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A B S T R A C T   

The Apolipoprotein-E (APOE) gene is now known to be associated with individual differences in cognitive health 
in ageing. However, while the APOE ε4 allele confers significantly increased risk of developing Alzheimer’s 
disease (AD), the APOE ε2 allele is hypothesized to be protective against the development of AD. This is in line 
with neuroimaging and pathological findings associated with ε2 APOE allele, which go in the opposite direction 
to those observed in AD-related pathology. However, the precise impact of this allele on cognition remains 
inconclusive, with some small-cohort studies raising the possibility of an advantageous memory performance in 
these individuals. Here, we tested short-term memory (STM) performance in a large cohort of individuals, 300 of 
which were ε2/ε3 carriers. Their performance was compared to 554 ε3/ε3 carriers. We included participants 
from a wide age range spanning young, middle-aged and elderly adults. All of them performed a STM task that 
has previously been shown to be sensitive to subtle changes in memory in various patient and at-risk cohorts. 
Individuals carrying the APOE-ε2 allele exhibited a significant memory advantage, regardless of STM task dif
ficulty and across all ages. The observed memory advantage was present across the age range, suggestive of a 
phenotypical effect of this allele on cognition, possibly independent of any effects of this genetic allele that occur 
later life in these individuals.   

1. Introduction 

The apolipoprotein-E (APOE) gene has been linked to individual 
differences in risk and resilience to neurodegeneration in ageing. Three 
alleles make up the variants of the gene. The ε3 allele is the most 
common variant and considered to be the population norm. The ε4 allele 
is present in approximately 14% of the population and confers a major 
risk factor for developing Alzheimer’s disease (AD) [1]. Accordingly, the 
ε4 allele has been the focus of research in the past few years (e.g. 1–7). In 
contrast, the rarer ε2 APOE allele has been hypothesized to be protective 
against AD pathology [8,9]. Investigations involving the ε2 allele remain 
rare, and thus there is scant evidence pertaining to its consequences on 
brain or cognitive functions related to AD. 

Some studies have reported that the ε2 allele is associated with 
decreased AD-related effects on the brain, with carriers having lower 
hippocampal atrophy [10], or larger hippocampal volume [11,12] and 

increased entorhinal cortical thickness [13,14], compared to both ε3 
and ε4 carriers. Additionally, some investigations have concluded that 
the ε2 allele might confer a protective effect against amyloid deposition 
and neurofibrillary tangle (NFT) formation [15,16]. Overall, APOE ε2 
allele carriers have an increased lifespan [17]. 

A small number of behavioural studies have focused on cognitive 
correlates of carrying the APOE ε2 allele. The results, however, have 
been mixed and inconsistent. Some have reported a positive association 
between the ε2 allele and healthy cognitive functions in advanced years 
[18–22], for example an increased ability to retain information in short- 
and long-term memories [22–25]. In one study, ε2 allele carriers were 
also found to have superior verbal memory with increased recall scores 
on intermediate and long-term recall tasks compared to non-carriers 
[18]. Similar effects have been reported in younger ε2 carriers. In fact 
some investigators have reported that ε2 carriers demonstrated superior 
performance in long-term and short-term memory tasks (as measured by 

* Corresponding author at: Centre for Human BrainActivity (OHBA), Department of Psychiatry, University of Oxford, Oxford, OX3 7JX United Kingdom. 
E-mail address: nahid.zokaei@psy.ox.ac.uk (N. Zokaei).   

1 Denotes equal contribution. 

Contents lists available at ScienceDirect 

Behavioural Brain Research 

journal homepage: www.elsevier.com/locate/bbr 

https://doi.org/10.1016/j.bbr.2020.112918 
Received 13 June 2020; Received in revised form 3 September 2020; Accepted 11 September 2020   

mailto:nahid.zokaei@psy.ox.ac.uk
www.sciencedirect.com/science/journal/01664328
https://www.elsevier.com/locate/bbr
https://doi.org/10.1016/j.bbr.2020.112918
https://doi.org/10.1016/j.bbr.2020.112918
https://doi.org/10.1016/j.bbr.2020.112918
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbr.2020.112918&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Behavioural Brain Research 397 (2021) 112918

2

n-back tasks) as well as tests of executive function and attention across a 
wide age range (23–67 years) [26]. 

Other studies challenge the presence of any benefits of the ε2 allele 
[27,28], and some even suggest a cognitive disadvantage [29]. For 
example, it has been reported that compared to non-carriers, individuals 
with the ε2 allele performed significantly worse on standard memory 
and executive function tasks [12,30]. Moreover, in a report by Lancaster 
and colleagues (2016), middle-aged ε2 carriers had performance dis
advantages on various aspects of sustained attention, with slower 
response times in identifying a target compared to both ε3 and ε4 car
riers [31]. In line with these findings, it has been found that even though 
ε2 carriers had reduced risk of clinical dementia, compared to ε3 car
riers, they still possessed increased plaque neuropathology [32] which 
in turn may impact their cognitive abilities. 

