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Abstract

Effects of APOE genotype on age-related slopes of cortical thinning was estimated by measuring the thickness of the cerebral cortex on
a point-by-point basis across the cortical mantle in 96 healthy non-demented volunteers aged 48—75 years. Fifty nine were APOE g4— (no
&4 allele) and 37 were €4+ (1 or 2 €4 alleles). The genotype groups had similar age, sex and 1Q. Two T;-weighted MP-RAGE sequences
were averaged for each participant to yield images with high signal-to-noise ratio, and quantified using semi-automated analysis tools. g4
carriers had thicker cortex than non-carriers in several frontal and temporal areas in both hemispheres, but showed a steeper age-related decline
in adjacent areas. Upon comparison of the e4-specific age-related thinning with previously published patterns of thinning in normal aging
and Alzheimer’s disease (AD), we conclude that APOE &4 may function to accelerate thinning in areas found to decline in aging (medial
prefrontal and pericentral cortex), but also to initiate thinning in areas associated with AD and amyloid-3 aggregation (occipitotemporal and

basal temporal cortex).
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Gray and white matter volumes shrink with age (Bartzokis
et al., 2003; Resnick et al., 2003) and the efficiency of many
perceptual and cognitive functions decline in adult aging
(e.g. Dobbs and Rule, 1989; Salthouse, 1996). Despite this
general trend, there is considerable individual variation, and
although many environmental factors modulate brain aging
(Raz et al., 2005) genes also play a major role. Twin studies
have shown that genetic factors contribute substantially to
normal variation in brain volume (Toga and Thompson,
2005) and that heritability is generally high also in old
age, but differs between structures (Pfefferbaum et al.,
2001, 2000; Sullivan et al., 2001). Candidate gene allelic
association methods have been used to address the issue of
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specific genes involved in individual variation, and one of
the most widely studied genes is the apolipoprotein E gene
(APOE). The three APOE alleles, €2, €3 and &4, produce
three isoforms of a protein (ApoE) that delivers lipids to
neurons in the service of synaptogenesis (Mauch et al.,
2001). Inheritance of &4 is associated with increased risk of
AD in a gene dose dependent manner (Corder et al., 1993).
In animals, the 4 allele has been associated with impaired
repair mechanisms following lesions (Teter et al., 2002). In
humans, the €4 is associated with reduced brain integrity
following many kinds of neural insult (Fazekas et al., 2001;
Sundstrom et al., 2004) and &4 is also associated with reduc-
tion in cerebral glucose metabolism (Reiman et al., 1996)
and reduced cognitive functioning in healthy middle-aged
adults (Flory et al., 2000; Greenwood et al., 2000). It has
been suggested that APOE may be primarily characterized
as a gene involved in neuronal plasticity and repair, and only
secondarily as an AD susceptibility gene (Greenwood and
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Parasuraman, 2003; Teter et al., 2002). Consistent with this,
Reiman et al. (2004) reported an association between APOE
&4 and regional patterns of reduction in cerebral glucose
metabolism in healthy volunteers as young as the 20s
and 30s.

A growing literature shows that APOE &4 modulates brain
morphology in healthy elderly participants, including hip-
pocampal volume (Cohen et al., 2001; Den Heijer et al.,
2002; Lemaitre et al., 2005; Moffat et al., 2000; Plassman
etal., 1997) and amygdalar volume (Den Heijer et al., 2002).
Two studies have also shown that APOE &4 modulates the
rate of hippocampal atrophy with increasing age (Cohen et
al., 2001; Moffat et al., 2000), and behavioral results have
also shown steeper age-related decline in cognitive functions
for €4 carriers (Bretsky et al., 2003; Wilson et al., 2002).
Morphological studies have so far emphasized measures of
memory-related subcortical structures, presumably because
APOE &4 has been thought of primarily as a susceptibility
gene for AD, where memory disorder is a cardinal trait. How-
ever, functional MRI studies using memory tasks have also
shown effects of APOE variation on cortical activation (Bondi
et al., 2005; Bookheimer et al., 2000; Lind et al., 2006), and
behavioral studies indicate APOE-associated modulation of
several cognitive functions known to be dependent on corti-
cal integrity (Espeseth et al., 2006; Greenwood et al., 2005a;
Greenwood et al., 2000; Rosen et al., 2002).

