), which utilized a metric manipulation of spatial interference 

to assess spatial pattern separation. The participant was seated in front of a computer 

monitor with a 15 cm black border affixed around the outside of the screen. The border was 

utilized to eliminate the possibility of using visual cues on the computer monitor to aid in 

remembering the spatial location of the stimuli.

Each trial consisted of a sample phase, an intratrial interval, and a choice phase. In the 

sample phase, a gray circle measuring 1.7 cm in diameter appeared on the screen for 5 s. 

The circle appeared in one of 18 possible locations across the middle of the screen. As part 

of the task instructions, the participant was told to “remember the location of the circle on 

the screen.” During the choice phase, two colored circles appeared on the screen, one red 

and one blue. One of the colored circles (target) was in the same location as the sample 

phase circle (correct choice) and the other colored circle (foil) was in a location that was 

either to the left or the right of the original gray circle (incorrect choice). The target and foil 

circles were separated by one of four possible spatial separations: 0 cm (edges of circles 

touched), 0.5 cm, 1.0 cm, and 1.5 cm. When the two colored circles were presented during 

the choice phase, the participant was asked to indicate which one was in the same location as 

the gray circle from the sample phase by stating its color. Participants were given 10 s to 

respond during the choice phase. It is hypothesized that choice circles that were closer 

together would result in heightened interference and thus an increased need for pattern 

separation. During a 10 s delay between the sample and the choice phases, participants were 

asked to look away from the screen and read a string of random letters from a laminated card 

on the table in front of them. The purpose of this activity was to prevent the participant from 

fixating the eyes on the location of the sample phase circle.
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There were 48 total trials for the task, consisting of 12 trials for each of the four spatial 

separations. Each group of trials for a particular spatial separation was balanced across the 

width of the screen to ensure there was not an unintended bias toward a particular section of 

the screen. To counter fatigue effects, the 48 total trials were split into two sets of 24 trials 

with a 5 min break separating them. The two sets were identical in design and each set was 

pseudo-randomized, with the restriction that there were not more than two consecutive trials 

of the following: (1) spatial separation, (2) correct circle of a certain color, or (3) correct 

circle on a particular side.

1.3 Results

A 4 × 4 mixed model ANOVA was conducted to investigate the effects of group (impaired 

older ε4 carriers, unimpaired older ε4 carriers, older ε4 non-carriers, young) and spatial 

separation (0 cm, 0.5 cm, 1.0 cm, 1.5 cm) on spatial pattern separation task performance 

(percent correct). The analysis revealed a significant main effect of group, F(3, 96) = 5.10, p 

< .01. As shown in Figure 1, a Student Newman-Keuls post-hoc analysis revealed that 

impaired older ε4 carrier adults performed significantly worse (p < .05) than unimpaired 

older ε4 carrier adults (Cohen’s d = 0.83), older ε4 non-carrier adults (d = 0.83), and young 

adults (d = 1.05). However, significant differences were not found among the unimpaired 

older ε4 carrier adults, the older ε4 non-carrier adults, and the young adults (p > .05).

Additionally, the mixed model ANOVA revealed a significant main effect of spatial 

separation on performance, F(3, 288) = 18.64, p < .001. Planned polynomial contrasts 

revealed a significant linear effect of spatial separation on performance, F(1, 96) = 48.08, p 

< .001. Specifically, greater spatial separation (i.e., decreased interference) was associated 

with better performance. No group x spatial separation interaction was detected (p = .77).

1.4 Discussion

The aim of the current study was to compare the performance of healthy older adult ε4 

carriers, with and without subtle cognitive impairment, to non-carriers on a spatial memory 

task involving varying degrees of spatial interference. The task is hypothesized to assess 

spatial pattern separation. Older adult ε4 carriers were classified as “impaired” or 

“unimpaired” based on standardized verbal memory test performance (CVLT-II or HVLT-

R) relative to standardized norms for young adults. Therefore, the impaired older ε4 carriers 

were impaired relative to young adults, not relative to age-corrected norms; hence we 

characterized them as experiencing subtle cognitive impairment. All older adults scored 

above 130 on the DRS and none were diagnosed with a neurocognitive disorder. We found 

that older ε4 carriers classified as impaired performed significantly worse on a spatial 

pattern separation task compared to unimpaired older ε4 carriers, older non-carriers, and 

young adults. These group differences were robust given the large effect sizes (d = 0.83 – 

1.05) in the context of relatively small sample sizes. However, no significant differences 

were found among the latter three groups. In addition, we found that performance increased 

as a function of increased spatial separation across all groups, which is consistent with a 

pattern separation effect. The impaired older E4 carriers show a similar increase in 

performance across separations relative to the other groups but poorer accuracy, which 
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suggests that pattern separation may be occurring in this group but is less efficient. We 

hypothesize that as spatial separation increased (e.g. 1 cm and 1.5 cm separation trials), 

interference was likely to decrease resulting in less demand for pattern separation. It is 

possible that general memory impairment also may contribute to the observed deficits in the 

impaired older ε4 carriers. However, we feel there are two pieces of evidence that suggest 

the current findings do not reflect solely a general memory deficit. First, the general memory 

demands of the task are identical on each trial. On the sample phase, the participant views 

one circle on the screen and has to remember its location across the delay. During this time 

there is no indication of the level of interference that will occur on the ensuing choice phase. 

