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Abstract Background: We sought to determine if the APOE 34 allele influences both the functional activation
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and connectivity of the medial temporal lobes (MTLs) during successful memory encoding in young

adults.

Methods: Twenty-four healthy young adults, i.e., 12 carriers and 12 noncarriers of the APOE 34

allele, were scanned in a subsequent-memory paradigm, using event-related functional magnetic res-

onance imaging. The neuroanatomic correlates of successful encoding were measured as greater neural

activity for subsequently remembered versus forgotten task items, or in short, encoding success activ-

ity (ESA). Group differences in ESA within the MTLs, as well as whole-brain functional connectivity

with the MTLs, were assessed.

Results: In the absence of demographic or performance differences, APOE 34 allele carriers exhibited

greater bilateral MTL activity relative to noncarriers while accomplishing the same encoding task.

Moreover, whereas 34 carriers demonstrated a greater functional connectivity of ESA-related MTL

activity with the posterior cingulate and other peri-limbic regions, reductions in overall connectivity

were found across the anterior and posterior cortices.

Conclusions: These results suggest that the APOE 34 allele may influence not only functional activa-

tions within the MTL, but functional connectivity of the MTLs to other regions implicated in memory

encoding. Enhanced functional connectivity of the MTLs with the posterior cingulate in young adult

34 carriers suggests that APOE may be expressed early in brain regions known to be involved in

Alzheimer’s disease, long before late-onset dementia is a practical risk or consideration. These func-

tional connectivity differences may also reflect pleiotropic effects of APOE during early development.

� 2009 The Alzheimer’s Association. All rights reserved.
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1. Introduction

The apolipoprotein E (APOE) 34 allele has long been as-

sociated with an increased risk for mild cognitive impairment
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(MCI) and late-onset Alzheimer’s disease (AD) [1–4]. In

recent years, functional magnetic resonance imaging (fMRI)

studies suggest that older healthy adult 34 carriers, compared

with noncarriers, exhibit a greater magnitude and extent of

neural activity when performing memory tasks [5–7; but

see 8], suggesting that the presence of the APOE 34 allele is

associated with alterations in neural activity. Similar enhance-

ments in signal magnitude during memory performance have

been observed in MCI [9; but see 10], suggesting that the
s reserved.
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APOE 34 carrier-associated changes observed in normal

elderly subjects may reflect latent compensatory neural activ-

ity [5] or increased cognitive effort [6] when performing

episodic memory tasks.

Regarding genotype effects in young adults, results

remain unclear regarding what neural or cognitive effects

may be associated with APOE 34 carrier status earlier in

the lifespan. Bondi et al. [6] suggested that APOE 34 plays

an antagonistic pleiotropic [see also 11] role for cognition

in early adulthood [see also 11], but serves as a risk factor

for dementia in late life [12]. Limited support for APOE-re-

lated antagonistic pleiotropism comes from a recent study

examining the role of APOE genotype in the recovery of

function after traumatic brain injury in young adults (mean

age, 23.91 years). Bondi and collaborators found that 34 car-

riers outperformed noncarriers on a range of tests assessing

attention, executive function, and episodic memory encod-

ing [13]. These results imply a pleiotropic advantage of

the 34 genotype in developing or using neurocognitive com-

pensatory mechanisms. Expounding on this idea, healthy

older adults with the 34 allele may be able to buffer against

episodic memory declines by recruiting additional and com-

pensatory cognitive resources to perform cognitive tasks at

a level comparable to that of noncarriers [12]. Moreover,

Han and Bondi [12] argued that ‘‘buffering’’ may begin

early in the lifespan with 34 carriers cognitively outperform-

ing noncarriers, recruiting increased cognitive and neural

mechanisms to accomplish said levels.

Recent work by Shaw et al. (2007) [14] may provide a neu-

roanatomical basis for the cognitive ‘‘buffering’’ proposed by

Bondi and colleagues, as they discovered a linear decrease in

anterior medial temporal lobe (MTL) grey-matter volume in

healthy adolescents as a function of APOE allele carrier status

(i.e., APOE 32 . 33 . 34 carriers). Shaw et al. [14] reinforced

findings by other researchers that APOE, in concert with low-

density lipoprotein receptors, may play a fundamental role in

cerebral development [15,16], and that carriers of the 34 al-

lele may inherently have thinner entorhinal cortices,

establishing a necessary condition for the cognitive

‘‘buffering’’ described by Bondi et al. [6]. In essence, any an-

tagonistic pleiotropy of APOE 34 that might be based on mid-

dle-aged neuropsychological performance outcomes [12]

may arise only as a byproduct of possible negative effects

on cortical development much earlier in the lifespan.

Although these studies suggest a rational for APOE-associ-

ated activation differences in young adults, the studies them-

selves did not test functional differences between APOE
genotypes. In fact, only a limited number of studies have

attempted to identify at what developmental stage these

genotypically driven brain-activity changes are first evident

[17–20]. Further, none determined whether there is an 34 allele

carrier effect in the fMRI activity of healthy young adults or if

APOE-associated differences in neural activity are related spe-

cifically to successful memory performance. The current study

used the subsequent-memory paradigm [21], which identifies

brain regions showing greater study-phase activity for items
that are remembered than for those that are forgotten in a sub-

sequent memory test, to determine if the presence of the 34

allele was associated with differences in neural correlates gov-

erning memory success in healthy young adults.

Studies of functional, structural, and behavioral differ-

ences associated with variants of the APOE genotype have

focused on the MTL, based on abundant evidence identifying

the MTL as the earliest site of AD-associated pathology [22].