The scarcity and inconsistencies in the literature may stem from a 
number of shortcomings. They might be due to a lack of sensitivity in 
commonly used neuropsychological tests, variations in the age groups 
tested, as well as the small number of participants within each genetic 
group. At this point, it is crucial to resolve inconsistencies and to strive 
for a better description of the influences of the APOE ε2 gene allele on 
cognition. Understanding whether the ε2 is in fact protective of cogni
tive decline will help advance our knowledge about the genetic and 
neural factors promoting cognitive resilience and ultimately improve 
stratification, diagnosis, and prognosis of cognitive decline in neuro
degeneration. In addition, there are practical consequences for under
standing cognitive decline in ε4 carriers. Most studies investigating ε4 
carriers as an at-risk group for developing AD compare them to ε2 and ε3 
carriers as control participants. This might result in inconsistent findings 
if ε2 and ε3 carriers have distinct cognitive profiles. 

To overcome these shortcomings, we employed a highly sensitive 
task of visual short-term memory (STM) to test a large cohort of APOE ε2 
carriers and non-carriers online. Our task provides a specific and 
quantifiable measure of the quality of the memories formed and has 
been shown to be more sensitive than commonly used neuropsycho
logical measures [33]. It has also been applied to APOE ε4 carriers, 
revealing an interesting pattern of antagonistic pleiotropy [2,3], thereby 
demonstrating the sensitivity of this task to detect subtle differences in 
performance in otherwise healthy participants. Secondly, to determine 
whether putative cognitive differences were part of individuals’ 
make-up or emerged gradually relative to non-carriers with advancing 
age, the large cohort included adults of various ages, spanning the 
young, middle-aged and elderly. Lastly, a large cohort of genotyped 
participants took part in online, with greater numbers of APOE ε2 carrier 
and non-carriers in each age-range than tested to date. The present study 
therefore allowed us to examine the effect of APOE ε2 allele on cogni
tion, across the age range, and with high sensitivity. 

2. Methods 

Experimental procedures were reviewed and approved by the Cen
tral University Research Ethics Committee of the University of Oxford 
(identical to that detailed in 34). 

2.1. Participants 

Overall, 854 participants selected from a group of 1277 individuals 
recruited through the NIHR BioResources (https://bioresource.nihr.ac. 
uk/) completed the study remotely. Genetic information regarding the 
participants’ APOE allelic variants was used to select the group of par
ticipants, which consisted of 300 ε2/ε3 carriers and 554 ε3/ε3 carriers 
(for APOE genotyping methods please refer to the NIHR BioResources 
website: https://bioresource.nihr.ac.uk/). Participants were specifically 
recruited with the aim of testing as many individuals as possible within 
each genotype group and age from those available in the cohort. Hence, 
the distribution of participants in each genotype does not represent what 
one would expect in the general population. 

On agreeing to take part, participants received a unique identifica
tion number and a guide describing the study procedures. They were 
first instructed to complete a consent form, followed by a set of de
mographic questionnaires. Having consented, participants then 
completed the Oxford Memory test (OMT) on their personal tablet 
devices. 

Table 1 presents a summary of the demographic information for the 
two groups (age-related changes in memory performance and the in
fluence of the APOE ε4 was examined in a separate study 34). There was 
no significant difference in years of education (measured from the first 
year of school), gender, or handedness between the two groups. 

2.2. Oxford memory test (OMT) 

The Oxford Memory Test (OMT) is a flexible web-based version of a 
highly sensitive short-term-memory precision task we have previously 
successfully used to detect subtle changes in performance in healthy 
ageing, neurodegenerative disorders, and at-risk populations [2,35–37]. 
The online OMT instantiation is identical to that used in a previous study 
of APOE ε4 carriers [34]. The web-app platform is designed for testing in 
‘less strict’ environments such as clinics, wards, or individuals’ homes; 
and can be run on any tablet or touchscreen device. 

A schematic of the task is presented in Fig. 1a. In each trial, partic
ipants viewed 1 or 3 coloured fractals (memory array) for 1 or 3 s 
respectively and had to memorise the identity and corresponding loca
tion of each fractal. The memory array was followed by a blank delay of 
1 or 4 s before they were probed about their memory. At probe, par
ticipants were first presented with 2 fractals, positioned above and 
below the fixation cross. One was from the memory array (target) and 
the other was a novel fractal. Participants had to select the fractal that 
had been present in the previous memory array (identification) and then 
drag it to the remembered location (localization). To confirm their 
response, participants then had to press the “Done” button at screen 
centre. This was followed by the presentation of a blank screen with a 
“Next” button (Fig. 1a). When ready, participants initiated the next trial. 

