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SUMMARY
The hippocampal subfields perform distinct operations during acquisition, differentiation, and recollection of
episodic memories, and deficits in pattern separation are among the first symptoms of Alzheimer’s disease
(AD).We investigated how hippocampal subfields contribute to pattern separation and how this is affected by
Apolipoprotein-E (APOE), the strongest AD genetic risk factor. Using ultra-high-field (7T) functional magnetic
resonance imaging (fMRI), APOE-ε3-ε3 carriers predominantly recruited cornu ammonis 3 (CA3) during a
spatial mnemonic discrimination task, whereas APOE-ε3-ε4 and APOE-ε3-ε2 carriers engaged CA3 and den-
tate gyrus (DG) to the same degree. Specifically, APOE-ε3-ε4 carriers showed reduced pattern separation in
CA3, whereas APOE-ε3-ε2 carriers exhibited increased effects in DG and pattern separation-related func-
tional connectivity between DG and CA3. Collectively, these results demonstrate that AD genetic risk alters
hemodynamic responses in young pre-symptomatic individuals, paving the way for development of bio-
markers for preclinical AD.
INTRODUCTION

Memories of past experiences are crucial to guide behavior. The

hippocampus is key for differentiating and recalling a specific

episode among similar experiences in memory, a process called

pattern separation [1–3]. However, the hippocampus consists of

several histologically and functionally distinct subfields [4].

Computational models have emphasized a particular role of

the dentate gyrus (DG) in pattern separation, whereas the adja-

cent cornu ammonis 3 (CA3) region has been proposed to

interact with the entorhinal cortex (EC) andDG to perform pattern

separation or pattern completion, depending on stimulus char-

acteristics [2, 3, 5–8]. In support of these models, animal electro-

physiological recordings in rats and monkeys have shown a

prominent functional contribution of DG to pattern separation,

whereas CA3 has been found to support pattern completion or

pattern separation [9–15].

Results from human fMRI studies are somewhat less consis-

tent. Although distinct functions have been proposed for DG

and CA3, the limited spatial resolution of blood-oxygen-level-

dependent (BOLD) responses at conventional field strengths of

3T did not allow dissociation of these two areas in most studies
Current Bi
[8, 16–18]. Even when recordings were conducted at higher

resolutions (e.g., 1.5 mm3 isotropic voxel size), DG and CA3 still

remained nondissociable [19, 20]. Two recent studies using

ultra-high fMRI recordings at 7T successfully dissociated the

functional contributions of DG and CA3 during mnemonic

discrimination and provided converging evidence that pattern

separation is specifically associated with DG [21], whereas

pattern completion mainly occurs in CA3 [22]. However, hypo-

thetical CA3 pattern separation processes may be masked by

simultaneously occurring memory recollection processes. Thus,

classical pattern separation paradigms involving only individual

items may not be optimal to probe hippocampal pattern separa-

tion processes because the hippocampus is predominantly rele-

vant for relational memory for arbitrary associations between

multiple items or between an item and its spatial location [23, 24].

Pattern separation is crucial for memory function but is also

among the first cognitive functions to be affected in aging

[25–28], mild cognitive impairment (MCI) [29], and Alzheimer’s

disease (AD) [30, 31]. Thus, one would expect neurodegeneration

to occur first in the DG and/or CA3. However, histological and

volumetric studies in early stages of AD demonstrate that

neuronal loss and tangle accumulation within the hippocampus
ology 30, 4201–4212, November 2, 2020 ª 2020 Elsevier Inc. 4201
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Figure 1. Experimental Design and Trial Types

(A) During scanning, participants viewed the objects and judgedwhether an itemwas ‘‘new,’’ ‘‘repeat,’’ or ‘‘lure.’’ An object was correctly judged as ‘‘new’’ when it

was seen for the first time in the context of the task and as ‘‘repeat’’ when it was presented in the same location for the second time. An object was correctly

judged as ‘‘lure’’ when it was presented again but in a different location.

(B) Summary of the regressors in the fMRI analysis. Trials were sorted post hoc according to the participants’ responses using a factorial design of 4 stimulus

types (foil, new, repeats, and lures) by 4 response types (‘‘new,’’ ‘‘repeat,’’ ‘‘lure,’’ and no response). Given that there were very little or no trials in some cases,

trials from those conditions were collapsed into a single regressor.
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are more prominent in CA1 and subiculum than in other hippo-

campal subfields [32–40]. To reconcile the discrepant results

from studies with healthy and clinical populations, preclinical dis-

ease stages may be accessible by investigating asymptomatic

genetic risk carriers. This is particularly the case in early-onset

AD,which is determined bymutations of genes such as Presenilin

1 (PS1) with complete penetrance. Indeed, previous studies of

asymptomatic PS1mutation carriers demonstrated hippocampal

hyperactivation during encoding of face-name associations [41]

and scenes [42]. Late-onset AD is due to a combination of

environmental influences and genetic risk factors, of which Apoli-

poprotein-E (APOE) is by far the most important [43]. The most

common APOE allele, APOE-ε3, is associated with an average

risk for AD, whereas the APOE-ε4 and APOE-ε2 alleles lead to a

higher and a lower AD risk, respectively [43, 44]. Recent evidence

suggests APOE-ε4 status to be associated with impaired pattern

separation ability [31, 45, 46] and increased BOLD responses in

CA3/DG during pattern separation [46]. However, these results

were obtained in older African-American APOE-ε4 carriers

[45, 46] or in AD patients [30, 31], leaving open the question of

whether they generalize to young healthy APOE-ε4 carriers.

Furthermore, given the rare occurrence of the APOE-ε2 allele in

the general population, little is known about how it affects hippo-

campal subfield activation during pattern separation [47].

Here we addressed these questions using ultra-high-field (7T)

fMRI recordings that allowed us to reliably distinguish between

DG and CA3 [48]. We employed a spatial mnemonic
4202 Current Biology 30, 4201–4212, November 2, 2020
discrimination task in which young healthy participants geno-

typed for APOE had to judgewhether repeated itemswere shown

at the same or at a different spatial location (Figure 1A). We hy-

pothesized APOE genotype-specific differences in hippocampal

subfield activation. Particularly, we expected neural pattern sep-

aration effects to be reduced in APOE-ε4 carriers and enhanced

in APOE-ε2 carriers.

RESULTS

Eighty-two participants (33 APOE-ε3-ε3, 34 APOE-ε3-ε4, and 15

APOE-ε3-ε2 carriers; Table 1) completed a spatial mnemonic

discrimination task during ultra-high-resolution fMRI at 7T (Fig-

ure 1A; STAR Methods). For every participant, trials were sorted

post hoc according to a factorial design of 4 stimulus types (foils,

new, repeats, and lures) by 4 responses (‘‘new,’’ ‘‘repeat,’’

‘‘lure,’’ and no response) (Figure 1B; STAR Methods). Region

of interest (ROI) masks that define the trisynaptic loop of the hip-

pocampal formation (i.e., EC, CA1, DG, and CA3) were created

and used for subsequent analyses (Figure 2; STAR Methods).