Since APOE has been implied as the major susceptibility
gene for late-onset AD (Corder et al., 1993), it is important
to understand the effects of this gene on regional thickness
of the cerebral cortex in older age cohorts. It is well known
that widespread thinning of both primary as well as associ-
ation cortex occurs from middle age and upwards (Salat et
al., 2004). Salat et al. (2004) reported prominent age-related
thinning in the prefrontal cortex, including areas close to
the primary motor and premotor cortex, and also in the cal-
carine cortex near the striate cortex. Other regions such as
the temporal lobes and areas in or near the anterior cingu-
late cortex seemed to be relatively spared. In fact, regions of
the anterior cingulate and some medial orbitofrontal regions
revealed significant age-related thickening. While prefrontal
thinning and temporal cortex sparing is consistent with pre-
vious reports on age-related volume reduction, thinning of
motor, premotor and calcarine cortex, and thickening of ante-
rior cingulate cortex were novel findings (see Raz, 2005 for
areview). Thus, strict conclusions regarding the influence of
age on these cortical areas cannot be drawn at the present
stage. However, since the present study focuses on cortical
thickness and also employ the same methodology as Salat et
al. (2004), we will compare our results with published reports
on cortical thickness rather than cortical volume. There are
also widespread morphometric effects associated with AD
(Lerch et al., 2005). For example, Lerch et al. (2005) showed
that AD patients had significantly thinner cortex in anterior
and posterior cingulate cortex, the left dorsolateral prefrontal
cortex and most of the temporal lobes. Comparison of the
results from Salat et al. (2004) and Lerch et al. (2005) reveal

that there is not complete overlap between regional patterns
of cortical thinning in aging and AD. This fact suggests that it
may be worthwhile to directly compare patterns of APOE &4-
related patterns of cortical thickness with age- or AD-related
cortical thinning as reported in the literature. Conceivably, if
APOE &4 has an impact on cortical thickness, it could primar-
ily act by speeding up thickness changes in areas reported to
change in normal aging, or alternatively, could modulate cor-
tical thickness in areas associated with AD-related cortical
thinning.

As part of a larger study on genetic effects on several cog-
nitive and brain parameters we obtained MRI scans from 96
persons aged 48—75 years and submitted these to morphome-
tric analyses. We made use of a methodology that has been
validated with histological (Rosas et al., 2002) and manual
measurement (Kuperberg et al., 2003), and has proven capa-
ble of showing developmental changes in cortical thickness
in aging samples (Salat et al., 2004) and different develop-
mental trajectories over the life span dependent on cognitive
abilities (Fjell et al., 2006). Thus, measures of cortical thick-
ness are sensitive to changes in normal aging and may have
predictive value on successful aging. Since this study is the
first to test the effect of APOE genetic variations of cortical
morphometry in an older age-cohort, it is important not to
restrict the analyses to predefined areas. Thus, the effect of
APOE on cerebral cortical thickness was tested on a point-
by-point basis across the entire cortical mantle. The present
sample’s age range and the methodology were chosen to
reveal possible age by genotype interactions on local varia-
tion in thickness of the cortical mantle in the life period where
early morphological changes are beginning to emerge in the
subset of individuals who are at risk for developing AD or
other types of dementia. The main questions investigated are
whether APOE isoforms differently affect cortical thickness
and age-related changes in cortical thickness, and whether
such changes are mostly similar to normal age-changes or
changes that are found in pathological populations, such as
participants suffering from AD.

2. Methods
2.1. PFarticipants and neuropsychological characteristics

Ninety-six persons with ages ranging from 48 to 75 years
were included in the study after being interviewed and probed
for previous or present substance abuse and neurological or
psychiatric diseases known to affect the central nervous sys-
tem. Any person with a history of treatment for any of the
above was excluded from further participation. Persons on
adequate medication for hypertension, diabetes type II or
hypercholesterolemia were not excluded. Participants were
recruited through advertisements in local newspapers and all
gave their informed consent to their participation, including
blood sample, DNA extraction and genotyping. The project
was approved by the Regional Committee for Research Ethics



T. Espeseth et al. / Neurobiology of Aging 29 (2008) 329-340 331

of Southern Norway, and a biobank was approved by the
Department of Health.

Participants were given Vocabulary and Matrices sub-
tests of the Norwegian Version of the Wechsler Abbreviated
Scale of Intelligence (WASI) (Wechsler, 1999) to estimate
general cognitive ability. All participants had an estimated
full scale IQ of 85 or above. Participants also were tested
with the California Verbal Learning Test II (CVLT-II) as a
measure of memory function (Delis et al., 2000), and a bat-
tery of neuropsychological tests (see Spreen and Strauss,
1998 for description of tests). Table 1 summarizes the
participants’ demographic and neuropsychological charac-
teristics. There were no significant sex, IQ or memory
score differences between genotype groups, although there
was a non-significant trend for €4 carriers to obtain better
delayed recall scores on CVLT-II. The full neuropsycholog-
ical protocols were examined by a board certified clinical
neuropsychologist (coauthor Dr. Ivar Reinvang) experienced
with assessments of dementia, and based on this one person
was excluded from the study.