The MTL is known to be the first region in the development

of neurofibrillary tangles that are one of the hallmarks for the

staging of AD [23], and one of the first structures to show vol-

umetric changes in AD [e.g., 24]. These MTL-associated his-

topathological and volumetric changes are also associated

with decreased performance on a wide range of memory tasks

in older adults [e.g., 25–27]. Based on the evidence linking

the MTL to the earliest site AD-associated pathology [28]

and recent work suggesting that APOE-related structural dif-

ferences in the MTL may exist as early as late childhood [14],

as well as the known role of the MTL in episodic memory

abilities [29], our analyses focused primarily on group differ-

ences in this region.

Based on this research, we focused our analyses of APOE
effects on successful memory activity within the MTL. Spe-

cifically, we sought to identify genotype differences in encod-

ing success activity (ESA) in the MTL, as well as differences

in functional connectivity within this region associated with

successful encoding processing. We also sought to test the

compensation/pleiotropic theory of Bondi et al. [6] regarding

APOE by examining whether 34 carriers would exhibit in-

creased ESA and functional connectivity in the MTL, associ-

ated with enhanced behavioral performance.
2. Materials and methods

2.1. Participants

We studied 24 right-handed healthy young adults, geno-

typed for APOE (12 APOE 34 carriers and 12 noncarriers).

Participants with a history of neurological difficulties or psy-

chiatric illness, alcoholism, drug abuse, and learning disabil-

ities were excluded from the study. Participants were

matched in terms of age, years of education, and a battery

of neuropsychological tests taken from the Cambridge Neu-

ropsychological Test Automated Battery (CANTABeclipse,

version 2.0; Cambridge Cognition, Ltd., Cambridge, UK;

Table 1). All participants provided written, informed consent

and received financial compensation for their participation.

All experimental procedures were approved by the Duke

University Institutional Review Board for the Ethical Treat-

ment of Human Participants.

2.2. Genotyping

TaqMan-based allelic discrimination assay (Applied Bio-

systems) was used for genotype determination. Two separate

genotype assays were used to establish the APOE status of

a subject: (1) rs429358 334 T/C (Applied Biosystems assay



Table 1

Demographic and behavioral characteristics

34 carriers

(n 5 12)

Noncarriers

(n 5 12)

P value*

APOE genotype distribution 11 (3/4) 4 (2/3)

1 (4/4) 8 (3/3)

Gender (female) 7 9

Mean age (y) (SD) 21.8 (3.3) 20.8 (2.9) 0.44

Neuropsychological Assessment Battery performancesy

Spatial span length (SD) 7.2 (1.5) 7.3 (1.3) 0.89
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identification, C_3084793_20), and (2) rs7412 472 T/C

(Applied Biosystems assay identification, C_904973_10).

Assays were conducted according to the manufacturer’s pro-

tocol, using 10 ng of DNA from each subject per assay. Fluo-

rescence outputs were quantified in real time, using

a 7900HT Fast Real Time PCR System, and the data were an-

alyzed using SDS software version 2.2.2 (Applied Biosys-

tems). The APOE genotype assignments were defined as

described by Koch et al. [30].
Intra-extra dimensional

set shifting errors (SD)

3.3 (3.2) 5.2 (8.5) 0.49

Paired associate learning

errors (SD)

2.7 (3.0) 3.7 (4.8) 0.51

Pattern recognition memory %

correct (SD)

91.5 (15.3) 89.2 (10.0) 0.67

Choice reaction time (ms) (SD) 340.7 (37.0) 316.9 (45.9) 0.18

Spatial recognition memory %

correct (SD)

87.9 (10.5) 84.6 (10.3) 0.44

Rapid visual information

processing hit probability (SD)

0.8 (0.2) 0.8 (0.2) 0.93

fMRI procedure performances

Animacy decision accuracy (SD) 97 (0.1) 100 (0.0) 0.20

Animacy decision reaction

time (ms) (SD)

1010 (210.0) 1090 (250.0) 0.40

Subsequent item memory hit

rate (SD)

0.5 (0.2) 0.4 (0.2) 0.44

Subsequent item memory

false-alarm rate (SD)

0.3 (0.2) 0.3 (0.1) 0.48

*Independent, two-sample t-test comparisons.
yCambridge Neuropsychological Test Automated Battery (CANTA-

Beclipse, version 2.0, Cambridge Cognition, Ltd.) subtests.
2.3. Stimuli and procedure

Participants encoded 120 emotionally neutral pictures

taken from a standardized visual object stimuli set normed

for name agreement, image agreement, familiarity, and visual

complexity [31]. Participants completed three runs, each of

which included 5 on (task) blocks (46 seconds) and 5 off

(rest) blocks (44 seconds). During each on-block, partici-

pants were presented with eight pictures serially, for 3 sec-

onds each, during which time they were asked to make an

animacy decision regarding the image (i.e., living/nonliving).

Button responses and response time were recorded, using

a magnetically shielded four-button box in the participant’s

right hand. Stimuli were separated with a jittered inter-stim-

ulus interval (ISI) that ranged from 0 to 6 seconds, to allow

the hemodynamic response to facilitate deconvolution of

the hemodynamic response. Off-block stimuli consisted of

a centered crosshair figure, also used for memory-task on-

block ISI periods. Participants were not told that they would

be asked to perform a subsequent memory test at a later time,

and no corrective feedback was given during the task blocks.

Twenty-four hours after the scanning session, participants

were brought back to the laboratory and performed a surprise

recognition test. Participants were presented with 200 words

serially, and asked to make an old/new decision about each

word. One hundred and twenty words represented the set

of pictures that were presented during the scanning session,

and 80 words represented new (not previously viewed) items.