We did not find any significant group effects on task perfor-

mance or ROI volumes (Table 1), consistent with previous

studies [29, 49].

No APOE Genetic Differences in Novelty
First we examined the effect of APOE on novelty responses in

different hippocampal subfields and the EC. The novelty effect



Table 1. Summary of Demographics, ROI Volumes, and fMRI Task Performance

APOE-ε3-ε3 APOE-ε3-ε4 APOE-ε3-ε2 F(2,79) p Value

n (F/M) 19/14 26/8 14/1 7.04a 0.03

Mean age ± S.E.M., years 22.8 ± 3.5 21.8 ± 2.1 20.8 ± 1.4 3.08 0.05

Mean Anatomical Size (across Subjects) ± SEM (mm3)

L. CA1 7.11 ± 0.18 6.89 ± 0.20 6.49 ± 0.19 1.80 0.17

R. CA1 7.59 ± 0.21 7.39 ± 0.21 7.46 ± 0.24 0.25 0.78

L. DG 4.98 ± 0.11 4.93 ± 0.13 4.86 ± 0.18 0.15 0.86

R. DG 5.21 ± 0.12 5.17 ± 0.14 5.33 ± 0.20 0.24 0.79

L. CA3 1.56 ± 0.05 1.54 ± 0.06 1.39 ± 0.05 1.65 0.20

R. CA3 1.63 ± 0.05 1.67 ± 0.06 1.56 ± 0.06 0.62 0.54

L. EC 9.20 ± 0.25 8.85 ± 0.23 8.81 ± 0.24 0.76 0.47

R. EC 9.04 ± 0.29 8.63 ± 0.19 8.98 ± 0.33 0.83 0.44

Mean Proportion of Responses (across Subjects) ± SEM

Foils ‘‘new’’ (correct foils) 0.99 ± 0.003 .98 ± 0.007 0.99 ± 0.003 1.06 0.35

Foils ‘‘repeat’’ 0.00 ± 0.001 0.00 ± 0.001 0.00 ± 0.002 0.37 0.69

Foils ‘‘lure’’ 0.01 ± 0.003 0.01 ± 0.005 0.00 ± 0.002 1.17 0.32

Foils no response 0.00 ± 0.001 0.01 ± 0.003 0.00 ± 0.002 1.50 0.23

First ‘‘new’’ (correct first) 0.99 ± 0.003 0.98 ± 0.004 0.99 ± 0.003 0.75 0.48

First ‘‘repeat’’ 0.00 ± 0.001 0.00 ± 0.001 0.00 ± 0.001 0.44 0.64

First ‘‘lure’’ 0.009 ± 0.003 0.01 ± 0.003 0.01 ± 0.002 0.51 0.60

First no response 0.002 ± 0.001 0.003 ± 0.001 0.002 ± 0.001 0.46 0.63

Repeats ‘‘new’’ 0.04 ± 0.007 0.03 ± 0.009 0.03 ± 0.008 0.86 0.43

Repeats ‘‘repeat’’

(correct repeats)

0.75 ± 0.03 0.78 ± 0.02 0.77 ± 0.04 0.36 0.70

Repeats ‘‘lure’’ 0.21 ± 0.02 0.19 ± 0.02 0.20 ± 0.03 0.24 0.79

Repeats no response 0.01 ± 0.002 0.01 ± 0.003 0.00 ± 0.002 1.11 0.34

Lures ‘‘new’’ 0.04 ± 0.007 0.03 ± 0.009 0.03 ± 0.007 0.09 0.92

Lures ‘‘repeat’’ 0.23 ± 0.01 0.25 ± 0.01 0.23 ± 0.01 0.96 0.39

Lures ‘‘lure’’ (correct lures) 0.72 ± 0.02 0.70 ± 0.01 0.73 ± 0.02 1.13 0.33

Lures no response 0.01 ± 0.002 0.01 ± 0.004 0.01 ± 0.002 1.40 0.25

Demographics, mean anatomical size (in squaremillimeters) for each ROI, andmean proportion of responses were calculated for a factorial design of 4

stimulus types (foils, new, repeats, and lure) by 4 responses (‘‘new,’’ ‘‘repeat,’’ ‘‘lure,’’ and no response) in each genotype group. One-way ANOVAs

were performed for every item listed. See also Table S2.
aNon-parametric Kruskal-Wallis test was performed to test for number of males versus females in the genotype groups.
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was defined as the contrast between correctly identified new

stimuli (i.e., correct new) compared with correctly recognized

repeated items (i.e., correct repeats). Consistent with previous

ultra-high-field studies [21, 51, 52], we averaged the parameter

estimates of the two hemispheres in each ROI. Figure 3A shows

boxplots for the mean parameter estimates of the novelty effect

(see also Figures S1A and S2A for novelty effects for each hemi-

sphere and for each sex, respectively). An analysis of covariance

(ANCOVA) (STAR Methods) revealed a significant main effect of

‘‘ROI’’ (F(2,1, 159.6) = 3.1, p = 0.048). We did not observe any main

effects of ‘‘group’’ (F(2, 77) = 0.8, p = 0.5) or the covariates ‘‘age’’

(F(1, 77) = 1.7, p = 0.2) and ‘‘sex’’ (F(1, 77) = 0.01, p = 0.9). There

were no significant interactions between ‘‘ROI’’ and the covariate

‘‘age’’ (F(2.1, 159.6) = 0.9, p = 0.4), ‘‘ROI’’ and the covariate ‘‘sex’’

(F(2.1, 159.6) = 1.8, p = 0.2), or ‘‘ROI’’ and ‘‘group’’ (F(4.1, 159.6) = 0.2,

p = 0.97).

Pooled across the APOE genotype groups, follow-up paired-

sample t tests comparing novelty effects between ROIs yielded
significant differences for CA3 > DG (t(81) = 7.10, p < 0.001),

CA3 > CA1 (t(81) = 8.44, p < 0.001), CA3 > EC (t(81) = 10.0, p <

0.001), CA1 > DG (t(81) = 2.79, p = 0.007), CA1 > EC (t(81) =

5.85, p < 0.001), and DG > EC (t(81) = 6.79, p < 0.001) (Figure 4).

Collectively, the results demonstrate the strongest novelty effect

in CA3, followed by CA1 and DG, and the weakest novelty effect

in EC (i.e., CA3 > CA1 > DG > EC).

Pattern Separation Effects in the DG and CA3 Show
APOE Genetic Differences
Next we examined APOE genotype effects on pattern separation

in different hippocampal subfields and the EC. Similar to previ-

ous studies [18, 28, 46, 53, 54], pattern separation was identified

via the contrast of correctly identified lure stimuli (i.e., correct

lures) as compared to lure stimuli that were incorrectly identified

as ‘‘repeat’’ (i.e., lures ‘‘repeat’’). This contrast compares the two

response conditions under which the lure stimulus has been

remembered correctly (otherwise participants would have
Current Biology 30, 4201–4212, November 2, 2020 4203



Figure 2. Hippocampal Subfields and the EC

(A) T2-weighted images of a single subject showing

(i) the posterior end of the hippocampal head and (ii)

the anterior start of the hippocampal body. Medial

temporal lobe (MTL) regions and hippocampal

subfields were automatically segmented based on

T1- and T2-weighted images using the automated

segmentation of hippocampal subfields (ASHS)

procedure [48] with an atlas template created by

Berron et al. [50]. The segmentation results from all

participants were subsequently verified manually.