2.2. DNA extraction and genotyping

Genotyping was performed by real-time PCR with allele-
specific fluorescence energy transfer probes and melting
curve analyses on the LightCycler™ system (Roche Diag-
nostics, Mannheim, Germany). DNA was extracted from
300 L whole blood using MagNA Pure LC DNA Isolation
Kit—Ilarge volume on the MagNA Pure LC (Roche), eluted
and diluted to 1 mL, of which 5 wLL was applied in each assay.

Typing of the APOE &2, €3 and €4 genotypes was per-
formed using the LightCycler APOE Mutation Detection Kit
(Roche). The assay was performed as specified by the sup-
plier, except for scaling down the total assay volume from 20
to 10 pL. The laboratory participates in an external quality
assurance program (Equalis, Uppsala, Sweden) that includes
APOE genotyping.

2.3. MRI protocol and volumetric analysis

A Siemens Sonata 1.5 T magnet with a conventional head
coil was used. Two 3D magnetization prepared rapid gra-
dient echo (MP-RAGE) T;-weighted sequences, each 8 min
and 46, were run for all participants. Each volume con-
sisted of 128 sagittal slices (1.33 mm x 1 mm x 1 mm), with
an in-plane voxel size of 1 mm> and were acquired with
TR =2730ms, TE=3.43ms, TI=1000ms, flip angle="7°
and 256 x 256 matrix. The images were transformed to the
DICOM format and transferred to a Linux workstation for
volumetric analyses. All morphometric analyses were done
within the Freesurfer software package. Head size varies
between individuals and introduces noise into morphometric
studies. To be able to study regional volumetric differences
between different groups of participants with possibly dif-
ferent head sizes, it is common to regress out the effect of
intracranial volume (ICV) if ICV varies significantly between
groups. ICV includes biological material such as meninges
and cerebrospinal fluid in addition to brain tissue. To exclude
the possibility that genotype-related differences in brain tis-
sue measures could be explained by differences in cranial
volumes, we computed ICV using the procedure specified in
Buckner et al. (2004). Briefly, the process of atlas normal-
ization equates head size between participants in the study
and a pre-specified reference group. The process of auto-
mated atlas transformation generates the Atlas scaling factor
(ASF) defined as the volume-scaling factor required to match
each individual brain to the atlas target. Buckner et al. (2004)
showed that the ASF is proportional to ICV for young, old
and demented participants. Total brain volume was estimated
using the procedures described in Fischl et al. (2002). This
procedure automatically assigns a neuroanatomical label to
each voxel in an MRI volume based on probabilistic informa-
tion automatically estimated from a manually labeled training
set. The procedures for automatic volumetric measurement
of the cortical mantle are described in Salat et al. (2004).

Table 1
Group demographic characteristics, means and standard deviations of estimated full-scale IQ (WASI) and raw scores on selected neuropsychological tests
Variable Genotype P-value”
APOE &4+ APOE &4—
n M S.D. n M S.D.
Participants (n=96) 37 59
Male/female 10/27 17/42 .85
Age 63.9 7.9 64.9 7.7 .56
Education 13.6 2.7 14.1 3.0 40
WASI 120.5 12.6 117.9 11.0 .29
Stroop CW 60.4 17.8 58.1 12.2 45
TMT A 36.8 11.5 36.2 12.1 .82
TMT B 79.8 28.8 83.2 28.2 57
Digit-symbol 49.6 12.0 49.8 10.9 .92
CVLT 1-5 total 54.5 13.5 51.3 9.2 17
CVLT long delay 13.0 3.0 11.9 2.6 .06

Note: Stroop CW, stroop color-word conflict; TMT A and B, trail making test part A and B; digit-symbol from WAIS — R; CVLT 1-5 total, total score on trial

1-5; CVLT long delay, score on 30 min delay recall.

* P-values are two-tailed and based on independent samples r-tests with APOE genotype as grouping variable.
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Cortical thickness measurements were obtained by recon-
structing representations of the gray/white matter boundary
(Dale and Sereno, 1993; Dale et al., 1999) and the corti-
cal surface and then calculating the distance between those
surfaces at each point across the cortex. This method uses
both intensity and continuity information from the entire 3D
MR volume in segmentation and deformation procedures to
construct representations of cortical thickness. The maps are
created using spatial intensity gradients across tissue classes
and are therefore not simply reliant on absolute signal inten-
sity. As the maps are not restricted to the voxel resolution of
the original data, submillimeter differences between groups
can be detected (Fischl and Dale, 2000). Thickness measures
can be mapped onto the “inflated” surface of each partici-
pant’s reconstructed brain (Dale and Sereno, 1993; Fischl et
al., 1999), thus allowing visualization without interference
from cortical folding. Maps were smoothed using a circu-
larly symmetric Gaussian kernel across the surface with a
standard deviation of 12.6 mm and averaged across partici-
pants using a non-rigid high-dimensional spherical averaging
method to align cortical folding patterns (Fischl et al., 1999).
This procedure provides accurate matching of morphologi-
cally homologous cortical locations among participants on
the basis of each individual’s anatomy while minimizing
metric distortions, resulting in a mean measure of cortical
thickness for each group at each point on the reconstructed
surface.