After making each memory decision, participants rated their

response confidence on a 6-point scale. The retention delay in

the present study (24 hours) was longer than in most studies

examining subsequent-memory effects. This was done to

equate memory performance between young, healthy older

adults and patients with MCI (results to be presented in a -

subsequent publication).
2.4. Image acquisition and processing

Images were collected using a 4-T GE scanner (GE Health-

care, UK). Stimuli were presented using liquid crystal display

goggles (Resonance Technology, Northridge, CA), and be-

havioral responses were recorded using a four-button fiberop-

tic response box (Resonance Technology). Scanner noise was

reduced with earplugs, and head motion was minimized using

foam pads and a headband. Anatomical scanning began with

a T2-weighted sagittal localizer series. The anterior commis-
sure (AC) and posterior commissure (PC) were identified in

a midsagittal slice, and 34 contiguous oblique slices were pre-

scribed parallel to the AC-PC plane. High-resolution

T1-weighted structural images were collected with a 5.3-milli-

second echo time (TE), a 12-millisecond repetition time (TR),

a 24-cm field of view (FOV), a 2562 matrix, 68 slices, and

a slice thickness of 1.9 mm. Functional images were acquired

using an inverse spiral sequence with a 1500-millisecond TR,

a 6-millisecond TE, a 24-cm FOV, a 642 matrix, and a 60� flip

angle. Thirty-four contiguous slices were acquired with the

same slice prescription as the anatomical images. The slice

thickness was 3.75 mm, resulting in cubic 3.75 mm3 isotropic

voxels. Head motion was assessed before preprocessing. No

individual moved more than 3 mm in any direction, in any run.

Data were preprocessed and analyzed using Statistical

Parameter Mapping (SPM2; Wellcome Trust Centre for

Neuroimaging, London, UK), implemented in MATLAB

(MathWorks, Inc., Natick, MA.). Time-series data were cor-

rected for differences in slice acquisition time, motion, and

field inhomogeneity. After realigning the full-brain anatomi-

cal images and individually checking subject-wise error, we

coregistered the functional images to the target structurals.

Structural images were then spatially normalized to a standard

stereotaxic space, using the Montreal Neurological Institute

(MNI; Montreal Neurological Institute, Montreal, Quebec,

Canada) templates implemented in SPM2, after which the
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resulting transformation matrices were applied to the func-

tional data to warp them to MNI space. Functional volumes

were then spatially smoothed using a 10-mm isotropic Gauss-

ian kernel.
*A similar connectivity analysis was conducted by choosing peak voxels

from the common ESA regions within the MTL as seeds; see coordinates

identified in Supplementary Table 4 and Supplementary Fig. 4. The pattern

of connectivity differences between groups closely matched that which was

found in the main connectivity analysis [Supplementary Fig. 4]. Results in-

dicate that group differences in MTL functional connectivity are not isolated

to regions exhibiting overall differences in activation between groups, but are

indicative of overall MTL function within the ESA network.
2.5. Statistical analysis

Individual trial activity was assessed within the context of

a mixed model, to control for error variance and blood oxy-

gen level dependent (BOLD) signal drift in the MTL. The on-

set of each trial (i.e., subsequently remembered and

subsequently forgotten items, as defined below) was modeled

with a stick function at each stimulus onset, convolving the

neural response with two hemodynamic response functions

(HRFs): the first was the canonical HRF, and the second

was an HRF shifted forward 1 TR, with the latter orthogonal-

ized to the first so as to attribute any shared variance to the

earlier function [32]. In accordance with the typical mixed

model, task blocks were also modeled and added with head

motion and scanner drift as control factors, all of which

were treated as regressors of no interest.

Encoding success activity (ESA) is neural activity modu-

lated by memory performance. ESA is operationalized as

activity associated with subsequently remembered . subse-

quently forgotten items. Subsequent hits are categorized as

encoding trials that correctly lead to an ‘‘old’’ response, com-

bined with a confidence response of 4 to 6. Subsequent misses

are defined as encoding trials, classified as ‘‘new’’ or ‘‘old,’’

but with low confidence. This approach was used in other sub-

sequent-memory fMRI studies to evaluate the neural corre-

lates of successful encoding under high recollective strength

[33,34].

Based on our a priori hypotheses focusing on group differ-

ences in the MTL, we constructed and applied an anatomi-

cally defined mask of the region of interest (ROI) to the

group analyses, using a standard anatomical library [35] avail-

able within SPM2. Within each group, ESA was assessed at

P , 0.05, with a minimum cluster extent threshold of 10 con-

tiguous voxels within the focal MTL ROI. These results were

subsequently used as an inclusive mask for identifying group

effects at P , 0.05 and a minimum cluster size of 10 contig-

uous voxels. Thus, significant activations were required to

pass a two-threshold process: (1) a significant ESA effect

(subsequent hit . subsequent miss) within one of the groups

(P , 0.05 and R10 voxels); and (2) a group difference in ESA

(P , 0.05 and R10 voxels). The conjoint probability after in-

clusive masking approached P , 0.0025 [36–38], but this es-

timate should be treated with caution, given that the contrasts

were not completely independent. As an added methodologi-

cal check on the ESA paradigm, we also conducted an omni-

bus, whole-brain ESA analysis, including all participants at

P , 0.005 and a minimum cluster size of 10 voxels. Results

are shown in the Supplementary data (Supplementary Fig. 3

and Supplementary Table 4), and reveal the expected pattern

of ESA activity (i.e., left prefrontal cortex, left MTL, parietal

cortex, and bilateral occipitotemporal cortex), reinforcing that
any differences observed in the a priori MTL ROIs are not at-

tributable to any systematic bias in ESA task engagement be-

tween groups. Finally, whole-brain differences in ESA were

also examined at a threshold of P , 0.001 and an extent of

10 contiguous voxels.

To follow up the foregoing ESA within the MTL, we also

investigated group differences in functional connectivity of

the MTL associated with successful encoding task activity.

