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Abstract
Background—Details of the internal hippocampal structure visible at 4T allow for in-vivo
volumetry of subfields. The aims of this study were: 1. To determine if Apo e4 has subfield specific
effects in controls. 2. To study the influence of Apo e4 on hippocampal subfields in AD.

Methods—81 subjects (66 controls, mean age 60.8±13.6, range: 28–85 years), and 15 AD (mean
age 67.5±9.3) were studied. Entorhinal cortex, subiculum, CA1, CA1-CA2 transition zone, CA3-4&
dentate gyrus (CA3&DG) and total hippocampal volume were determined using a manual marking
strategy.

Results—Significant effects for Apo e4 on the CA3&DG were found in the total control population
(p = 0.042) and in older controls (61–85 years) (p = 0.036) but not in younger (28–60 years) controls.
Significant effects for Apo e4 (p = 0.0035) on CA3&DG were also found in a subgroup of older
subjects and AD subjects. AD with Apo e4 had smaller CA3&DG than AD without Apo e4 (p =
0.027).

Conclusions—These findings suggest that Apo e4 exerts a regionally selective effect on CA3&DG
in normal aging and AD

1. Introduction
Apolipoprotein E (Apo e) is a major lipoprotein transporter of the brain and plays an important
role in the regulation of the neuronal cholesterol metabolism (Pfrieger, 2003). There are three
different isoforms: Apo e2, Apo e3 and Apo e4, which differ by the amino acid residues on
sites 112 and 152. Apo e4 has arginine residues at both positions which reduce its stability and
render it conformationally unstable. As a consequence, Apo e4 has a lower functionality than
the other two isoforms and may even undergo potentially neurotoxic conformational changes
(Mahley et al. 2006). Over the last few years, Apo e4 has been implicated as potential genetic
risk factor for several neurodegenerative diseases, particularly sporadic Alzheimer’s disease
(AD) but also multiple sclerosis, Parkinson’s disease or amyotrophic lateral sclerosis
(Chapman et al. 2001, Bedlack et al. 2000, Blasquez et al. 2006). The molecular mechanisms
by which Apo e4 promotes neurodegeneration are still not completely understood and most
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likely complex. In AD for example, it has been shown that Apo e4 not only enhances AD
related patho-mechanisms, i.e., increases amyloid production and deposition as well as tau
phosphorylation, but also exerts direct neurotoxic effects (Mahley et al. 2006) and impairs
neuronal repair/maintenance mechanisms (Weisgraber and Mahley. 1996). Recent studies have
also shown that compared to Apo e3, Apo e4 is associated with reduced neuronal plasticity
and impaired neurogenesis (Levi et al. 2003, Levi et al. 2005, Levi 2007, Teter, 2004).