2.4. Data analyses

Fifty-nine participants without the €4 allele were classi-
fied as e4— (1 with €2/e2, 16 with €2/&3 and 42 with £3/£3)
and 37 participants with one or two &4 alleles were classified
as g4+ (7 with £2/e4, 22 with £€3/e4 and 8 with £4/e4). For
each hemisphere, estimation of statistical effects was gener-
ated by computing a general linear model of the effects of
APOE genotype and/or age on cortical thickness at each ver-
tex controlling for effects of gender. Two types of designs
were used in these analyses. A different offset, same slope
(DOSS) design was used to test whether a main effect of group
on thickness could be found. A different offset, different slope
design was used to test whether cortical thickness was more
strongly related to age in one genotype group than in the other.
This is conceptually similar to an interaction between age and
genotype. In addition, mean cortical thickness was calculated
within labels drawn around the major affected areas to enable
visualization and further statistical testing of the age by geno-
type interactions. First we asked whether APOE genotype
was related to regionally unspecific measures such as ICV,
total brain volume, total cortical volume and total white mat-
ter volume. Subsequently, to explore the effects of APOE
polymorphism on regional cortical thickness independent of
participant age, we conducted a GLM with APOE genotype
(e4+, e4—) as classification variable assuming identical age-
related slopes between groups (main effect). To test whether
APOE genotype was associated with different age-related

slopes we submitted the data to another GLM where differ-
ent age-related slopes were allowed to emerge (interaction
effect).

Instead of using a corrected P-value threshold, scales
with the actual P values are displayed in the figures. The
number of participants in each group is limited and thus,
a harsh criterion for multiple comparisons may be too
conservative. However, split-half analyses on mean cortical
thickness in two affected areas were performed, making
it possible to explore the stability of the results across
samples.

3. Results

3.1. Intracranial volume, global brain volume, and total
cortical and white matter volumes

To test whether total intracranial volume (ICV) differed
between genotype groups we submitted ICV data to an inde-
pendent samples #-test with APOE genotype as grouping
variable (e4+=1 or 2 &4 alleles, n=37, e4— =0 &4 alleles,
n=59). The ICV estimation procedures failed for two cases,
one from each genotype group. €4 carriers had smaller ICV
than non-carriers (1,591,194 mm? versus 1,609,905 mm?),
but this difference was not significant [#(92)=.57, P=.57].
ICV was therefore not included in subsequent statistical mod-
els on cortical thickness.

To test whether APOE genotype was associated with total
brain volume or age-related brain volume changes, we sub-
mitted the data to a univariate analysis of variance (ANOVA)
with total brain volume as dependent variable, APOE geno-
type as fixed factor and age as covariate. There was no
significant difference in total brain volume between genotype
groups [F(1, 96)=1.14, P=.29] and no difference in age-
related volume shrinkage [F(1, 96)=.76, P=.39] between
genotype groups. There was, however, a main effect of
age [F(1, 96)=8.12, P=.005], indicating that brain volume
shrinks with ascending age.

Next, we asked whether APOE modulates total cortical
volume or age-related change of total cortical volume. We
submitted cortical volume data to a univariate ANOVA with
APOE genotype as fixed factor and age as covariate. There
was no main effect of APOE genotype [F(1,96)=.71, P= 4]
or age[F(1, 96)=.97, P=.33], and no interaction between
these variables[F (1, 96) =.49, P = .49]. Thus, overall cortical
volume was stable across genotypes and over the age span
included in the present study.

Finally, we tested the genetic and age-related modulation
of total white matter volume. A univariate ANOVA with
APOE genotype as fixed factor, age as covariate and total
white matter volume as dependent variable showed that there
was no difference between APOE genotype groups on white
matter volume [F(1, 96) =.85, P=.36], and no difference in
age-related trends between genotype groups [F(1, 96)=.55,
P =.46]. There was however a significant main effect of age
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Fig. 1. The inflated brain models show the effect of APOE genotype (across the entire age range), compared by general linear modeling (different onset, same
slope, assumed). Pale gray represents gyri and dark gray represents sulci. Blue and cyan indicate areas where g4+ participants had significantly thicker cortex

than e4— participants. Red and yellow indicates the inverse relation.

[F(1,96)=5.43, P=.02], consistent with the results on total
brain volume.

3.2. APOE-related regional differences in cortical
thickness

A general linear model (different offsets, same slopes,
assumed) controlling for gender and age was computed, and
showed several areas where €4 carriers had significantly
thicker cortex than non-carriers (see Fig. 1). Major affected
areas were occipital and occipito-temporal areas on both
sides, the parahippocampal gyrus on the right side, and
several frontal areas in both hemispheres. The only area
estimated to be thicker in non-carriers was the right cuneal
gyrus. We drew labels around two of the major affected
areas (the left occipito-temporal sulcus and an area close
to the right anterior occipital sulcus) and calculated mean
thickness in both labels for each of the genotype groups
(Fig. 2).