(B) Slice-by-slice segmentation of results of the

ASHS procedure (examples from slices 23–28).

Slices are 1.1 mm apart. Included are the entorhinal

cortex (EC; brown), perirhinal cortex (area 35 in light

brown, area 36 in mint green), subiculum (magenta),

cornu ammonis 1 (CA1; red), CA2 (green), CA3

(yellow), and dentate gyrus (DG; blue). Functional

ROIs were created for the EC, CA1, CA3, and DG.
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responded ‘‘new’’), but only under the ‘‘correct lures’’ condition

was the location correctly identified as new. In other words,

this contrast attempts to isolate the process of interest while

keeping other processes the same. Figure 3B shows boxplots

for the mean parameter estimates of the pattern separation ef-

fect (see also Figures S1B and S2B for pattern separation effects

for each hemisphere and for each sex, respectively). Interest-

ingly, an ANCOVA (STAR Methods) revealed a significant main

effect of ‘‘group’’ (F(2, 77) = 4.1, p = 0.02) and a significant interac-

tion between ‘‘ROI’’ and ‘‘group’’ (F(4.6, 178.0) = 3.2, p = 0.01). We

did not observe significant main effects of ‘‘ROI’’ (F(2.3, 178.0) =

0.6, p = 0.6) or the covariates ‘‘age’’ (F(1, 77) = 0.08, p = 0.8)

and ‘‘sex’’ (F(1, 77) = 0.01, p = 0.9). There were no significant inter-

actions of ‘‘ROI’’ and the covariate ‘‘age’’ (F(2.3, 178.0) = 0.6, p =

0.6) or ‘‘ROI’’ and the covariate ‘‘sex’’ (F(2.3, 178.0) = 1.0, p =

0.4). Furthermore, when we modeled each of the lure conditions

as a separate regressor and re-calculated the pattern separation

effects (Figure S3; STAR Methods), we did not find any signifi-

cant interactions of ‘‘lure type’’ and ‘‘ROI’’ (F(5.6, 427.6) = 1.06,

p = 0.38), ‘‘lure type’’ and ‘‘group’’ (F(4.8, 186.2) = 1.35, p = 0.25),

or ‘‘lure type,’’ ‘‘ROI,’’ and ‘‘group’’ [F(11.1, 427.6) = 0.96, p =

0.49), indicating that the interaction of ‘‘ROI’’ and ‘‘group’’

observed in our main analysis was not affected by the difficulty

level of the lures.

Follow-up univariate analyses of APOEgenotypeeffects in each

ROI revealed significant group effects in DG (F(2, 79) = 5.78, p =

0.005) and CA3 (F(2, 79) = 4.88, p = 0.01) but not in EC (F(2, 79)

= 0.74, p = 0.48) or CA1 (F(2, 79) = 2.03, p = 0.14). We thus focused

our analysesonDGandCA3. Paired-sample t tests comparing the
4204 Current Biology 30, 4201–4212, November 2, 2020
mean pattern separation-related parameter

estimates inDGversusCA3demonstrateda

stronger pattern separation effect in CA3

relative to DG in APOE-ε3-ε3 carriers

(t(32) = 2.50, p = 0.02). This result was not

found in APOE-ε3-ε4 carriers (t(33) = 0.36,

p = 0.72) or in APOE-ε3-ε2 carriers (t(14) =

0.83, p = 0.42). In other words, APOE-ε3-

ε3 carriers predominantly recruited CA3

rather than DG for pattern separation,
whereas APOE-ε3-ε4 and APOE-ε3-ε2 carriers used CA3 and

DG regions to a similar degree.

We next testedwhether the differences between the APOE ge-

notype groups were due to reduced recruitment of CA3 by

APOE-ε3-ε4 and APOE-ε3-ε2 carriers and/or due to enhanced

recruitment of DG. Pairwise comparisons between the 3 APOE

genotype groups in CA3 revealed reduced pattern separation ef-

fects in APOE-ε3-ε4 relative to APOE-ε3-ε3 carriers (t(65) =

�2.53, p = 0.01) and APOE-ε3-ε2 carriers (t(47) = �2.51, p =

0.02) (Figure 3B(iv)). There was no difference between APOE-

ε3-ε3 relative to APOE-ε3-ε2 carriers (t(65) = �0.86, p = 0.40). In

contrast, DG showed enhanced pattern separation effects in

APOE-ε3-ε2 relative to APOE-ε3-ε3 carriers (t(46) = 2.68, p =

0.01) and APOE-ε3-ε4 carriers (t(47) = 3.30, p = 0.002) (Fig-

ure 3B(iii)). Importantly, however, there was no difference be-

tween APOE-ε3-ε4 and APOE-ε3-ε3 carriers (t(65) = �1.18, p =

0.24). Together, these results show higher levels of activity in

CA3 than DG during relational pattern separation in APOE-ε3-

ε3 carriers. They further demonstrate that, although APOE-

ε3-ε4 and APOE-ε3-ε2 carriers recruited CA3 and DG to the

same degree, APOE-ε3-ε4 carriers, compared with APOE-

ε3-ε3 carriers, showed lower recruitment of CA3 but no differ-

ence in DG recruitment. In contrast, APOE-ε3-ε2 carriers,

compared with APOE-ε3-ε3 carriers, showed higher recruitment

of DG but no difference in CA3 recruitment.

Some previous studies identified pattern separation by

comparing correct lures with correct repeats [16, 55]. However,

this contrast did not yield any significant APOE genotype effects

(Figure S4). Conceptually, this contrast is less suitable for our



Figure 3. Novelty, Pattern Separation, and Relational Memory Effects in Hippocampal Subfields and the EC

Boxplots of mean (across subjects) parameter estimates of (A) novelty (i.e., correct first-correct repeats), (B) pattern separation (i.e., correct lures-lures ‘‘repeat’’),

and (C) relational memory (i.e., correct repeats-repeats ‘‘lure’’) in the (i) EC, (ii) CA1, (iii) DG, and (iv) CA3 for APOE-ε3-ε3 carriers (yellow bars), APOE-ε3-ε4 carriers

(red bars), and APOE-ε3-ε2 carriers (blue bars). Orange crosses indicate outliers, and gray circles indicate individual subjects’ values. *p < 0.05. The scales differ

between plots. See also Figures S1–S4.
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paradigm because correct repeats and correct lures reflect trials

in which participants successfully remembered the previously

presented item and also recognized whether the associated

spatial location had been shown before. Thus, both conditions

could be considered to reflect successful source memory, and

they only differ in whether a novel or a repeated location was

correctly identified.