The stimuli were selected from a pool of 196 coloured fractals (sized 
to 3◦ of visual angle). The location of the fractals in the memory array 
was randomly selected with a few constraints: Fractals had a minimum 
distance of 4◦ of visual angle from each other, a minimum of 1.5◦ of 
visual angle from the edges of the screen, and a minimum of 2◦ of visual 
angle from screen centre, assuming a constant viewing distance of 40 
cm. 

Participants were asked to complete 2 blocks of 40 trials. Each block 
consisted of 10 trials per memory set-size and delay condition. Prior to 
the beginning of the task, participants were acquainted with the 
experimental design and conditions. They completed 2 trials with 
written instructions on each screen and a further 8 practice trials 
resembling the experimental trials. Practice trials were not included in 
the analysis. Participants were instructed to perform the task in a quiet 
place while placing the tablet at arm’s length. Prior to the start of the 
task, participants were asked to report the screen dimensions within the 
OMT app. This information was used to normalise screen sizes across 
various devices. 

3. Results 

Mixed ANOVAs with the number of objects in the memory array (set 
size) and the duration of the delay period as within-subject factors and 
age-group and APOE gene-status as between-subject factors were con
ducted (see Table 2 for complete summary statistics). In summary, the 
analysis showed significant performance benefits for APOE ε2 carriers, 
discussed below, none of which interacted with age of participants. 

For identification times (time participants took to select the target 
fractal at response), there was a significant main effect of APOE status (F 
(1,840) = 4.75, p = 0.03, η2

p = 0.006, Fig. 1b), with faster responses by 
APOE ε2/ε3 carriers than non-carriers. APOE status, however, did not 

N. Zokaei et al.                                                                                                                                                                                                                                  

https://bioresource.nihr.ac.uk/
https://bioresource.nihr.ac.uk/
https://bioresource.nihr.ac.uk/


Behavioural Brain Research 397 (2021) 112918

3

interact with any of the other factors, i.e. age, delay interval or set size 
(Table 2). 

For Identification accuracy, there was no significant main effect of 
APOE status or an interaction between APOE status or any of the other 
factors. Mean identification accuracy was high overall (mean accuracy 
of 99% for set size 1 and 88% for set size 3), and interacted with age of 
participants as well as memory delay and set size (see Table 2 for 
summary statistics). 

Finally, there was a significant main effect of APOE status for local
ization error – the distance between the response location and the orig
inal location of the probed item (F(1,840) = 5.9, p < 0.001, η2

p = 0.007), 
with APOE ε2/ε3 carriers localizing fractals more precisely than non- 
carriers. APOE status also interacted significantly with set size (F 
(1,840) = 4.3, p = 0.038, η2

p = 0.005). This 2-way interaction was 
followed up by further one-way analyses per set size. For set size 1, there 
was no significant effect of APOE status (F(1,840) = 1.85, p = 0.17) but 
for set size 3, there was a significant advantage for ε2 carriers (F(1,840) 
= 6.02, p = 0.014, η2

p = 0.007- Fig. 1c). APOE status did not interact 
with age of participants or memory delay (Table 2). 

Together, these results demonstrate that individuals with the ε2/ε3 
genotype performed significantly better in our STM task, as measured by 
both faster response times and greater precision of location memory 
compared to the ε3/ε3 genotype, regardless of age. 

4. Discussion 

The current study provides evidence for a distinct pattern of STM 
performance in ε2 carriers compared to non-carriers. Specifically, ε2 
carriers were faster at identifying the target item and then placed the 
chosen item more accurately at the remembered location. Importantly, 
this memory advantage was observed regardless of age of participants, 
with significant cognitive differences detectable even in young adults. 
These findings provide evidence for the influences of the APOE ε2 gene 
allele on cognition, which in turn can inform studies investigating 
cognitive biomarkers for AD in ε4 carriers. Traditionally, many studies 
have grouped the ε2/ε3 and ε3/ε3 genotypes into one “control” group to 
compare to the at-risk ε4-carrier cohort [7,38–40]. However, as 
demonstrated here, due to the distinct nature of their cognitive profiles, 
collapsing these two groups could introduce unplanned variability. 
Differential inclusion of ε2 carries may therefore have contributed to the 
inconsistencies reported in the APOE ε4 literature (e.g. 3,37–42). 