3.3. APOE-related modulation of regional aging effects
on cortical thickness

In the present work we were primarily interested in how
APOE might modulate age-related alterations of cortical
thickness. Accordingly, we performed separate GLMs with
cortical thickness as the dependent variable and age as the
independent variable for each of the genotype groups. As can
be seen from Fig. 3a and b both genotype groups displayed a

complex patchwork of age-related thinning and thickening.
Both groups showed evidence of age-related thinning of
the cortex most prominently in occipital areas bilaterally,
and bilateral insulas. The g4+ group seemed to have some
additional areas of thinning stretching from the calcarine
sulcus towards temporal areas and several patches of thinning
around the central sulcus, all effects on both hemispheres.
The g4+ groups also appeared to undergo more pronounced
thinning in the insulas but less in the left-sided occipital
pole. For both groups there were several areas of age-related
thickening, most prominently in frontal areas around gyrus
rectus, stretching towards the anterior cinguli on both sides.
The age-related thickening appeared to be stronger both in
terms of magnitude and spatial extent in the eé4— group.

To estimate areas where age-related thickness trajectories
were significantly modulated by APOE genotype we

WMAPOE £4-
OAPOE g4+

2,25
<= 2,15
2,05
1,95
1,85
1,75

mm)

Thickness

Fig. 2. Mean cortical thickness for APOE genotype groups across age with
g4— thickness represented in black and €4+ in white. (A) Left hemisphere
occipito-temporal area marked with an A in Fig. 1. (B) Right hemisphere
occipito-temporal area marked with a B in Fig. 1.
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Fig. 3. (a) Age-related cortical thickness development in participants not possessing any &4 alleles. Blue and cyan indicate age-related thinning whereas red and
yellow indicate age-related thickening. (b) Age-related cortical thickness development in carriers of one or two &4 alleles. Blue and cyan indicate age-related

thinning whereas red and yellow indicate age-related thickening.

preformed a separate GLM to test whether the relationship
between cortical thickness and age was different between
the genotype groups (age x genotype interactions). Results
showed that APOE genotype was associated with differ-
ent age-related developments in several cortical areas as
indicated by Fig. 4. A range of affected areas appeared,
without exception showing areas, according to genotype
by age plots on cortical thickness, where &4 carriers
tended to have thicker cortex in middle-age, but a steeper

age-related thinning. Effects were distributed over large
areas of the cortical mantle. Most notably, posterior areas
such as the right lingual gyrus/fusiform gyrus and several
areas on the occipito-parietal border bilaterally showed
different age slopes for the two groups. Also, as indicated
by the aging results above, several areas along the pre-
and postcentral gyri, and the paracentral sulcus showed
bilateral evidence for steeper age-related decline in &4
carriers. Another major effect was found in the left superior
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Fig. 4. The inflated brain models show areas with significant APOE genotype x age interaction according to general linear modeling (different onset, different
slopes, assumed). Blue and cyan represent areas where €4+ participants had significantly greater age-related thinning than e4— participants. Red and yellow

indicates the inverse relation.

frontal gyrus, extending ventrally to the supracingular
sulcus, in addition to both frontal and temporal areas in both
hemispheres.

Multiple comparison correction procedures such as ran-
dom field theory may be too conservative on the present study
due to relatively small sample size, between-subjects anal-
yses, inter-individual variability and small expected effect
size. We therefore employed a split-half strategy to vali-
date the results. Based on the GLM results we drew labels
around the two major affected areas mentioned above (i.e.
the right lingual/fusiform gyrus [Label 1], and the left supe-
rior frontal gyrus/supracingular gyrus [Label 2], as outlined
in Fig. 5) for which mean cortical thickness was calculated.
The 96 participants were sorted according to APOE geno-
type group, gender, age and IQ, and then the first on the
list was allotted to split-half group one, number 2 on the
list to split-half group two and so on. In Fig. 5, scatter plots
from the two labels are shown for the whole group and for
each split-half group. For both labels and both subsets of
the sample, &4 carriers showed a trend towards age-related
thinning whereas non-carriers showed a thickening or a rela-
tive stability. Confirming the voxel-based GLM, a univariate
ANOVA performed on the whole sample with Label 1 as
dependent variable, genotype group as fixed factor and age
as covariate showed a significant genotype by age interac-
tion on mean cortical thickness in Label 1 [F(1, 96)=12.1,
P =.001]. The e4— group showed a trend towards age-related
stability [r=.11, P=.39], whereas the €4 carriers showed an
age-related cortical thinning [r=—.48, P=.003]. The same
tests with Label 2 as dependent variable showed a signif-