No APOE Differences in Relational Memory
Following our analysis approach, ‘‘correct repeats’’ trials involve

recognition of an item as old and accurate recall of its spatial

location context, whereas context recall failed for repeat trials

that were incorrectly identified as a ‘‘lure’’ (i.e., repeats ‘‘lure’’),

indicating a lack of relational memory. Figure 3C shows boxplots
for the mean parameter estimates of relational memory (i.e.,

correct repeats-repeats ‘‘lure’’). An ANCOVA (STAR Methods)

revealed significant main effects of ‘‘ROI’’ (F(2.3, 171.8) = 3.31,

p = 0.03) and the covariate ‘‘age’’ (F(1, 77) = 4.99, p = 0.03) and

a significant interaction of ‘‘ROI’’ and the covariate ‘‘age’’

(F(2.3, 171.8) = 3.25, p = 0.04). There were no significant main ef-

fects of ‘‘group’’ (F(2, 77) = 0.83, p = 0.44) or the covariate ‘‘sex’’

(F(1, 77) = 1.44, p = 0.23). There were also no significant interac-

tions of ‘‘ROI’’ and ‘‘group’’ (F(4.5, 171.8) = 0.42, p = 0.82) or

‘‘ROI’’ and the covariate ‘‘sex’’ (F(2.3, 171.8) = 0.73, p = 0.50).

Since the covariate ‘‘age’’ has a significant effect on ‘‘ROI,’’ we

performedmultiple ANCOVAs to compare the effects among the

ROIs, pooled across groups while controlling for the covariate

‘‘age.’’ For comparison of CA3 with EC, we found a significant
Current Biology 30, 4201–4212, November 2, 2020 4205



Figure 4. Novelty Effects in Hippocampal Subfields and the EC

Boxplot of mean (across subjects) parameter estimates, pooled across

groups, of novelty (i.e., correct first-correct repeat) in hippocampal subfields

and the EC. Black crosses indicate outliers, and black circles indicate indi-

vidual subjects’ values. *p < 0.01, ** p < 0.001.
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main effect of ‘‘ROI’’ (F(1.0, 80.0) = 5.0, p = 0.03), indicating a more

pronounced relational memory effect in CA3 than EC, and a sig-

nificant interaction of ‘‘ROI’’ and the covariate ‘‘age’’ (F(1.0, 80.0) =

4.6, p = 0.04) but no main effect of the covariate ‘‘age’’ (F(1, 80) =

2.9, p = 0.09). For comparison of CA1 with DG, we found a trend

for a main effect of ‘‘ROI’’ (F(1.0, 80.0) = 3.4, p = 0.07) with a stron-

ger relational memory effect in DG relative to CA1 but no main

effect of the covariate ‘‘age’’ (F(1, 80) = 2.1, p = 0.15) and no inter-

action of ‘‘ROI’’ and the covariate ‘‘age’’ (F(1.0, 80.0) = 2.7, p = 0.11)

was observed. For comparison of CA1 with CA3, we found a sig-

nificant main effect of ‘‘ROI’’ (F(1.0, 80.0) = 4.9, p = 0.03) with a

stronger relational memory effect in CA3 relative to CA1, a trend

for a main effect of the covariate ‘‘age’’ (F(1, 80) = 3.5, p = 0.07),

and a significant interaction of ‘‘ROI’’ and the covariate ‘‘age’’

(F(1.0, 80.0) = 4.3, p = 0.04). For comparison of DG with EC, we

found a marginally significant main effect of ‘‘ROI’’ (F(1.0, 80.0) =

3.6, p = 0.06) with a stronger relational memory effect for EC rela-

tive to DG, but nomain effect of the covariate ‘‘age’’ (F(1, 80) = 1.5,

p = 0.22) or interaction of ‘‘ROI’’ and the covariate ‘‘age’’

(F(1.0, 80.0) = 3.2, p = 0.08) was observed. For comparison of

CA1 with EC, we did not find any significant main effect

of ‘‘ROI’’ (F(1.0, 80.0) = 0.78, p = 0.38), the covariate ‘‘age’’

(F(1, 80) = 0.62, p = 0.44), or interaction of ‘‘ROI’’ and the covariate

‘‘age’’ (F(1.0, 80.0) = 82, p = 0.37). Finally, for comparison of

DG with CA3, we found a significant main effect of the

covariate ‘‘age’’ (F(1, 80) = 4.1, p = 0.045), but no main effect of

‘‘ROI’’ (F(1.0, 80.0) = 0.89, p = 0.35) or interaction of ‘‘ROI’’ and

the covariate ‘‘age’’ (F(1.0, 80.0) = 90, p = 0.35) was observed.

Together, these analyses show the most pronounced relational

memory effect within the CA3 region, consistent with previous
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studies (e.g., McNaughton andMorris [2]). Importantly, no signif-

icant APOE genotype differences on relational memory were

observed.

Pattern Separation-Related Functional Connectivity
between the DG and CA3 Depends on APOE
We tested whether APOE genotype effects on pattern separation

were associated with differences in the functional connectivity

(FC) between hippocampal subregions, which could possibly

drive compensatory increases or decreases in regional recruit-

ment. We used beta-series correlation analyses [56] to calculate

pattern separation-related FC in the hippocampal formation

(STAR Methods). Figure 5 shows boxplots of pattern separation-

relatedFC (i.e., correct lures-lures ‘‘repeat’’) for all 6 connectivities.

An ANCOVA (STARMethods) revealed a significant main effect

of ‘‘connectivity’’ (F(2.7,204.1) = 4.80, p = 0.004) and a marginally

significant main effect of the covariate ‘‘sex’’ (F(1,77) = 3.72, p =

0.06) but no main effect of the covariate ‘‘age’’ (F(1,77) = 2.63,

p = 0.11) or ‘‘group’’ (F(2,77) = 0.10, p = 0.91). Importantly, there

was also a significant interaction of ‘‘connectivity’’ and ‘‘group’’

(F(5.3,204.1) = 2.50, p = 0.03). There were also significant

interactions between ‘‘connectivity’’ and the covariates ‘‘sex’’

(F(2.7,204.1) = 4.84, p = 0.004) and ‘‘age’’ (F(2.7,204.1) = 3.61, p =

0.02). We thus performed pairwise comparisons of the 3 APOE

genotype groups for each connectivity while controlling for the

covariates ‘‘sex’’ and ‘‘age’’ (Table S1). Interestingly, DG-CA3

FC was reduced for APOE-ε3-ε4 relative to APOE-ε3-ε2 carriers

(F(1, 45) = 4.64, p = 0.04) but did not differ between APOE-ε3-ε3

and APOE-ε3-ε4 carriers (F(1, 63) = 1.24, p = 0.27) or between

APOE-ε3-ε2 and APOE-ε3-ε3 carriers (F(1, 44) = 2.41, p = 0.13).

The other connectivities did not differ between the different geno-

type groups. Post hoc paired t tests comparing DG-CA3 FC for

correct lures versus lure ‘‘repeats’’ in APOE-ε3-ε4 carriers (Fig-

ure 6A) did not show a difference between the two conditions

(t(33) =�1.56, p = 0.13) and showed a trend between the two con-

ditions in APOE-ε3-ε2 carriers (Figure 6B) (t(14) = 1.96, p = 0.07).