We used the MTL regions that exhibited group differences

in ESA as seed regions, and examined correlations of these

MTL activations with whole-brain activity.* A new analyti-

cal model was created in which each task trial was uniquely

coded as a separate event. This allows for the activity in the

MTL seed region to be correlated with activity in all other

voxels in the brain. The validity and utility of this technique

to interrogate functional brain networks was confirmed else-

where [34,39,40]. Because the goal of this analysis was to as-

sess group differences in connectivity for ESA, the analysis

was constrained to subsequently remembered trials. More-

over, as a second step, group averages of MTL connectivity

on remembered trials were calculated by employing a one-

sample t-test on the resulting correlation maps across all

group members. Group differences were again calculated, us-

ing a multiple-contrast approach. A between-group two-sam-

ple t-test was conducted at P , 0.05 with a minimum cluster

size of 20 voxels, inclusively masking for effects of interest

within each group (P , 0.05 and a minimal cluster size of

20 voxels). Thus, as in previous analyses, the resulting activ-

ity showing group differences in the functional connectivity

with the MTL also had to be confirmed by differences

observed in individual groups.

Finally, voxel-based morphometry analyses were con-

ducted in SPM2, in accordance with established methodolo-

gies [41,42], to examine for grey-matter and white-matter

volume differences between APOE 34 carrier groups. Modu-

lated grey-matter and white-matter images were smoothed

with a 9-mm kernel, and individually assessed for regional

grey-matter and white-matter volume differences between

groups at P , 0.001 and 10 voxels.
3. Results

3.1. Behavioral results

Neuropsychological assessment performances were

equivalent between groups on a range of tasks tapping mem-

ory skills, information-processing speed, attention, and



Table 2

Medial temporal lobe ESA contrasts

Difference ESA contrasts* Activation locus (Brodmann areas)y SPM(t) kE Local maximaz

x y z

(34 carriers . noncarriers)

Right hemisphere PHG (BA 28/35)/hippocampus 3.11 221 26 240 2

Left hemisphere PHG (BA 28/35)/hippocampus 2.42 98 222 226 28

(34 carriers , noncarriers)

None

Abbreviations: BA, Brodmann area; MTL, medial temporal lobe; PHG, parahippocampal gyrus.

*Statistical parametric mapping (SPM), independent samples t-test contrast of MTL ESA.
yAnatomical and Brodmann area labels based upon coordinate nearest grey matter search of the Talairach Daemon Database.
zTalairach and Tourneau coordinates.
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executive skills. Accuracy and response time to making the

in-scanner animacy decision were equivalent between

groups. No differences were evident in the hit and false-alarm

rates for the subsequent memory task (Table 1).

3.2. Neuroimaging results

3.2.1. Medial temporal lobe differences in ESA
Carriers of the 34 allele exhibited greater ESA in the bilat-

eral hippocampus and parahippocampal cortex compared

with noncarriers (Fig. 1, Table 2). No MTL region exhibited

greater ESA for noncarriers.

Outside of the MTL, carriers of the 34 allele did not exhibit

greater ESA in any region, whereas noncarriers exhibited

greater ESA only in the right middle temporal gyrus (48x,

219y, 29z voxels 5 18).

3.2.2. Group differences in medial temporal lobe
connectivity

Carriers of the 34 allele also exhibited greater functional

connectivity with the MTL only within a very limited set

of brain regions, but notably regions that were implicated

in positron emission tomography studies of APOE effects

in normal adults across the age span [43,44]. For left MTL
Fig. 1. Group differences in MTL activity predictive of successful subsequent memo

from peak voxels within activated region.
connectivity, these included the right hippocampus and left

fusiform gyrus/middle temporal gyrus, and for right MTL

connectivity, the retrosplenial cortex and bilateral caudate.

Noncarriers, on the other hand, exhibited much greater func-

tional connectivity with both the left and right MTL, includ-

ing regions in the bilateral prefrontal cortex, visual cortex,

dorsal posterior cingulate cortex, and anterior cingulate

cortex (Fig. 2 and Table 3).

3.2.3. Structural imaging comparisons
No group differences in proportionally scaled, modulated

regional grey-matter or white-matter volumes were detected

in the MTL or remaining cortex, suggesting that both groups

had fairly equitable measures of brain parenchyma in regions

showing functional activity and connectivity differences.
4. Discussion

The present study yielded two main findings. Despite ex-

hibiting no significant differences in memory performance or

grey-matter volume, young healthy adult APOE 34 carriers

exhibited significantly greater ESA in the bilateral hippocam-

pus and parahippocampal gyrus compared with noncarriers.
ry (34 carriers . noncarriers). Activation bars represent effect sizes extracted



Fig. 2. Whole-brain differences in MTL functional connectivity (seed regions based on regions of interest showing group differences in ESA). (A) Functional

connectivity to left MTL seed region (Table 2; 222x, 226y, 28z locus). (B) Functional connectivity to right MTL seed region (Table 2; 26x, 240y, 2z locus).
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In addition, although exhibiting greater overall ESA in these

MTL regions, 34 carriers exhibited globally reduced connec-

tivity to other task-associated cortical regions relative to non-

carriers (Table 3). Notably, exceptions to the reduced

functional connectivity in 34 carriers were in regions known

to evince some of the earliest functional-activation changes in

34 adults, the posterior cingulate cortex [43–45]. These re-

sults argue against a positive (or antagonistic) pleiotropic

role of the APOE 34 allele in successful memory encoding

in young adulthood. The 34 carriers may still derive an early

beneficial effect, but results suggest that any window for ben-

efit may be much earlier in the developmental process.