icant genotype by age interaction [F(1, 96)=6.6, P=.01],
but here, the €4 non-carriers age-related slopes were sig-
nificantly increasing [r=.34, P=.008], whereas &4 carriers
age-related slopes showed a non-significant trend towards
decreasing [r=—.30, P =.07]. It is known that APOE &2 may
have a protective effect on the brain (Lippa et al., 1997), and
is overrepresented among centenarians (Gerdes et al., 2000).
In the present study, we had to include participants who were
carriers of at least one €2 allele in both the g4+ and &4—
groups due to a relatively restricted sample size, as indicated
in the methods section. Although the distribution of €2 car-
riers were not very different in the genotype groups (28.8%
versus 18.9% in e4— and €4+ groups, respectively), it is con-
ceivable that the presence of €2 alleles in the sample would
complicate the detection of specific APOE &4 effects on cor-
tical morphology. To control for £2-related modulation of
cortical thickness we created a new variable classifying each
participant as €2 carrier (€2+) or €2 non-carrier (¢2—). In an
ANOVA on mean cortical thickness in Label 1, the presence
of €2 was included as a covariate. The APOE genotype x age
interaction was essentially unaltered by the inclusion of the
new &2 allele variable [F(1, 96)=11.9, P=.001]. The age-
related slope of cortical thickness for each genotype group
was also not much altered by including the presence of &2
in the linear regression model. As reported above the g4—
group showed a trend towards age-related stability [§=.09,
P =.51], whereas the &4 carriers showed an age-related cor-
tical thinning [8=—.48, P=.003]. For Label 2 the results
of the ANOVA was not influenced by including €2 allele
presence in the model [F(1, 96) =6.4, P=.01], whereas the



336 T. Espeseth et al. / Neurobiology of Aging 29 (2008) 329-340

Label 1

All subjects

APOE group

@®:s-
Label 2 Ve

2,60

4 N 5

.

2,40 e 3

4 " \ . -
2,20 —:.___'_____l-"’.":_ =y

2] i . ®

L]

2,00 * .

el .
1,80 —

Split group 1
Mean thickness (mm)

Split group 2
2
I

LI T T 1T 1
45 50 55 60 65 70 75

1T 1T T T 11
45 50 55 60 65 70 75

Age (yrs)

Fig. 5. Scatter plots from the two labels drawn around major effect sites in Fig. 4 (as indicated by arrows). Anatomically, Label 1 encompasses the right
lingual/fusiform gyrus, and Label 2 includes the left superior frontal gyrus/supracingular gyrus. The plots show differences in cortical thickness and age-related
slopes between €4+ and e4— participants. The Y-axis shows mean thickness in the chosen labels and the X-axis the participant’s age. The two scatter plots in
the top row show the genotype by age interaction in the chosen labels for all participants. The middle and bottom rows show the same effects for each split half

subset of the sample.

significant cortical thickening for the e4— group disappeared
[B=.22, P=.09]. The cortical thinning for the €4+ group was
essentially unaltered [ =—.31, P=.07]. It thus appears that
the presence of the &2 allele may act to accentuate the age-
related trend for cortical thickening among &4 non-carriers,
but does not significantly influence the age-related trajecto-
ries of €4 carriers. Since the main focus of the present work
is accelerated cortical thinning in €4 carriers, the presence of
the €2 allele will not be included in subsequent analyses, but
see Section 4 for further comments on these results.

g4 carriers in subsets 1 and 2 showed a trend towards
age-related cortical thinning in Label 1 [r=—.44, P=.07,

r=-—.52, P=.02, respectively] and Label 2 [r=—.31, P=.2,
r=—.40, P=.09, respectively] and according to -tests of
Fisher’s z-transformed correlations, age-related changes were
statistically identical for €4 carriers in subsets 1 and 2 for
both labels (Z<.3, P>.05). In the &4 non-carrier subsets,
the picture was somewhat more mixed in that subsets had
different age-related slopes for Label 1 [Z=2.21, P<.05,
r=—.16, P=.4, r=.42, P=.02, for subsets 1 and 2, respec-
tively], but were identical for Label 2 [Z< .2, P> .05, r=.26,
P=.17, r=.21, P=.27, for subsets 1 and 2, respectively].
Thus, although the statistical power drops with small groups
the general trends in subset one is replicated in subset two.
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4. Discussion

The present results reveal for the first time that the APOE
gene modulates cortical morphology in healthy middle-
aged and older adults. In addition to differences in absolute
cortical thickness between genotype groups, APOE signif-
icantly modulated aging trajectories by inducing a steeper
age-related thinning of several cortical areas for the &4
carriers.