DISCUSSION

In the current study, we examined the functional contribution of

different subregions of the hippocampal formation to pattern

separation in a spatial mnemonic discrimination task and how

this is affected by APOE genotype. We identified differential nov-

elty effects across the hippocampal formation, with the stron-

gest novelty effect in CA3 followed by CA1 and DG and the

weakest novelty effect in EC. Novelty effects did not depend

on APOE genotype. In addition, we found pattern separation ef-

fects in CA3 and DG that were affected by APOE genotype, and

this effect was not influenced by sex. Interestingly, APOE-ε3-ε3

carriers predominantly recruited CA3 rather than DG. APOE-

ε3-ε4 carriers recruited CA3 to a lesser degree than APOE-

ε3-ε3 carriers but did not differ in DG recruitment. In contrast,

APOE-ε3-ε2 carriers showed higher recruitment of DG relative

to APOE-ε3-ε3 carriers but no difference in CA3 activation.

APOE-ε3-ε2 carriers further exhibited a trend of higher FC

between DG and CA3 during successful versus failed pattern

separation, unlike APOE-ε3-ε3 carriers. Collectively, our results

indicate that, although APOE-ε3-ε4 and APOE-ε3-ε2 carriers re-

cruit DG and CA3 to the same degree, this pattern results from



Figure 5. Pattern Separation-Related FC

Boxplots of mean (across subjects) parameter

estimates of pattern separation-related (i.e., cor-

rect lures-lures ‘‘repeat’’) FC in (A) EC-DG, (B) DG-

CA3, (C) CA3-CA1, (D) EC-CA1, (E) EC-CA3, and

(F) DG-CA1 for APOE-ε3-ε3 carriers (yellow bars),

APOE-ε3-ε4 carriers (red bars), and APOE-ε3-ε2

carriers (blue bars). Orange crosses indicate out-

liers, and gray circles indicate individual subjects’

values. *p < 0.05. See also Table S1.
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different alterations to the recruitment profile observed in APOE-

ε3-ε3 carriers.

In our study, we found the strongest novelty effect in CA3, fol-

lowed by CA1 and DG, and the weakest novelty effect in EC. Our

results diverge from previous findings that suggest that either

CA1 plays the most important role in novelty processing [57] or

that all hippocampal subregions contribute to novelty process-

ing to a similar degree [58]. One could speculate that BOLD re-

sponses mainly measure synaptic inputs [59] and recurrent pro-

cessing [60] within an area, the latter of which is particularly

abundant in the CA3. Direct electrophysiological recordings

would be required to clarify this issue and elucidate the mapping

between BOLD responses and electrophysiology in the hippo-

campus (e.g., Kunz et al. [61]). Interestingly, we did not find

any APOE genotype effect on novelty in the hippocampal forma-

tion. This differs from previous neuroimaging studies that re-

ported reduced medial temporal lobe (MTL) activation in

response to novel stimuli in AD patients [62–65] and increased

activation in MCI patients [63, 66]. It is well possible that the ef-

fects in patients with more advanced pathology are still masked

in the healthy participants at risk investigated here. Furthermore,

because of the relational nature of our paradigm, initial formation

of an association between an item and its spatial position may

require pronounced recruitment of the recurrent network of the

CA3 area (to form the association). In other words, it may not

be the detection of novelty per se but, rather, the formation of

novel associations that induces the strongest activation of the

CA3 region in our data.

Our results further demonstrate that BOLD responses in CA3

and DG and the FC between DG and CA3 are influenced by

APOE genotype. Importantly, these effects are observed in

APOE-ε3-ε4 carriers who are at high AD risk but do not yet

exhibit any age-related deficits in pattern separation [20, 29,

31, 45, 46]. Our current findings demonstrate a reduced

pattern separation effect in CA3 in APOE-ε3-ε4 carriers and
Current Biolog
enhancement of pattern separation ef-

fects in DG in APOE-ε3-ε2 carriers.

Although theoretical models and previous

empirical work suggest a predominant

role of DG in pattern separation (of similar

individual items), we found the most

prominent activation in CA3 rather than

in DG in APOE-ε3-ε3 carriers. At the cur-

rent stage, we do not have a comprehen-

sive explanation for why CA3 rather than

DG appears to support pattern separa-

tion in our paradigm. Some previous
studies have shown a role of the CA3 region in pattern separation

of relatively dissimilar stimuli or changes in spatial location (e.g.,

Yassa and Stark [8] and Leutgeb et al. [67]). It is possible that

‘‘detonator’’ mossy fiber synapses support all-or-none activation

of small assemblies of recurrently connected CA3 cells, which

may be required for representation of item-context associations

[1, 2]. Specifically, the correct response to a lure in our paradigm

requires recognition of an item as one that has been presented

previously and identification of its spatial location as new, and

such recall of item-location associations is typically linked to

the CA3 region. Thus, selective recruitment of such assemblies

may be particularly relevant for pattern separation of item-loca-

tion associations, whereas pattern separation of individual items

may occur in the DG region.

Our findings also demonstrate the highest degree of DG-CA3

FC in APOE-ε3-ε2 carriers and the lowest degree of DG-CA3 FC

in APOE-ε3-ε4 carriers, whereas the degree of DG-CA3 FC in

APOE-ε3-ε3 carriers does not differ significantly from the two

other groups. Based on the univariate results, one may have ex-

pected to find a lower degree of DG-CA3 FC in APOE-ε3-ε3 car-

riers because pattern separation-related effects in DG and CA3

differ in this group, whereas they do not differ in the other two

groups. However, averaged activity across trials and correla-

tions between trials are independent measures. In other words,

the same overall amounts of activity in DG and CA3 (as

measured by condition-specific regressors in the general linear

model (GLM)we used for univariate analyses) may be associated

with completely different levels of inter-trial correlations. At the

physiological level, FC is typically interpreted as indicating

inter-regional information transfer [68] or (in a pathological

framework) as a spread of pathology, functional compensatory

changes in recruitment, or decoupling of pathologically altered

areas. Given the differences in AD risk between the three groups,

we tentatively suggest that a high degree of DG-CA3 FC reflects

a beneficial (physiological) information transfer that is reduced in
y 30, 4201–4212, November 2, 2020 4207



Figure 6. Pattern Separation-Related FC between DG and CA3

Boxplots of mean (across subjects) FC of DG-CA3 for correct lures (dark gray

bars) and lures ‘‘repeat’’ (light gray bars) in (A) APOE-ε3-ε4 carriers and (B)

APOE-ε3-ε2 carriers. Black crosses indicate outliers, and gray circles indicate

individual subjects’ values.
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APOE-ε3-ε4 carriers, possibly also reflecting decoupling of

physiologically impaired subregions of the hippocampus in an

attempt to avoid the spread of pathology [69–72]. We note that

these interpretations need to remain speculative at the current

stage.