Focusing on our first finding, young adult APOE 34 car-

riers, compared with noncarriers, exhibited greater ESA acti-

vation within the MTL (Fig. 1), specifically within the

hippocampus and parahippocampal gyrus. However, both

groups exhibited equitable memory performance, and were

found to have comparable volumes of grey matter within

the MTL, indicating that these functional differences cannot

be explained by either differences in memory performance

or MTL atrophy. These results are consistent with previous

studies in older adults, which also found increased MTL

activity for APOE 34 carriers compared with noncarriers

[6,46–48]. Those studies concluded that increased activations

(in the absence of behavioral and volumetric differences) re-

flect a compensatory mechanism in APOE 34 carriers. Specif-

ically, 34 carriers required additional activation, perhaps

reflecting additional cognitive effort in memory-related tasks

to maintain performances similar to those of noncarriers.

The increased MTL activation in 34 carriers in the present

study may reflect an innate difference in functionality of this

region compared with noncarriers, which, in turn, may be in-
dicative of premorbid functional weakness or generally non-

contributory hyperactive processing in regions known to be

sensitive to late-onset AD pathology [49,50]. The prospect

of APOE-driven innate differences support the results of

Shaw et al. [14] who found a linear decrease in anterior

MTL grey-matter volume in healthy adolescents as a function

of APOE allele carrier status (i.e., APOE 32 . 33 . 34 car-

riers). Differences between our results and those of Shaw

et al. [14] in regard to MTL volume may be based on differ-

ences in methodology (e.g., separation of genotyped groups).

In addition to these group differences in ESA, our second

finding focused on evident group differences in functional

connectivity with the MTL. Despite exhibiting greater ESA

in the bilateral hippocampus, APOE 34 carriers exhibited re-

duced functional connectivity with these regions, compared

with noncarriers. Taken together, the results suggest that

APOE 34 noncarriers may be better able to integrate process-

ing mediated by the MTL with that of other brain regions, i.e.,

regions also involved in ESA. The reduced functional con-

nectivity exhibited by APOE 34 carriers may indicate that ac-

tivation in this region is modulated relatively independently

of other brain regions. The APOE 34 carriers did exhibit in-

creased connectivity with the ventral posterior cingulate cor-

tex, a region exhibiting reduced metabolism and altered

activations in those genetically at risk for late-onset AD

[44]. In accordance with the hyperactivation of the MTL by

APOE 34 carriers, the results may reflect a change in the un-

derlying physiology of this region that is present at an early

age. Whether these changes in MTL activation and functional

connectivity reflect early changes associated with the disease

state or are a causal factor in developing these impairments is

a research question that needs to be answered.



Table 3

Whole-brain functional connectivity to medial temporal regions showing increased 34 carrier effect

Connectivity contrasts* Activation locus SPM kE Local maxima

x y z

Right MTL seed connectivityz

34 carriers . noncarriers

Left hemisphere Retrosplenial/PHG (BA 30) 3.49 1368 27 236 9

Left/right hemisphere Ventral PCC (BA 23) 3.58 266 0 246 23

34 carriers , noncarriers

Left hemisphere Middle temporal gyrus (BA 21) 4.39 1702 259 28 29

Cuneus (BA 18) 4.13 1500 215 268 17

ACC (BA 24) 2.87 446 24 1 28

Occipital gyrus (BA 19) 2.42 116 241 280 4

Right hemisphere Middle frontal gyrus (BA 11) 4.61 285 26 25 217

Dorsal PCC (BA 31) 4.03 3499 7 242 44

Superior temporal gyrus (BA 38) 3.67 431 59 7 210

Insula (BA 13) 3.46 712 41 232 19

Inferior frontal gyrus (BA 9) 3.30 218 37 9 28

Superior frontal gyrus (BA 10) 3.11 334 30 48 22

Left MTL seed connectivityx

34 carriers . noncarriers

Left hemisphere Inferior temporal gyrus (BA 37) 3.96 1102 248 269 0

Superior parietal lobule (BA 7) 3.23 158 222 252 59

Right hemisphere Fusiform gyrus (BA 37) 3.10 206 48 259 210

Retrosplenial/PHG (BA 30) 2.89 116 19 240 24

34 carriers , noncarriers

Left hemisphere Fusiform gyrus (BA 20) 3.88 945 245 223 218

Middle frontal gyrus (BA 6) 3.63 446 230 14 52

Superior frontal gyrus (BA 10) 3.60 375 233 55 15

Superior temporal gyrus (BA 38) 3.41 124 245 13 223

Angular gyrus (BA39) 2.62 146 248 264 35

Superior temporal gyrus (BA 38) 2.48 248 245 11 27

Right hemisphere Superior frontal gyrus (BA9) 3.76 3390 19 52 29

Inferior frontal gyrus (BA 45) 3.56 319 52 19 6

Middle temporal gyrus (BA 21) 3.52 930 52 233 25

Dorsal PCC (BA 31) 3.25 116 26 258 13

Dorsal entorhinal cortex (BA 34) 2.78 562 19 6 219

Abbreviations: ACC, anterior cingulate cortex; BA, Brodmann area; PCC, posterior cingulate cortex; PHG, parahippocampal gyrus.

*Statistical parametric mapping (SPM) t-test contrast of ESA.
y Anatomical and Brodmann-area labels are based on Talairach-coordinate nearest grey-matter search of Talairach Daemon Database.
z Connectivity to 34 carrier . noncarrier ESA right PHG locus (Table 2; coordinate 26x, 240y, 2z).
x Connectivity to 34 carrier . noncarrier ESA left PHG locus (Table 2; coordinate 222x, 226y, 28z).
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Again, whether these functional changes represent a com-

pensatory mechanism of the MTL network, or a more funda-

mental difference in functional brain organization associated

with functional variants of the APOE genotype, has yet to be

determined. Han and Bondi [12] have argued that the APOE
gene may have pleiotropic (beneficial) effects in young

adults, serving to enhance cognitive performance. Likewise,

Mondadori et al. [19] posit that their young adult cohort ex-

hibited beneficially increased neural activity. The present re-

sults do not appear to support the notion of pleiotropic effects

in memory function by young adulthood, because increased

MTL activity and connectivity to the posterior cingulate cor-

tex in our 34 carriers did not result in enhanced but equitable

memory performance compared with noncarriers. Further-

more, our results support a recent finding by Filippini and

colleagues [20], who concluded that the presence of the

APOE 34 allele was associated with greater MTL activity

during encoding in healthy young adults (25 to 30 years
old; 18 carriers versus 18 noncarriers) in the absence of be-

havioral or structural differences between the two groups.