Total brain and white matter volumes were modulated by
age in the present sample, whereas total cortical volume did
not vary significantly with age. A number of factors may have
contributed to this pattern of results. Raz (2005) pointed out
that age-related changes in white and gray matter volumes
have different shapes; white matter development show an
inverted U-curve, whereas gray matter volume loss seem to
be linear or inverted J-shaped. Thus, in samples restricted to
participants from middle-age and upwards, significant loss
in white matter volume may be revealed together with rel-
ative stability of gray matter volumes. The present studies’
age range would presumably partly overlap with the tail of a
putative inverted J-shaped development of gray matter vol-
ume. Thus, the lack of cortical volume effects in the present
study could be caused by the constricted age range, not that
there were no effects as such. In addition, there may have
been little variation in cortical volume because of the rela-
tively stringent screening procedures employed in the present
study.

Salat et al. (2004) reported the age-related development
of cortical thickness in a normal sample which presum-
ably included both APOE &4+ and e4— participants, thus
compiling potential genotype-specific effects. We estimated
age-related slopes of regional cortical thickness for each
genotype group separately. The pattern of age-related thin-
ning and thickening corresponds closely to the results of Salat
et al. (2004), although less pronounced, consistent with the
present study’s smaller age range. Intriguingly, it seems that
cortical thinning was more prominent in pericentral, infe-
rior prefrontal, and occipitotemporal areas for €4 carriers
and &4 non-carriers seemed to have more orbitofrontal and
anterior cingulate thickening. Thus, in an interaction model,
we directly tested where 4 carriers had significantly more
thinning than &4 non-carriers.

The present results on APOE genotype are consistent with
reports on steeper age-related decline in hippocampal vol-
ume (Cohen et al., 2001; Moffat et al., 2000) and cognitive
functions such as episodic memory (Bretsky et al., 2003;
Wilson et al., 2002) and visuospatial attention (Greenwood
et al., 2005b) for carriers of APOE &4. The participants
included in the present study were all thoroughly screened for
CNS-related injuries and pathology and had above average
cognitive function. Moreover, genotype groups were func-
tionally closely matched, and there were no APOE-related
differences on global measures such as ICV, brain volume
and total cortical and white matter volumes. APOE-related
effects were region-specific, and thus, the effects reported

here are not likely to be due to a general physiological or
cognitive disadvantage associated with &4 carriers.

The second major issue was whether €4 would act by
potentiating cortical thinning as observed in normal aging or
whether other regions, for example regions typically affected
by AD, would be associated with e4-specific changes. Two
major hypotheses on the relation between APOE and neu-
rodegeneration have been proposed (Mahley et al., 2006).
In the amyloid hypothesis €4 is suggested to interact with
A to inhibit clearance and/or stimulate deposition of A3
(Huang et al., 2004), enhance AP production (Ye et al.,
2005), and increase lysosomal leakage and apoptotic cell
death (Ji et al., 2006). In the neuronal repair hypothesis &4 is
thought to lead to deficient neuronal health through enhanced
neuron-specific proteolysis where neurotoxic fragments of
the ApoE protein is translocated into the cytosol where they
lead to cytoskeletal disruption and mitochondrial dysfunc-
tion (Mahley et al., 2006). Thus, according to the neuronal
repair hypothesis ApoE may be related to neuronal health
throughout the life span, and may therefore have identifiable
physiological phenotypes that are distinct from those caused
by pathological processes late in life, such as those suggested
by the amyloid hypothesis. Consistent with this, patterns of
cortical thinning in normal aging and AD are only partially
overlapping. For example, Lerch et al. (2005) reported severe
thinning in the temporal lobes of AD patients compared to
age-matched controls, whereas Salat et al. (2004) showed
that the temporal lobes are relatively spared in normal aging.
Although one should be cautious in the interpretation of com-
parisons between studies when age ranges vary, itis of interest
to see whether the &4 allele could induce thinning in areas
that are relatively spared in non-carriers. Only about 50% of
APOE &4 homozygotes eventually develop AD, suggesting
heterogeneous effects of the €4 allele (Farrer et al., 1997).
It is thus likely that a subset of &4 carriers in the present
sample will eventually develop AD while another subset will
remain unaffected. Conceivably, each of these subgroups of
&4 carriers will contribute to different patterns of cortical
thinning where patterns in one group would resemble age-
related thinning and the other AD-related thinning. The 4+
group as a whole would presumably carry signatures of both
age-related and AD-related effects. To explore these issues
in the present sample, we compared the pattern of specific
APOE e4-related cortical thinning (as illustrated in Fig. 4)
with patterns of thinning reported in AD (Lerch et al., 2005)
and with patterns of thinning in a normal aging sample, where
all APOE genotypes are likely to be represented (Salat et al.,
2004). There is considerable overlap between APOE-affected
areas in the present study and affected areas in reports on
normal age-related cortical thinning. For example, Salat et
al. (2004) reported pronounced thinning in and around the
central sulcus, medial prefrontal cortex, parietal cortex, and
in occipital areas near the primary visual cortex. Fig. 4 shows
that APOE modulated age-related thinning in all these areas,
indicating that €4+ participants may have accelerated thin-
ning in these areas. Interestingly, €4 carriers seem to have
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additional areas of thinning previously reported to be thinner
in AD patients compared to age-matched controls (Lerch et
al., 2005), specifically in the occipital-temporal area near the
lingual and fusiform gyri in the right hemisphere [Label 1 in
Fig. 5]. &4 carriers in the present study had a steeper thinning
slope in this area, which is specifically identified by Braak and
Braak (1997) as vulnerable to aggregation of A in the initial
stage of AD development. Other bilateral temporal lobe areas
show the same €4 allele-specific pattern. Thus, greater age-
associated cortical thinning in €4+ than in e4— participants
may be related to a range of biological processes includ-
ing AB-related pathologies and other progressive deficits not
related to AP. The present results may indicate that €4 car-
riers are subject to both classes of pathological mechanisms
attributed to the APOE &4 isoform by showing accelerated
thinning in areas relatively spared in AD, but also in areas
where AD patients have thinner cortex than normal controls
and also show evidence of AB-peptide aggregation.