Investigations on the effects of the ε2 allele on cognition have pro
vided mixed results [18–29,43–45]. Our results complement and 
strengthen previous observations of superior memory performance in ε2 
carriers in studies with far smaller samples [25]. For example, in an 
investigation of both immediate and delayed verbal memory, 
middle-aged and older ε2 carriers had better memory performance 
compared to non-carriers, who also experienced sharper decline in 
memory decay [18]. This effect remained significant even after con
trolling for the occurrence of cardiovascular disorders in all groups. 
Similarly, younger ε2 carriers have been shown to have advantageous 
effects in tasks of both short- and long-term memories previously [26]. 
However, it is important to note that the effect sizes in the present study 
are small. Therefore, even though there is a consistent influence of the 
APOE ε2 on performance, future attempts should identify the underlying 
biological mechanisms of these changes in cognition. 

There are a number of possible explanations for better cognitive 
performance in ε2 carriers, though they remain speculative. First, there 
is evidence that ε2 carriers are more resistant to neurodegeneration, 
have more efficient clearance of amyloid from blood vessels [9,46], and 
are protected against neurofibrillary tangle formation [15,16]. Addi
tionally, some studies have reported that APOE ε2 carriers have lower 
levels of hippocampal atrophy in old age [10]. However, such mecha
nisms may not fully explain the pattern of results in the current study, 
since the cognitive benefits of the APOE ε2 carriers were not restricted to 
older participants but also appeared in the younger participants. Our 
results suggest instead an alternative possibility, namely a phenotypic 
difference that is independent of side-effects of potential progression of 
pathology associated with age. Consistent with this view, larger hippo
campal volumes have been reported in APOE ε2 carriers even in younger 
participants [11,12]. It will be interesting in future studies to investigate 
the possible link between the observed behavioural advantage and 
hippocampal size and functional integrity. 

Our results contrast with a number of previous studies reporting no 
advantageous memory performance in ε2 carriers [12,27,28,30,31]. 
Many important factors may contribute to this discrepancy. To avoid the 
lack of power to detect genetic differences in small cohorts [25], we 
studied, to the best of our knowledge, one of the largest cohorts of ε2 
carriers. Our task also brought a significantly more sensitive task of STM 
compared to traditional and commonly used neuropsychological mea
sures of memory used in many of the previous studies [33]. Finally, 
previous investigations have each targeted different age groups, limiting 

Table 1 
Demographic characteristics of ε3/ε3 (black) and ε2/ε3 carriers (light blue).  

N. Zokaei et al.                                                                                                                                                                                                                                  



Behavioural Brain Research 397 (2021) 112918

4

the ability to generalise any findings across the age range. In this study, 
by using online testing, we were able to test participants across a wide 
age span (20 s to 70 s). 

Previously we have shown that ε4 carriers can also demonstrate 
superior STM performance compared to ε3/ε3 carriers across the age 
range, using an identical task [2,3,34]. Crucially, this effect was, how
ever, only observed for the shorter memory delays of 1 s, with higher 
forgetting rate compared to non-carriers in STM as well as worse LTM 
performance in the same individuals [2]. The advantage in very 
short-term memories in ε4 carriers was interpreted to reflect antago
nistic pleiotropy effects of the APOE gene [47]. The overall beneficial 
memory performance in ε2 carriers, however, may be a phenotypical 
effect of the APOE ε2 allele on cognition arising as a secondary conse
quence of other biological changes associated with this allele, e.g. 
associated with vascular regulation [9]. Future research might profit
ably focus on understanding the link between physiological and cogni
tive changes associated with the APOE ε2 carriers. Specifically, a wider 
range of cognitive processes, beyond those examined here, should be 

tested to provide a comprehensive cognitive landscape of APOE ε2 
carriers, the relationship between processes and their link to physio
logical changes. 

Together, the findings presented here provide evidence for beneficial 
effects of the APOE ε2 gene allele on memory in otherwise healthy 
participants, across ageing. To the best of our knowledge, this is one of 
the first studies to test memory in a large sample of participants, using a 
sensitive task, and including individuals across a large age span, over
coming possible shortcomings of previous investigations into the topic. 
Future research should aim to replicate these findings in the general 
population, limiting any possible selection biases that may have influ
enced the findings. Further, it would be important to identify the bio
logical basis of such changes in cognition as a result of different variants 
of the APOE gene. Such considerations will be crucial in developing a 
thorough understanding of the protective vs. detrimental nature of 
different APOE alleles on neurodegeneration and brain health in 
general. 

Fig. 1. Short-term memory task and perfor
mance in APOE ε2/ε3 and ε3/ε3 carriers. a) 
Schematic of the short-term-memory task 
delivered via the OMT app. b) Identification 
times – the time it took participants to select the 
target item at response – for memory set sizes 1 
and 3. APOE ε2/ε3 carriers were significantly 
faster than non-carriers. c) Localization error – 
the distance between the reported location of 
the target and the true location of the item at 
memory array – for memory set sizes 1 and 3. 
Similarly, APOE ε2/ε3 carriers were signifi
cantly more precise than non-carriers.   
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