The hippocampus is a particularly interesting brain structure in the context of Apo e. It is not
only affected by various neurodegenerative conditions (Morrison and Hof. 2002 Mattson et al.
1989, Joels et al. 2004, Velakoulis et al. 2006, Phillips and Reeves. 2001, Gilbert, 2004), but
has also a high intrinsic neuroplasticity and is capable of neurogenesis during adulthood
(Abrous et al. 2005, Klempin and Kempermann, 2007); all of these are processes which are
influenced by the Apo e genotype. The hippocampus is not a homogeneous structure but
consists of several subfields with distinct histological characteristics: the subiculum, the four
cornu ammonis sectors (CA1-3) and the dentate gyrus. Although these subfields are
functionally tightly interconnected (Duvernoy, 2005), there is evidence for a functional
specialization (Rolls and Kesner, 2006, Kesner and Hopkins, 2006). Furthermore, animal
models and histopathological studies suggest that different disease processes affect subfields
selectively, e.g. stress affects predominantly the dentate gyrus while neuron loss in CA1 is
typical for AD (West, et al. 1994 Lucassen et al. 2006). Therefore, in vivo volumetry of
hippocampal subfields might yield a better distinction between different disease processes and/
or allow for an earlier diagnosis than measuring global hippocampal volume loss. However,
this requires that details of the internal structure of the hippocampal formation can be depicted
in vivo. Recent advancements with high field MRI (3–4 Tesla), achieving superb gray/white
matter contrast by exploiting increased signal sensitivity, greater dispersion of magnetization
transfer effects and enhanced T1 weighting, have resulted in excellent anatomical images at
sub-milimeter resolution that can be acquired within a few minutes. In this study, we used high
resolution images acquired on a 4 Tesla MRI system and a manual method for subfield marking
to address the following aims: 1. To determine if Apo e4 genotype has subfield specific effects
in a group of healthy and cognitively intact subjects spanning an age range from 28–85 years.
Based on the known actions of Apo e we expected to find an Apo e4 effect in CA1 with the
Apo e4 genotype enhancing the age-associated volume loss in this subfield (Mueller et al.
2007), and/or in the dentate gyrus due to a negative impact of Apo e4 on neuroplasticity/
neurogenesis (Ji et al. 2003). 2. To study the influence of Apo e4 on hippocampal subfields on
AD. Based on histological studies (West et al. 1994), we expected to find a more pronounced
volume loss in CA1 in AD with the Apo e4 allele than in AD without it.

2. Methods
2.1 Study population

A total of 81 subjects participated in this study. Sixty-six were healthy control subjects (mean
age 60.8 ± 13.6, age range: 28 – 85 years, female/male (f/m) 29/40, mean MMSE 29.4 ± 1.0)
recruited from the community with flyers and advertisements in local newspapers. These
subjects were recruited with the intention to build a general healthy control population for
several ongoing projects in our laboratory and so no special efforts were made to achieve a
perfect match between Apo e4 and non-Apo e4 subjects in the population. A subset of this
population has been reported in a previous publication (Mueller et al., 2007). Exclusion criteria
included any poorly controlled medical illness (untreated diabetes, hypertension, thyroid
disease) and/or use of medication or recreational drugs that could affect brain function, a history
of brain trauma, brain surgery or evidence for ischemic events (stroke but not white matter
hyperintensities or small lacunes) and skull defects on the MRI. Normal cognitive functioning
was assessed by a battery of neuropsychological tests (mini mental state examination,
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California Verbal Learning Test (short form), Rey-Osterrieth complex figure, Verbal Fluency,
Wechsler Adult Intelligence Score (digit symbol, digit span)); emotional state and functioning
in daily living were assessed with the Geriatric Depression Scale and the Functional Activities
Questionnaire (cf. Table 1). Subjects, who scored −1.5 or less in more than two of these
standardized tests, were excluded from the study. Twenty-three of these subjects had at least
one Apo e4 allele (3/4: 19; 2/4: 2: 4/4: 2) and 43 had no Apo e4 allele (2/3: 8; 3/3: 35) (cf
Figure 1). Fifteen subjects (mean age 67.5± 9.3, f/m: 6/9, mean MMSE 21.3 ± 5.0) diagnosed
with Alzheimer’s disease according to the criteria by the National Institute of Neurological
and Communication Disorders and Stroke/Alzheimer’s Disease and Related Disorders
Association (NINDS-ADRDA) were referred from collaborating Memory Clinics (UCSF, VA
Medical Center San Francisco, CPMC Sacramento). Ten had at least one Apo e4 allele (3/4:
7; 4/4: 3), the remaining five were 3/3. AD with Apo e4 allele were significantly younger than
subjects without Apo e4 (p = 0.017, cf Table 1) otherwise the two AD subgroups were not
different. The study was approved by the committees of human research at the University of
California, San Francisco (UCSF) and VA Medical Center San Francisco, and written informed
consent was obtained from all subjects or their legal representatives according to the
Declaration of Helsinki.