On the choice phase, the participant then views two circles and has to indicate which 

occurred in the same location as the sample phase circle. One could argue that a deficit in 

general memory (i.e. inability to remember location of sample phase circle) would result in 

comparable performance across spatial separations. However, we find that all groups 

improve as spatial separation increases, which is consistent with a pattern separation effect. 

In addition, the older adults performed on average in the normal range on a standardized test 

of verbal memory (CVLT-II or HVLT-R) and none of the older adults performed in the 

impaired range on this measure. Although general memory decline cannot be ruled out 

completely, these findings provide evidence that the deficit observed in the impaired older 

ε4 carriers may reflect less efficient pattern separation rather than a general memory deficit. 

To our knowledge, the present findings offer the first evidence suggesting that spatial 

pattern separation may be less efficient in a subset of healthy older adults who are carriers of 

the APOE-ε4 allele. However, pattern separation may be comparable to young adults in a 

subset of older adults who are carriers of the APOE-ε4 allele or among non-carriers.

A prior study from our laboratory used this same behavioral task to examine spatial pattern 

separation in young and older adults (Holden et al., 2012). We reported that young adults 

significantly outperformed older adults on the task across all spatial separations. In addition, 

we found that a subset of older adults classified as “impaired” on a verbal memory test 

performed significantly worse on the pattern separation task than older adults classified as 

“unimpaired” and young adults. Similar findings have been reported in studies using 

different behavioral tasks hypothesized to measure pattern separation for spatial information 

(Reagh et al., 2014; Stark et al., 2010), temporal order memory (Roberts et al., 2014), and 

visual object information (Holden et al., 2013; Stark et al., 2013). Although various factors 

may have contributed to the observed differences between the impaired and unimpaired 

older adults in these studies, the present findings offer preliminary evidence that the APOE-

ε4 allele further modifies this relationship and represents a factor that warrants further 

examination.

Recent studies have reported that individuals diagnosed with AD and amnestic MCI (aMCI) 

demonstrate deficits on pattern separation tests. Stark and colleagues (2013) utilized an 

incidental encoding task to examine pattern separation for visual object information in 

healthy older adults divided into aged-unimpaired and aged-impaired groups in addition to a 

group of individuals diagnosed with aMCI. The aged-unimpaired group outperformed both 

the aged-impaired group and the aMCI group on trials that taxed visual object pattern 

separation; however, the aged-impaired group and the aMCI group did not differ on these 

trials. Individuals with aMCI were impaired relative to both of the other groups on a 
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measure of recognition memory, but there were no recognition memory differences between 

the aged-unimpaired and aged-impaired groups. Based on the findings of Stark and 

colleagues (2013), it may be possible to further characterize impairment in particular 

mnemonic processes in older adults through specific patterns of impairment in individuals 

with aMCI (impaired recognition and pattern separation), cognitively normal individuals 

with subtle cognitive decline (intact recognition and impaired pattern separation), and those 

who are aging successfully (intact recognition and intact pattern separation). A previous 

study reported that the deficits observed on a continuous recognition task that taxed visual 

object pattern separation in both cognitively normal older adults and individuals with aMCI 

were associated with structural and functional changes in the DG/CA3 region of the 

hippocampus (Yassa et al., 2010).

Another recent study (Ally, Hussey, Ko, & Molitor, 2013) used a similar continuous 

recognition memory task to behaviorally examine pattern separation in individuals 

diagnosed with aMCI or mild AD. In addition, the study examined how performance 

changed as function of the lag between the study and test objects. The data revealed that 

behavioral pattern separation rates decreased as a function of increasing lag between 

interfering objects in individuals diagnosed with aMCI. Performance of the aMCI group 

matched controls at the shortest lag of 4 interfering objects; however, the group performed 

comparably to the AD group at the largest lag of 40 interfering objects. The AD group was 

significantly impaired relative to controls across all lags. The data provide additional 

evidence for impaired visual object pattern separation associated with aMCI and provided 

some of the first behavioral evidence that pattern separation may be further impaired in 

those diagnosed with mild AD (Ally et al., 2013). A more recent study examined pattern 

separation abilities of older adults diagnosed with mild to moderate AD with and without the 

ε4 allele (Wesnes et al., 2014). Compared to ε4 non-carriers, ε4 carriers were impaired on 

trials hypothesized to tax pattern separation. Studies have begun to examine the relationship 

between standardized memory test performance and specific hippocampal subregion 

functioning (Brickman, Stern, & Small, 2011). As reviewed by Holden & Gilbert (2012), 

tests that measure pattern separation may be highly sensitive to subtle age-related changes in 

the DG region. It is hoped that one day these tests may be used in conjunction with 

standardized neuropsychological measures to help differentiate neurocognitive changes 

associated with normal aging, MCI, and AD. They also may help to differentiate 

increasingly nuanced distinctions between the cognitive decline of MCI from the ‘subtle 

cognitive decline’ (i.e., not of sufficient severity for the diagnosis of MCI) of the NIA-AA 

criteria for preclinical AD (Sperling et al., 2011).