Rather, the present findings fit better with either an ineffi-

ciency or a compensatory account of cognitive function.

Based on a lack of behavioral differences between genotyped

groups, increased MTL activity in 34 carriers may be inter-

preted as either (1) inefficient processing associated with dys-

function in the MTL, or (2) compensatory processing

necessary to achieve similar cognitive output to that seen in

noncarriers who are able to rely on more efficient MTL func-

tioning. These two ideas are not incompatible. The fact that,

in 34 carriers, these task-induced increases in MTL activation

are, in turn, associated with reductions in functional connec-

tivity with this region suggest that this enhanced processing is

not reflected in other ESA regions. Rather, the observed

changes are limited to the MTL and posterior cingulate cor-

tex, another region affected early in AD pathology [51–53],

indicating that they may reflect region-specific neural



N.A. Dennis et al. / Alzheimer’s & Dementia - (2009) 1–98

ARTICLE IN PRESS
alterations associated with the 34 allele. Although the basis

for these differences requires future research, the results sug-

gest that investigations should not be limited to individuals in

older cohorts.

Furthermore, our compensatory theory (defined as in-

creased processing necessary to achieve similar cognitive

function) differs from that of Han and Bondi [12] in that

their account is, in actuality, one of enhancement, rather

than compensation, in young 34 carriers. Han and Bondi

[12] proposed, ‘‘Young 34 participants perform better on

memory and other neurocognitive tasks.’’ They further sug-

gest that increased neural recruitment in older 34 carriers

would help compensate for cognitive declines. Their theory

does not outline whether enhanced (not comparable) perfor-

mance in young carriers is accompanied by increased or

comparable neural recruitment compared with noncarriers.

The present results involved increased MTL recruitment

and equal performance in 34 carriers compared with noncar-

riers, suggesting either that increased activation is inefficient

in some way, or that young 34 carriers require increased neu-

ral processing to accomplish performances similar to those

of noncarriers. Further research investigating other cognitive

processing associated with MTL function (e.g., retrieval,

novelty, or source memory) will be necessary to elucidate

fully the validity of the compensation theory. In doing so,

it will be crucial to consider not only group differences in

activation levels and performance, but also whether cogni-

tive processes may differ between groups. Moreover, the

present study used a sample size of 24 participants. Future

studies should focus on larger samples to validate the pres-

ent findings.

Taken together, our findings suggest that the APOE 34 al-

lele influences brain activity earlier in the lifespan than pre-

viously reported. Moreover, the presence of the APOE 34

allele appears to alter not only functional activations within

the MTL, but also the functional connectivity of the MTL,

during the memory-encoding process. Brain regions impli-

cated in this investigation are known to incur structural

and functional changes in MCI and AD, and were observed

to be altered in healthy middle-aged adults and seniors with

the 34 allele. Although these commonalities existed in our

participant sample, it is unclear whether the brain-activation

differences evident in the young adult APOE 34 carriers re-

flected an adaptive response to an underlying weakness in

the episodic memory network or a more fundamental,

APOE-driven pleiotropism in functional brain organization.

The results of our functional connectivity analyses suggest

the former, because the APOE 34 carriers appeared less

able to integrate processing mediated by the MTL with other

ESA regions.
Supplementary data

Note: to access the supplementary materials accompany-

ing this article, visit the online version of Alzheimer’s &
Dementia at. www.alzheimersanddemetia.org.
Acknowledgments

The authors thank Sander Daselaar and Mathias Fleck for

help in task development, Jim Kragel, Simon Davis, and Mi-

cah Adams for their assistance in data collection and prepara-

tion, and the Goldstein Laboratory at Duke University for

help in participant selection and recruitment. This research

was supported in part by grants P30-AG028377, R01-

AG23770, and L30-AG029001 from the National Institutes

of Health and National Institute on Aging.
References

[1] Saunders AM, Strittmatter WJ, Schmechel D, George-Hyslop PH,

Pericak-Vance MA, Joo SH, et al. Association of apolipoprotein E

allele epsilon 4 with late-onset familial and sporadic Alzheimer’s

disease. Neurology 1993;43:1467–72.

[2] Tervo S, Kivipelto M, Hanninen T, Vanhanen M, Hallikainen M,

Mannermaa A, et al. Incidence and risk factors for mild cognitive impair-

ment: a population-based three-year follow-up study of cognitively

healthy elderly subjects. Dement Geriatr Cogn Disord 2004;17:196–203.

[3] Tschanz JT, Welsh-Bohmer KA, Lyketsos CG, Corcoran C, Green RC,

Hayden K, et al. Conversion to dementia from mild cognitive disorder:

the Cache County Study. Neurology 2006;67:229–34.

[4] Petersen RC, Waring SC, Smith GE, Tangalos EG, Thibodeau SN. Pre-

dictive value of APOE genotyping in incipient Alzheimer’s disease.

Ann N Y Acad Sci 1996;802:58–69.

[5] Bookheimer SY, Strojwas MH, Cohen MS, Saunders AM, Pericak-

Vance MA, Mazziotta JC, et al. Patterns of brain activation in people

at risk for Alzheimer’s disease. N Engl J Med 2000;343:450–6.