2.2. MRI acquisition
All imaging was performed on a Bruker MedSpec 4T system controlled by a Siemens Trio™
console. The following sequences, which were part of a larger research imaging and
spectroscopy protocol, were acquired: 1. For the measurement of hippocampal subfields, a
high resolution T2 weighted fast spin echo sequence (TR/TE: 3500/19 ms, echo train length
15, 18.6 ms echo spacing, 160° flip angle, 100% oversampling in ky direction, 0.4 × 0.4 mm
in plane resolution, 2 mm slice thickness, 24 interleaved slices without gap, acquisition time
5:30 min (adapted from DeVita et al. 2003; Thomas et al. 2004), angulated perpendicular to
the long axis of the hippocampal formation, 2. For the measurement of total hippocampal
volume a volumetric T1-weighted gradient echo MRI (MPRAGE) TR/TE/TI = 2300/3/950
ms, 7° flip angle, 1.0 × 1.0 × 1.0 mm3 resolution, acquisition time 5.17 min and 3. For the
determination of the intracranial volume (ICV), a T2 weighted turbospin echo sequence (TR/
TE 8390/70 ms, 150° flip angle, 0.9 × 0.9 × 3 mm nominal resolution, 54 slices, acquisition
time 3.06 min).

2.3. Postprocessing and manual marking of hippocampal subfields
The method used for subfield marking including measurement reliability has been described
in detail previously (Mueller et al. 2007). The marking scheme depends on anatomical
landmarks, particularly on a hypointense line probably representing myelinated fibers in the
stratum moleculare,/lacunosum (Eriksson et al. 2008) which can be reliably visualized on these
high resolution images (cf. Figure 2). Although the sequence used in this study provides
superior resolution and thus more information about the internal structure than a clinical
standard sequence, it does not allow to distinguish details on the resolution of a histological
preparation and thus we do not claim that the subfield assignment actually corresponds to the
histological subfields but merely provides a good approximation (cf. Figure 2). To summarize
the procedure briefly: The high resolution images were re-sampled to obtain a left and a right
hippocampal image on which the coronal axis was exactly perpendicular to the long axis of
the hippocampus. The marking starts on the first slice on which the head of the hippocampus
is no longer visible. On this slice, the hippocampal subfields, subiculum and ERC are marked
manually. In addition, the ERC is marked on the two slices anterior to this starting slice and
the subiculum and the hippocampal subfields are marked on the two slices posterior to the
starting slice. Altogether, hippocampal subfields were marked on 5 consecutive slices, i.e. on
a length of 1.0 cm in the rostral part of the hippocampus. The most medial point of the temporal
cortex is chosen as medial border of the ERC and the medial end of the collateral sulcus is
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chosen as its lateral border. The CA1/subiculum border is determined by drawing a line
perpendicular to the edge of the subiculum touching the medial border of the hippocampus.
This border was chosen because it could be easily and reliably identified although by doing
so, parts of the presubiculum and subiculum proper were counted towards CA1. The CA1/CA2
border is determined by dividing the line along the longest diameter of the hippocampus by
two and drawing a line perpendicular to this line. A region supposed to represent mainly CA2
was marked in a square-like manner, i.e., its height at the CA1/CA2 boundary also determined
its length while its overall shape was determined by the course of the outer boundary of the
hippocampus and the hypointense line representing myelinated tissue in the strata moleculare/
lacunosum. Although the position of CA2 using the outlined criteria showed good
correspondence with the localization of CA2 in histological preparations, its volume is
influenced by the width of the dorsal CA1 and it is likely to have some overlap with the dorso-
medial part of CA1. Because of this, we expect that volume changes in this sector can result
from changes in both subfields, i.e., CA2 and dorsal part of CA1. To reflect this
“contamination” by CA1, the region was named CA1-2 transition zone (CA1-2 transition)
rather than CA2. The remainder of the hippocampal formation consisting of CA3 and dentate
gyrus is marked as one region (CA3&DG) because there are no reliable landmarks to
distinguish between these structures. The volume of the total hippocampus was determined
from the T1 image using the hippocampal masks provided by the FreeSurfer software routine
(Fischl et al. 2002). These hippocampal masks were visually checked for accuracy and
manually edited if necessary. The ICV was determined from the T2 weighted image using the
BET program (FMRIB Image Analysis Group, Oxford University, www.fmrib.ox.ac.uk/fsl).