Although future studies are needed with larger samples, the present findings provide 

evidence that spatial pattern separation may be less efficient in a subset of older adults who 

carry the APOE-ε4 allele. However, pattern separation may be comparable to young adults 

in a subset of older adults who are ε4 carriers or non-carriers. More research is needed into 

the moderators that may underlie the differences between these two subsets of older adults 

with the ε4 allele. For example, prior studies have reported sex differences in the association 

between age-related cognitive decline and the ε4 allele (Lehmann et al., 2006; Mortensen & 

Hogh, 2001). Future studies with larger samples should examine differences in pattern 

separation between male and female carriers and non-carries for the ε4 allele. In addition, 
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neuroimaging studies have reported that ε4 carriers evidence increased hippocampal activity 

compared to non-carriers, even though neuropsychological and generalized memory 

performance was in the normal range (Bookheimer et al., 2000; Han et al., 2007). 

Specifically, Han et al. (2007) found that activity in the hippocampus was increased in ε4 

carriers during a verbal learning task; however, these individuals had neuropsychological 

performance profiles that were no different than those of non-carriers. Future studies 

utilizing fMRI techniques should examine whether older ε4 carriers classified as impaired 

using verbal memory performance evidence different hippocampal activity levels when 

performing a spatial pattern separation task compared to older ε4 carriers classified as 

unimpaired. Furthermore, it would be of interest to test older ε4 carriers and non-carriers on 

tests designed to assess nonspatial pattern separation in order to examine whether the current 

findings may be specific to spatial pattern separation. As reviewed previously, the DG 

subregion of the hippocampus has been shown to play a critical role in pattern separation. 

Given that changes in the region have been documented in both healthy older adults and 

older adult carriers for the ε4 allele, we hypothesize that the presently observed deficits in 

older adults who carry the ε4 allele may stem from changes in the DG subregion. Finally, 

there has been discussion in the literature about the importance of linking behavior on tasks 

hypothesized to require pattern separation in humans to the neural/computational process of 

pattern separation (Roberts et al., 2014; Stark et al., 2013). As noted by Roberts et al. 

(2014), pattern separation only can be directly observed by recording neural input/output 

computations. However, behavioral tests that may be sensitive to age-related changes in the 

neural process of pattern separation can provide important insight into their functional 

significance. The present task was created based on a task developed for use in rodents, 

which was found to be sensitive to complete hippocampal lesions (Gilbert et al., 1998) and 

lesions restricted to the dorsal dentate gyrus (Gilbert et al., 2003) or dorsal CA3 (Gilbert et 

al., 2006) subregions. Future functional neuroimaging studies are needed to gain insight into 

the association between performance on the present task and activity in the hippocampus 

and its subregions.

The present findings add to a growing literature reporting that pattern separation may be less 

efficient in subsets of healthy older adults (Holden et al., 2012; Holden et al., 2013; Reagh et 

al., 2014; Roberts et al., 2014; Stark et al., 2010; Stark et al., 2013). Our findings provide 

novel insight into one potential moderator of these differences—the APOE-ε4 allele. These 

findings may have important implications for designing behavioral interventions for older 

adults, such as structuring daily living tasks in order to reduce interference, thus potentially 

improving memory function.
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Highlights

• Examined performance of young and older adults on a spatial pattern separation 

task

• Older adults were genotyped as apolipoprotein E-ε4 carriers or non-carriers

• ε4 carriers classified as impaired or unimpaired using a standardized memory 

test

• Older ε4 carriers in impaired group displayed spatial pattern separation deficits

• Pattern separation may be less efficient in ε4 carriers with subtle memory 

decline
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Figure 1. 
Mean (standard error) performance of impaired older ε4 carriers, unimpaired older ε4 

carriers, older ε4 non-carriers, and young adults as a function of spatial separation on the 

spatial pattern separation task.
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Table 1

Mean (standard deviation) demographic data, total Dementia Rating Scale (DRS) scores, and Long Delay Free 

Recall (LDFR) age-corrected z-scores for young, older e4−, unimpaired older e4+, and impaired older e4+ 

adults.

Young Older ε4− Unimpaired Older ε4+ Impaired Older ε4+

n 57 19 13 11

Age (years) 19.61 (2.02) 74.72 (6.25) 73.00 (3.89) 76.89 (9.36)

Gender (%female) 64.91 57.89 46.15 54.55

Education (years) 13.07 (.96) 15.84 (2.36) 16.54 (2.18) 14.73 (2.96)

DRS Total N/A 140.53 (2.86) 140.77 (2.62) 138.00 (3.61)

LDFR −.49 (1.36) .95 (1.00) 1.12 (.93) −1.03 (.70)
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