[6] Bondi MW, Houston WS, Eyler LT, Brown GG. fMRI evidence of

compensatory mechanisms in older adults at genetic risk for Alzheimer

disease. Neurology 2005;64:501–8.

[7] Dickerson BC, Goncharova I, Sullivan MP, Forchetti C, Wilson RS,

Bennett DA, et al. MRI-derived entorhinal and hippocampal atrophy

in incipient and very mild Alzheimer’s disease. Neurobiology of Aging

2001;22:747–54.

[8] Trivedi MA, Schmitz TW, Ries ML, Torgerson BM, Sager MA,

Hermann BP, et al. Reduced hippocampal activation during episodic

encoding in middle-aged individuals at genetic risk of Alzheimer’s dis-

ease: a cross-sectional study. BMC medicine 2006;4:1.

[9] Kircher TT, Weis S, Freymann K, Erb M, Jessen F, Grodd W, et al. Hip-

pocampal activation in patients with mild cognitive impairment is nec-

essary for successful memory encoding. J Neurol Neurosurg Psychiatry

2007;78:812–8.

[10] Machulda MM, Ward HA, Borowski B, Gunter JL, Cha RH,

O’Brien PC, et al. Comparison of memory fMRI response among nor-

mal, MCI, and Alzheimer’s patients. Neurology 2003;61:500–6.

[11] Williams GC. Pleiotropy, natural selection, and the evolution of senes-

cence. Evolution 1957;11:398–411.

[12] Han SD, Bondi MW. Revision of the apolipoprotein E compensatory

mechanism recruitment hypothesis. Alzheimers Dement 2008;4:251–4.

[13] Han SD, Drake AI, Cessante LM, Jak AJ, Houston WS, Delis DC, et al.

Apolipoprotein E and traumatic brain injury in a military population:

evidence of a neuropsychological compensatory mechanism? J Neurol

Neurosurg Psychiatry 2007;78:1103–8.

[14] Shaw P, Lerch JP, Pruessner JC, Taylor KN, Rose AB, Greenstein D,

et al. Cortical morphology in children and adolescents with different

apolipoprotein E gene polymorphisms: an observational study. Lancet

Neurol 2007;6:494–500.

[15] Qiu S, Korwek KM, Weeber EJ. A fresh look at an ancient receptor

family: emerging roles for low density lipoprotein receptors in synaptic

plasticity and memory formation. Neurobiol Learn Mem 2006;

85:16–29.

http://www.alzheimersanddemetia.org


N.A. Dennis et al. / Alzheimer’s & Dementia - (2009) 1–9 9

ARTICLE IN PRESS
[16] Herz J, Chen Y. Reelin, lipoprotein receptors and synaptic plasticity.

Nat Rev Neurosci 2006;7:850–9.

[17] Filbey FM, Slack KJ, Sunderland TP, Cohen RM. Functional magnetic

resonance imaging and magnetoencephalography differences associ-

ated with APOEepsilon4 in young healthy adults. Neuroreport 2006;

17:1585–90.

[18] Scarmeas N, Habeck CG, Hilton J, Anderson KE, Flynn J, Park A, et al.

APOE related alterations in cerebral activation even at college age.

J Neurol Neurosurg Psychiatry 2005;76:1440–4.

[19] Mondadori CR, de Quervain DJ, Buchmann A, Mustovic H,

Wollmer MA, Schmidt CF, et al. Better memory and neural efficiency

in young apolipoprotein E epsilon4 carriers. Cereb Cortex 2007;

17:1934–47.

[20] Filippini N, Macintosh BJ, Hough MG, Goodwin GM, Frisoni GB,

Smith SM, et al. Distinct patterns of brain activity in young carriers

of the APOE-{varepsilon}4 allele. Proc Natl Acad Sci U S A 2009;

106:7209–14.

[21] Paller KA, Wagner AD. Observing the transformation of experience

into memory. Trends in Cognitive Sciences 2002;6:93–102.

[22] Braak H, Braak E, Bohl J. Staging of Alzheimer-related cortical

destruction. Eur Neurol 1993;33:403–8.

[23] Braak H, Braak E. Evolution of neuronal changes in the course of

Alzheimer’s disease. J Neural Transm Suppl 1998;53:127–40.

[24] Jack CR Jr, Petersen RC, Xu YC, Waring SC, O’Brien PC,

Tangalos EG, et al. Medial temporal atrophy on MRI in normal aging

and very mild Alzheimer’s disease. Neurology 1997;49:786–94.

[25] Mori E, Yoneda Y, Yamashita H, Hirono N, Ikeda M, Yamadori A.

Medial temporal structures relate to memory impairment in Alzheimer’s

disease: an MRI volumetric study. J Neurol Neurosurg Psychiatry 1997;

63:214–21.

[26] Stout JC, Bondi MW, Jernigan TL, Archibald SL, Delis DC,

Salmon DP. Regional cerebral volume loss associated with verbal

learning and memory in dementia of the Alzheimer type. Neuropsy-

chology 1999;13:188–97.

[27] Remy F, Mirrashed F, Campbell B, Richter W. Verbal episodic mem-

ory impairment in Alzheimer’s disease: a combined structural and func-

tional MRI study. Neuroimage 2005;25:253–66.

[28] Braak H, Braak E. Evolution of the neuropathology of Alzheimer’s

disease. Acta Neurol Scand Suppl 1996;165:3–12.

[29] Dobbins IG, Davachi L. Functional Neuroimaging of Episodic Mem-

ory. In: Cabeza R, Kingstone A, eds. Handbook of Functional Neuro-

imaging of Cognition. Vol 2nd edition. Cambridge, MA: MIT Press;

2006. p. 229–68.

[30] Koch W, Ehrenhaft A, Griesser K, Pfeufer A, Muller J, Schomig A,

et al. TaqMan systems for genotyping of disease-related polymor-

phisms present in the gene encoding apolipoprotein E. Clin Chem

Lab Med 2002;40:1123–31.