Our analysis strategy differed substantially from the approach

adopted in several previous neuroimaging studies on pattern

separation [8, 16, 18, 20, 21, 28, 29]. In the analysis of pattern

separation, we compared ‘‘correct lures’’ trials with lure trials in

which participants gave an incorrect ‘‘repeat’’ response (i.e.,

lures ‘‘repeat’’). It may be argued that failure to give a correct

response may be due to various reasons; e.g., participants

were less attentive in some trials, did not completely process

the perceptual information in a stimulus, or pressed a wrong but-

ton. Although we cannot completely rule out that these factors

contributed in some cases, it is unlikely that they completely

explain the responses under the lures ‘‘repeat’’ condition, for

two reasons. First, we found that, under the most difficult lure

condition (i.e., when the locations of the items only differed

by ±22.5� from the original location of the item [lure1]), the pro-

portion of ‘‘repeat’’ responses was significantly higher compared

with the second most difficult lure condition (i.e., when the loca-

tions of the items differed by ±45� from the original location of the

item [lure2]) (Table S2). These results suggest that participants

are more likely to incorrectly respond ‘‘repeat’’ to a lure item

when pattern separation demands are higher. This pattern of re-

sults would not be expected if participants just pressed an incor-

rect button or did not pay attention at all. Second, as described

above, the correct response to a lure in our paradigm requires

two processes: recognition of an item as one that has been pre-

sented previously and identification of its spatial location as new.

The first process could be conceived as item-based recognition

memory, whereas the second requires pattern separation. For

lure items that are incorrectly identified as ‘‘repeat,’’ the first

but not the second process is applied successfully. This sug-

gests that participants paid at least some degree of attention

to these trials. Our analysis recapitulates analyses in previous

relational memory studies in which trials with correct item and

source responses were compared with trials in which only an
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item was remembered but not its associated source [73–75].

Our results suggest that this relational version of pattern separa-

tion depends on a different hippocampal subregion (CA3)

compared with conventional, object-based pattern separation

(DG) [21]. Future studies should directly compare these effects,

ideally by employing both paradigms in the same participants.

Although the majority of previous pattern separation studies

focused on pattern separation of individual items, several previ-

ous studies in rodents and humans also investigated spatial ver-

sions of pattern separation paradigms. For example, a recent

study provided evidence of a behaviorally relevant role of the hip-

pocampus in separating neural representations of specific envi-

ronments using multivariate analyses of fMRI data [76]. In addi-

tion, other studies investigating impairment of spatial pattern

separation related to aging and AD showed that although healthy

elderly participants did not show overall deficits in spatial pattern

separation, a subgroup of elderly participants with impaired

memory exhibited reduced spatial pattern completion ability

[26]. Such deficits were also found in healthy elderly APOE-ε4

carriers [45], and the deficits in MCI patients correlated with hip-

pocampal and entorhinal volumes [77]. In addition, rodent

studies using similar experimental paradigms allowed investiga-

tion of regional contributions and cellular mechanisms in greater

detail (e.g., Gilbert et al. [78], Hunsaker et al. [79], and Yeates

et al. [80]).

Although studies of early-onset AD patients consistently re-

ported hippocampal hyperactivation that likely reflects early pa-

thology [41, 42], results from APOE-ε4 carriers of late-onset AD

are less consistent. Some studies showed reduced [81, 82]

and other studies enhanced [83–85] hippocampal activity in

APOE-ε4 carriers during memory encoding. Hyperactivity in

APOE-ε4 carriers may reflect very early pathology or functional

compensatory attempts (which may be maladaptive) [86]. Com-

puter simulations suggest that such hyperactivity may arise from

excessive pattern completion and insufficient pattern separa-

tion, resulting in ‘‘runaway’’ synaptic modification [87]. Our

findings further demonstrate that, despite differences in hippo-

campal BOLD responses between APOE genotype groups,

these groups did not differ in behavioral performance. APOE-

related BOLD differences despite normal performance have

been reported in several previous studies on young presymp-

tomatic APOE-ε4 carriers [29, 49]. For example, using a spatial

navigation paradigm, we found strongly impaired ‘‘grid cell-like

representations’’ in the EC of APOE-ε3-ε4 carriers compared

with APOE-ε3-ε3 carriers [70]. Importantly, however, APOE-ε4

carriers were not impaired in this task, suggesting that alter-

ations of regional BOLD activity patterns may precede behav-

ioral impairments. A similar divergence of APOE-ε4-related

BOLD alterations in the absence of any behavioral impairments

was also found in several other studies (e.g., Adamson et al.

[81], Konishi et al. [88], and Rajah et al. [89]). Consistent with pre-

vious studies, we suggest that alterations of BOLD responses

despite normal behavioral performance may be explained by

subclinical pathological processes or functional compensation

(or both; i.e., functional compensatory attempts that induce pa-

thology in the long term; see, e.g., Jagust and Mormino [90]).

Because the participants in our study are rather young, it is prob-

ably more likely that activation differences reflect functional

compensatory changes rather than actual neuropathology. In
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addition, the causal factors linking the APOE-ε4 genotype to

BOLD activity levels in DG remain unclear and need to be

addressed in future studies. In particular, it will be important to

test whether these activity differences are associated with AD

pathology (as measured via, e.g., cerebrospinal fluid (CSF) bio-

markers or amyloid and tau PET imaging). Because APOE-ε4 is

also a prominent vascular risk factor, it will be crucial to test

whether the reduced BOLD responses may be due to alterations

in neurovascular coupling or reflect changes of neural activity.

Whereas neurovascular coupling may be investigated via

advanced imaging techniques such as vascular space occu-

pancy (VASO) [91], intracranial electroencephalogram (EEG) re-

cordings in epilepsy patients (genotyped for APOE) may be

used to address the latter question.

The current study has several limitations. First, the number

of participants in the APOE-ε3-ε2 group was relatively small

compared with the APOE-ε3-ε3 and APOE-ε3-ε4 groups.

This is due to the rather low frequency of APOE-ε2 carriers,

who account for only about 8% of the general population

[43, 47]. Second, the ratios of males and females were imbal-

anced in the APOE genotype groups. The possibility that sex

differences might confound the results was reduced by con-

trolling for possible effects of sex (using sex as a covariate)

in all statistical models. Nevertheless, future studies with

more balanced sex ratios should more exhaustively explore

possible effects of sex. Third, the clinical relevance of the cur-

rent results in relation to AD remains unclear because young

healthy participants were recruited for the study. Future

studies should investigate elderly participants who are at

different stages of AD development (e.g., those who are

healthy, show subjective cognitive decline or pre-MCI, amnes-

tic MCI, and mild AD) and test whether APOE genotype is a

predictive factor for pattern separation abilities. Fourth, the

question of whether differences in pattern separation neural

representation observed in the APOE genotype groups will

persist and affect memory later in life needs to be addressed

in future longitudinal studies.

In conclusion, using a spatial mnemonic discrimination task

during high-resolution 7T fMRI scanning allowed us to differen-

tiate the contribution of hippocampal subregions to relational

pattern separation and its modulation by APOE genotype. This

approach may complement traditional neuropsychological tests

and spatial navigation tasks [92] as research paradigms for un-

derstanding preclinical AD and predicting disease progression.