2.4. Statistical analysis
For statistical analysis, left and right hippocampal subfield volumes and left and right total
hippocampal volumes of each subject were combined. Based on the absence or presence of an
Apo e4 allele, subjects were grouped into Apo e4 (Apo e 4/4, Apo e 3/4, Apo e 2/4) and non-
Apo e4 (Apo e 3/3, Apo e 2/3). Multiple regression analysis were used to test the a priori
hypotheses, i.e. influences of Apo e4 on CA1 and CA3&DG in healthy controls. This was in
a first step done in the total population and then in a subgroup of younger subjects (28–60 years
of age) and a subgroup of older subjects (61 – 85 years of age). The subdivision into a “young”
and “old” group was done because we expected that a negative effect of Apo e4 on
neurogenesis/neuroplasticity in CA3&DG might already be apparent in relatively young
subjects. CA1 and CA3&DG were modeled as dependent variables, age, gender (in total control
population only), Apo e4 carrier state (yes/no) and ICV as independent variables. To test which
volumes are affected by AD and Apo e4, the 15 AD patients were combined with the group of
older controls and multiple regression analyses with the subfield/hippocampal volume as
dependent and age, disease state (control, AD), Apo e4 carrier state and ICV as independent
variables were performed. Mann-Whitney tests were used to test for differences of CA1 and
CA3&DG volumes in AD subjects with and without Apo e4. To account for differences in
head size in the last analysis, all volumes were normalized using the following formula:
volume norm = volume raw *1000/ICV. All statistical analyses were done in JMP6 (SAS Institute
Corp.)

3. Results
3.1. Control population

Apo e4 carrier and non-Apo e4 carrier were not different regarding age or gender distribution.
The analysis in the total control population showed a significant effect of Apo e4 (p = 0.042,
beta = 9.450) and age (p = 0.021, beta = −0.786) on CA3&DG with Apo e4 carrier having
smaller CA3&DG volumes than non-Apo e4 carrier irrespective of age (cf. Table 1). There
was a significant negative effect of age (p = 0.0002, beta = −1.694) on CA1 volumes confirming

Mueller et al. Page 4

Neuroimage. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.fmrib.ox.ac.uk/fsl


the findings of a previous study (Mueller et al. 2007), but no significant effect of Apo e4 on
CA1. We also tested for an interaction between age and Apo e4 on CA3&DG and CA1 but
found no significant effects. There were no significant effects of age, Apo e4 carrier state or
gender on any of the other subfields or total hippocampal volume. Significant effects for age
(p = 0.016, beta = −2.35) and Apo e4 carrier state (p = 0.036, beta = 13.62) on CA3&DG
volume but not for age on CA1 volume were also found when the analysis was restricted to
the subgroup of old subjects (n = 38, f/m: 12/26, Apoe e4/non-Apo e4: 14/24). Again, there
were no significant effects for the interaction of age and Apo e4 on CA3&DG and none of the
other subfields or total hippocampal volume did show significant Apo e 4 effects. When the
analysis was restricted to the subgroup of young subjects (n = 28, f/m: 17/11, Apo e4/non-Apo
e4: 9/19), none of the subfields showed significant effects for age or Apo e4 carrier state or
their interaction. A protective effect for Apo e2 has been reported (Corder et al. 1994).
Therefore, the whole analysis was repeated and Apo e2 carriers were excluded; the findings
remained unchanged (data not presented). A table with the detailed results of the regression
analyses can be found as Supplementary Material.