[31] Snodgrass JG, Vanderwart M. A standardized set of 260 pictures:

norms for name agreement, image agreement, familiarity, and visual

complexity. J Exp Psychol [Hum Learn] 1980;6:174–215.

[32] Woodruff CC, Uncapher MR, Rugg MD. Neural correlates of differen-

tial retrieval orientation: Sustained and item-related components. Neu-

ropsychologia 2006;44:3000–10.

[33] Sperling R, Chua E, Cocchiarella A, Rand-Giovannetti E, Poldrack R,

Schacter DL, et al. Putting names to faces: successful encoding of

associative memories activates the anterior hippocampal formation.

Neuroimage 2003;20:1400–10.

[34] Dennis NA, Hayes SM, Prince SE, Huettel SA, Madden DJ, Cabeza R.

Effects of aging on the neural correlates of successful item and source

memory encoding. Journal of Experimental Psychology: Learning,

Memory and Cognition 2008;34:791–808.
[35] Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F,

Etard O, Delcroix N, et al. Automated anatomical labeling of activa-

tions in SPM using a macroscopic anatomical parcellation of the

MNI MRI single-subject brain. Neuroimage 2002;15:273–89.

[36] Fisher RA. Statistical methods for Research Workers. London: Oliver

and Boyd; 1950.

[37] Lazar NA, Luna B, Sweeney JA, Eddy WF. Combining brains: a survey

of methods for statistical pooling of information. Neuroimage 2002;

16:538–50.

[38] Forman SD, Cohen JD, Fitzgerald M, Eddy WF, Mintun MA, Noll DC.

Improved assessment of significant activation in functional magnetic

resonance imaging (fMRI): use of a cluster-size threshold. Magnetic

Resonance in Medicine 1995;33:636–47.

[39] Rissman J, Gazzaley A, D’Esposito M. Measuring functional connec-

tivity during distinct stages of a cognitive task. Neuroimage 2004;

23:752–63.

[40] Daselaar SM, Fleck MS, Dobbins IG, Madden DJ, Cabeza R. Effects of

healthy aging on hippocampal and rhinal memory functions: an event-

related fMRI study. Cerebral Cortex 2006;16:1771–82.

[41] Good CD, Johnsrude IS, Ashburner J, Henson RN, Friston KJ,

Frackowiak RS. A voxel-based morphometric study of ageing in 465

normal adult human brains. Neuroimage 2001;14:21–36.

[42] Ashburner J, Friston KJ. Voxel-based morphometry–the methods.

Neuroimage 2000;11:805–21.

[43] Reiman EM, Chen K, Alexander GE, Caselli RJ, Bandy D, Osborne D,

et al. Correlations between apolipoprotein E epsilon4 gene dose and

brain-imaging measurements of regional hypometabolism. Proc Natl

Acad Sci U S A 2005;102:8299–302.

[44] Reiman EM, Chen K, Alexander GE, Caselli RJ, Bandy D, Osborne D,

et al. Functional brain abnormalities in young adults at genetic risk for

late-onset Alzheimer’s dementia. PNAS 2004;101:284–9.

[45] Chen K, Reiman EM, Alexander GE, Caselli RJ, Gerkin R,

Bandy D, et al. Correlations between apolipoprotein E epsilon4

gene dose and whole brain atrophy rates. Am J Psychiatry 2007;

164:916–21.

[46] Wishart HA, Saykin AJ, Rabin LA, Santulli RB, Flashman LA,

Guerin SJ, et al. Increased brain activation during working memory

in cognitively intact adults with the APOE epsilon4 allele. Am J

Psychiatry 2006;163:1603–10.

[47] Dickerson BC, Salat DH, Bates JF, Atiya M, Killiany RJ, Greve DN,

et al. Medial temporal lobe function and structure in mild cognitive

impairment. Ann Neurol 2004;56:27–35.

[48] Han SD, Houston WS, Jak AJ, Eyler LT, Nagel BJ, Fleisher AS, et al.

Verbal paired-associate learning by APOE genotype in non-demented

older adults: fMRI evidence of a right hemispheric compensatory

response. Neurobiol Aging 2007;28:238–47.

[49] Selkoe DJ. Alzheimer’s Disease Is a Synaptic Failure. Science 2002;

298:789–91.

[50] Morishima-Kawashima M, Oshima N, Ogata H, Yamaguchi H,

Yoshimura M, Sugihara S, et al. Effect of apolipoprotein E allele epsi-

lon4 on the initial phase of amyloid beta-protein accumulation in the

human brain. Am J Pathol 2000;157:2093–9.

[51] Petrella JR, Prince SE, Wang L, Hellegers C, Doraiswamy PM. Prog-

nostic value of posteromedial cortex deactivation in mild cognitive im-

pairment. PLoS ONE 2007;2.e1104.

[52] Lustig C, Snyder AZ, Bhakta M, O’Brien KC, McAvoy M,

Raichle ME, et al. Functional deactivations: Change with age and

dementia of the Alzheimer type. PNAS 2003;100:14504–9.

[53] Prince SE, Woo S, Doraiswamy PM, Petrella JR. Functional MRI in the

early diagnosis of Alzheimer’s disease: is it time to refocus? Expert

review of neurotherapeutics 2008;8:169–75.


	Temporal lobe functional activity and connectivity in young adult APOE z.epsiv4 carriers
	Introduction
	Materials and methods
	Participants
	Genotyping
	Stimuli and procedure
	Image acquisition and processing
	Statistical analysis

	Results
	Behavioral results
	Neuroimaging results
	Medial temporal lobe differences in ESA
	Group differences in medial temporal lobe connectivity
	Structural imaging comparisons


	Discussion
	Supplementary data
	References