In addition, future studies should also explore the relationship

between the neurocognitive basis of pattern separation, neuro-

psychological, and psychometric tests.
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Kumaran, D., and Düzel, E. (2016). Strong Evidence for Pattern

Separation in Human Dentate Gyrus. J. Neurosci. 36, 7569–7579.

22. Grande, X., Berron, D., Horner, A.J., Bisby, J.A., Düzel, E., and Burgess, N.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Eight hundred and forty young healthy adults gave informed consent and provided buccal swap samples for APOE genotyping (gen-

otyping procedures are as in Montag et al. [93]). Three hundred and ten participants were then randomly selected based on their

APOE genotype (APOE-ε3-ε4, APOE-ε3-ε3, or APOE-ε3-ε2), and recalled to check their willingness and suitability to participate in

the fMRI experiment. One hundred and seven young healthy adults participated in the fMRI experiment, but 7 datasets were dis-

carded from further analyses (3 due to data transfer failure, 2 due to data collection error and 2 due to poor structural segmentation

of the hippocampal subfields).

Of the 100 participants, a further 18 datasets were discarded from further analyses because of relatively large movements dur-

ing fMRI data collection compared to the fMRI spatial resolution (mean framewise displacement across the 2 sessions > 0.5 mm).

Eighty-two datasets were thus included in the final analyses. During the period of data collection, we tried our best to recruit

similar proportions of males and females. However, the iterative procedure of double-blind selection of candidates, invitation to

the scanning sessions and quality control of the acquired data did not allow us to completely balance the ratio of male to female

participants in the individual APOE genotype groups. Univariate analysis for age revealed a significant group effect [F(2,79) = 3.08,

p = 0.05], with APOE-ε3-ε3 carriers being slightly older than APOE-ε3-ε2 carriers [t(46) = 2.12, p = 0.04]. APOE-ε3-ε4 carriers did

not differ in age from either APOE-ε3-ε3 carriers [t(65) = �1.41, p = 0.16] or APOE-ε3-ε2 carriers [t(47) = 1.74, p = 0.09]. Further, non-

parametric test for sex revealed a significant group effect [Kruskal-Wallis: c2 = 7.04, df = 2, p = 0.03], with more females than

males in APOE-ε3-ε3 carriers relative to APOE-ε3-ε2 carriers [Mann-Whitney U: Z = 2.45, p = 0.01]. There were no differences

in the ratio of males and females in APOE-ε3-ε4 carriers relative to APOE-ε3-ε3 carriers [Mann-Whitney U: Z = 1.63, p = 0.10]

or APOE-ε3-ε2 carriers [Mann-Whitney U: Z = �1.39, p = 0.16]. The study was approved by the ethics committee of the Medical

Faculty of the University of Bonn.
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METHOD DETAILS

Spatial mnemonic discrimination task
Participants were presented with stimuli of everyday objects that were shown at different locations around a fixation crosshair at the

center of the screen (Figure 1A). Stimuli consisted of 160 everyday objects. For each stimulus, participants had to judge whether it

was (1) new, (2) old and in the same location (repeat), or (3) old but in a different location (lure). To ensure that the participants would

not be able to guess the location of the second presentation of the stimulus, the lure stimulus was randomly rotated with regard to the

position of the first presentation of the stimulus around the fixation crosshair at themiddle of the screen by either ± 22.5� (lure1), ± 45�

(lure2), ± 77.5� (lure3) or ± 90� (lure4). Of the 160 stimuli, 120 were presented twice (40 in the same location for the repeat condition,

and 20 * 4 = 80 different locations for the lure conditions) and 40 were presented only once (foils). The stimuli were presented using

Presentation software (https://www.neurobs.com/) and back-projected onto an LCD display (OptoStim Medical Research GmbH,

Cologne, Germany) that was visible to the participant through a mirror mounted on the MR head coil.

In a rapid event-related design, each stimulus was presented for 2 s, and the mean stimulus onset asynchrony was 5.2 ± 1.8 s

(mean ± SD). The mean inter-trial interval between repeated presentations of the same stimulus was 52.5 ± 2.4 s (mean ± SD). Par-

ticipants completed 2 runs of the fMRI experiment (~13 minutes per run), with a short break between the runs.

MRI data acquisition
A Siemens 7T MAGNETOM research MRI scanner (Siemens Medical Systems, Erlangen, Germany) with a 32-channel head receive

coil (single-channel transmit) was used to acquire the MRI data. Before the fMRI session, a whole head T1 MPRAGE volume (TR/TE/

TI = 2500/2.91/1200 ms, voxel size = 0.8 * 0.8 * 0.8 mm3, TA = 4:34 min:s), and 3 fast high-resolution T2-weighted volumes with a

reduced field-of-view (55 slices orthogonal to the hippocampus main axis, TR/TE = 8020/76 ms, voxel size = 0.4 * 0.4 * 1.0 mm3)

were acquired at different reference amplitudes (200V, 240V and 280V; TA = 2:58 min:s each) to homogenize the image contrast-

to-noise ratio across the field-of-view and to minimize motion artifacts. The 3 T2-weighted images were subsequently coregistered

and combined using square root of sum of squares of the 3 images. Each run of the fMRI experiment contained 380 echo planar im-

aging (EPI) volumes (28 slices in an odd-even interleaved fashion with slice alignment parallel to the hippocampus long axis, TR/TE =

2000/22 ms, voxel size = 0.8 * 0.8 * 0.8 mm3, parallel imaging acceleration = 4, echo spacing = 1.1 ms (0.275 ms effective echo

spacing), partial Fourier = 5/8). The functional volumes were corrected for geometrical distortions using the point spread function

mapping method [94] with reduced field-of-view (factor 4) rescan reference acquisition [95]. Total scanning time was 1 hour for

each participant.

QUANTIFICATION AND STATISTICAL ANALYSIS

Hippocampal subfields segmentation
Hippocampal subfields were automatically segmented based on both T1 and T2-weighted images using the ‘‘Automated Segmen-

tation of Hippocampal Subfields’’ (ASHS) procedure [48] with an atlas template created by Berron et al. [50] (Figure 2). All resulting

images were subsequently checked manually, and edited according to the heuristic rules that created the atlas template [50]. The

final images of left and right hippocampal subfields were then co-registered to the mean functional image to create functional re-

gions-of-interest (ROI) mask images for further analyses.

Behavioral analyses
As described above, our experiment contains four types of stimuli: (1) stimuli that were only shown once (foil stimuli), (2) first presen-

tation of subsequently repeated stimuli (new stimuli), (3) old stimuli in the same location (repeat stimuli), and (4) old stimuli in a different

location (lure stimuli). Participants’ responses were classified into (1) ‘‘new,’’ (2) ‘‘repeat’’ (old and in the same location), (3) ‘‘lure’’ (old

but in a different location) and (4) no response.

For every participant, the mean proportion of responses (across trials) was calculated in terms of a factorial design with 4 stimulus

types by 4 responses (Figure 1B). We did not find any significant APOE genotype group differences for the individual lure conditions

(see also Table S2).

fMRI data preprocessing and analyses
FMRI data preprocessing and statistical modeling was performed using SPM12 version 7219 (https://www.fil.ion.ucl.ac.uk/spm/).