APOE €4 was associated with thicker cortex in several
areas. Among these areas was the right-sided parahip-
pocampal gyrus, situated close to the medial temporal lobe
structures known to be vulnerable to volume reduction in
early AD. While one might suspect that the €4 should be
associated with thinner cortex in this area, several factors
may have contributed to obscure such a result. Medial tem-
poral lobe volume reduction is not unequivocally associated
with APOE &4. Lemaitre et al. (2005) reported hippocampal
volume reduction for £4/e4 homozygotes compared to non-
carriers, but no difference between non-carriers and &3/e4
heterozygotes, despite the very large sample size (n=1389).
This is consistent with a range of other studies which have
attempted to reveal APOE genotype effects on hippocam-
pal volume (Cohen et al., 2001; Moffat et al., 2000; Reiman
et al., 1998; Soininen et al., 1995). In addition, &4 carri-
ers showed a trend towards better delayed free recall scores
(P =.06), known to depend on hippocampal function (e.g.
Scoville and Milner, 1957). Many of the areas where &4 car-
riers had thicker cortex were situated adjacent to areas where
&4 carriers appeared to have thicker cortex in middle-age
but also a steeper age-related decline, suggesting that early
thickening may be tied to subsequent thinning. A range of
biological mechanisms, including early aggregation of Af
or defective neuronal pruning (Luo and O’Leary, 2005) in
the brains of &4 carriers, could lead to subsequent neuronal
shrinkage and synaptic loss. Another account suggests an
initial compensatory response to neuronal stress, and pro-
gressive age-related loss of compensation (Bondi et al., 2005;
Bookheimer et al., 2000). If this account is correct, a longi-
tudinal design in which we followed these participants for
another 5-10 years might show that areas where 4 carriers
have thicker cortex now would even out between groups or
may be thinner in &4 carriers than non-carriers, in accordance
with the results from the interaction analyses. Consistent with
the notion that thicker cortex in &4 carriers may be part of a
pathological process are data showing that negative effects
of APOE &4 on cognitive and neuropsychological measures

are equivalent or larger in middle-aged samples than in older
samples (Espeseth et al., 2006; Small et al., 2004). The APOE
&4 associated risk for AD is also stronger for middle-aged
compared to older samples (Farrer et al., 1997). Thus, the
finding of thicker cortex in e4 carriers may be an indica-
tion of underlying pathological processes, or the response
to such processes (e.g. compensation), that increases the
risk for developing AD later in life. A study including also
younger age cohorts, ideally in combination with a longitu-
dinal design, would be informative on this issue. However,
cortical thickness may reflect a number of anatomical and
physiological factors and further interpretation needs to take
into account functional data.

In conclusion, carriers of at least one €4 allele show evi-
dence for steeper thinning slope of the cortical mantle in areas
where age-related thinning has been reported in normal aging.
In addition, 4 carriers show evidence of age-related thinning
in areas associated with aggregation of A and cortical thin-
ning in initial stages of Alzheimer’s disease. These findings
indicate that APOE genetic variations influence the thickness
of the cerebral cortex in specific areas, both by accelerating
seemingly normal age-related thinning, and possibly by intro-
ducing thinning in areas not normally affected by age. They
also indicate that the rate of age-related cortical thinning in
general has been overestimated due to failure to differenti-
ate between genotype groups. On the other hand, the post
hoc analysis on the influence of APOE &2 indicate that the
ability for compensatory responses may have been under-
estimated in studies on age-related cortical thinning. Given
sufficiently large sample size, genotypes £2/e2 and &2/e3
should be separated into an €2 allele group to be compared
to an €3 homozygote group and an &4 carrier group.
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