After removing the first 5 volumes in each run, fMRI data were realigned to the first volume, and smoothed using a 2 mm full-width

half-maximum (FWHM) Gaussian kernel. All statistical analyses were performed in the participant’s native space. For each partici-

pant’s 1st level analysis, trials were post hoc sorted according to a factorial design with 4 stimulus type by 4 responses. However,

given that there were very little or no trials in some cases, trials from those conditions were collapsed into a single regressor (Fig-

ure 1B). In total, the main regressors for the 1st level analysis were: (i) correct foils – foil stimuli with a ‘‘new’’ response, (ii) correct

first – new stimuli with a ‘‘new’’ response, (iii) correct repeats – repeat stimuli with a ‘‘repeat’’ response, (iv) repeats ‘‘lure’’ – repeat

stimuli with a ‘‘lure’’ response, (v) correct lures – lure stimuli with a ‘‘lure’’ response, (vi) lures ‘‘repeat’’ – lure stimuli with a ‘‘repeat’’

response, (vii) incorrect first presentation – new or foil stimuli with a ‘‘repeat,’’ ‘‘lure’’ or no response, and (viii) incorrect second

presentation – repeat / lure stimuli with a ‘‘new’’ or no response.
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The time-series of data from each voxel were high-pass filtered at 1/128 Hz. Each regressor was entered into the design matrix

after convolving each event-related unit impulse (indexing stimulus onsets and stimulus duration of 2 s) with a canonical hemody-

namic response function and its first temporal derivative. Six realignment parameters and two session-specific parameters were

included as nuisance covariates. The design matrix for each participant was estimated according to the general linear model. For

every participant, contrasts for each condition listed above and those reflecting novelty (i.e., correct first > correct repeats), pattern

separation (i.e., correct lures > lures ‘‘repeat’’) and relational memory (i.e., correct repeats > repeats ‘‘lure’’) were created and mean

(across voxels) parameter estimates for novelty, pattern separation and relational memory effects were extracted for 4 regions of in-

terests (ROIs) bilaterally: Cornu Ammonis 1 (CA1), Cornu Ammonis 3 (CA3), dentate gyrus (DG), and entorhinal cortex (EC). Given that

we did not have a priori hypotheses regarding hemispheric laterality, we averaged the parameter estimates for each ROI across the 2

hemispheres. To investigate the effects of APOE genotype on either novelty, pattern separation or relational memory effects,

repeated-measures of ANCOVAs on the extracted parameter estimates for either novelty (i.e., correct first > correct repeats), pattern

separation (i.e., correct lures > lures ‘‘repeat’’) or relational memory (i.e., correct repeats > repeats ‘‘lure’’) effects were performed

using ‘‘group’’ (3 levels: APOE-ε3-ε3 versus APOE-ε3-ε4 versus APOE-ε3-ε2) as a between-subjects factor, ‘‘ROI’’ (4 levels: CA1

versus CA3 versus DG versus EC) as a within-subjects factor while controlling for the covariates of ‘‘age’’ and ‘‘sex’’ to account

for possible age-related and sex-related effects. The statistical analyses were performed using IBM SPSS Statistics version 22.0

(UNICOM, California, USA). Results were reported using Greenhouse-Geisser correction for inhomeogeneities of covariance.

In a complementary analysis, we modeled the different lure conditions separately. We first created a new general linear model

(GLM) with 14 conditions (correct foils, correct first, correct repeats, repeats ‘‘lures,’’ correct lure1, lure1 ‘‘repeat,’’ correct lure2,

lure2 ‘‘repeat,’’ correct lure3, lure3 ‘‘repeat,’’ correct lure4, lure4 ‘‘repeat,’’ incorrect first presentation, and incorrect second presen-

tation). We then extracted the mean parameter estimates (across voxels) related to pattern separation effects for each lure condition

in each ROI. For statistical comparison, we computed an ANCOVA with ‘‘group’’ (APOE-ε3-ε3 versus APOE-ε3-ε4 versus APOE-ε3-

ε2) as between-subject factor and ‘‘lure type’’ (lure1 versus lure2 versus lure3 versus lure4) and ‘‘ROI’’ (EC versus CA1 versus DG

versus CA3) as within-subject factors while controlling for the covariates of ‘‘age’’ and ‘‘sex.’’ The statistical analyses were performed

using IBM SPSS Statistics version 22.0 (UNICOM, California, USA). Results were reported using Greenhouse-Geisser correction for

inhomeogeneities of covariance.

Functional connectivity analyses
To further investigate the role of hippocampal subfields in spatial mnemonic discrimination, we used beta series correlation analyses

[56] to calculate how pattern separation affects functional connectivity among EC and hippocampal subfields. In general, functional

connectivity in different task conditions can be calculated and compared by fisher-z-transformed correlations of trial-by-trial beta

series variability in different conditions. A recent study has demonstrated the similarity between beta series correlation analyses

and psychophysiological interaction analyses [96].

For every participant, we first obtained each trial’s parameter estimate for each ROI (EC, CA1, DG and CA3) through a GLM

including one regressor for that trial and another regressor for all other trials. The temporal derivative of the hemodynamic response

function (HRF) was included in the model to account for individual onset variations of the HRF. This process was repeated for every

trial and resulted in 280 separate GLMs. For ourmain analysis, we focused on the functional connectivity effects of pattern separation

for correct lures and lures ‘‘repeat.’’ Correlations were performed using the parameter estimates of the trials in each condition for

each ROI (EC, CA1, DG and CA3) and fisher-z-transformed, thus yielding a 4-by-4 correlation matrix. Given that no directionality

(i.e., causation) can be inferred in functional connectivity analyses, only the upper triangle of the correlation matrix was considered.

This resulted in 6 unique functional connectivities: (1) EC andDG (EC –DG), (2) DG and CA3 (DG –CA3), (3) CA3 andCA1 (CA3 – CA1),

(4) EC and CA1 (EC – CA1), (5) EC and CA3 (EC – CA3), and (6) DG and CA1 (DG – CA1). Finally, effects on pattern separation for each

functional connectivity were computed as the difference of the fisher-z-transformed correlations between correct lures and lures

‘‘repeat.’’

To investigate the effects of APOE genotype, repeated-measures ANCOVAs on the effects of APOE genotype on functional con-

nectivity were performed using ‘‘group’’ (3 levels: APOE-ε3-ε3 versus APOE-ε3-ε4 versus APOE-ε3-ε2) as a between-subjects factor

and ‘‘connectivity’’ (6 levels: EC – DG versus DG – CA3 versus CA3 – CA1 versus EC – CA1 versus EC – CA3 versus DG – CA1) as a

within-subjects factor while controlling for the covariates of age and sex. The statistical analyses were performed using IBM SPSS

Statistics version 22.0 (UNICOM, California, USA). Results were reported usingGreenhouse-Geisser correction for inhomeogeneities

of covariance.
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