3.2. Apoe e4 carrier state and Alzheimer’s Disease
When the combined group was analyzed (old controls and AD), there were significant effects
for disease state for ERC (p = 0.0006, beta = −28.043), subiculum (p = 0.0011, beta = −21.093),
CA1 (p = 0.0005, beta = −31.077), CA1-2 transition (p < 0.0001, beta = −3.663) and total
hippocampal volume (p = 0.0025, beta = −0.449) which were all smaller in AD subjects than
in old control subjects. There was no significant disease state effect for CA3&DG. However,
there was a significant effect for Apo e4 carrier state on CA3&DG (Apoe e4 carrier state p =
0.0035, beta = 18.740). A significant effect for Apo e4 carrier state and also for age was also
found for the total hippocampal volume (age p = .0.049, beta = −0.034; Apo e4 carrier state p
= 0.0277, beta = 0.301). Finally, the comparison of the normalized CA1 and normalized
CA3&DG volumes between AD with and without Apo e4 showed that CA3&DG (p = 0.027,
AD with Apo e4: 124.9 ± 26.8; AD without Apo e4: 159.0 ± 29.6) but not CA1 (p = 0.46, AD
with Apo e4: 160.9 ± 44.9; AD without Apo e4: 180.2 ± 32.6) was significantly smaller in AD
with Apo e4 than in AD without Apo e4. In an exploratory analysis, we also tested for
differences between other subfields or total hippocampus but none of them was significant.

4. Discussion
There were two major findings of this study: 1. Apo e4 was associated with smaller CA3&DG
volumes in the whole control population and in the subgroup of old controls but not in the
subgroup of young controls. Although total hippocampal volumes tended to be smaller in Apo
e4 carriers compared to non-Apo e4 carriers, these differences were not significant. 2. AD with
the Apo e4 allele had significantly smaller CA3&DG than AD without the Apo e4 allele.
Furthermore, AD patients had smaller ERC, subiculum, CA1, CA1-2 transition volumes and
consequently also total hippocampal volumes but not CA3&DG volumes than age-matched
controls. Taken together, these results suggest that Apo e4 exerts a regional selective effect on
CA3&DG in cognitively normal subjects and AD.

The first major finding was that Apo e4 showed a regional selective effect on CA3&DG in
cognitively normal Apo e4 carriers who had smaller CA3&DG volumes than non-Apo e4
carriers. Previous neuroimaging studies assessing the influence of Apoe e 4 on hippocampal
volume in cognitively healthy subjects in cross-sectional studies had inconsistent results. For
example, Lind et al. (2006) studied a non demented population of 60 subjects between 49–79
years and found significantly smaller right hippocampal volumes in Apo e4 carriers compared
to non-Apo e4 carriers which were also associated with lower performance in hippocampal
related memory tasks. Similarly, Den Heijer et al (2002) found bilaterally reduced hippocampal
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volumes in 60 – 90 years old cognitively normal elderly Apo e4 carriers which persisted even
after exclusion of subjects with evidence for mild memory impairment. In contrast, Jack et al.
(1998) studying 125 cognitively normal elderly controls (mean age 80 years), Reiman et al.
(1998) studying 33 middle aged controls (50 –60 years), Cohen et al (2001) studying 25 elderly
women with increased risk for AD either due to advanced age or a first degree relative with
AD and finally Jak et al (2007) studying 52 cognitively normal elderly subjects (63–92 years)
all found that, although hippocampal volumes tended to be smaller in Apo e4 carriers compared
to non-Apo e4 carriers, these differences did not reach statistical significance. There are several
possible explanations for the inconsistent finding of an Apo e4 effect on total hippocampal
volume in cognitively normal subjects in these neuroimaging studies, e.g. different definitions
for cognitively normal or non-demented and thus different frequencies of subjects with
preclinical AD in the study population, different age ranges of the study population and, since
the effect of Apo e4 seems to be dose-dependent, different frequencies of Apo e4 homozygotes
in the study population. In our study, the effect of Apo e4 seemed to be restricted to CA3&DG,
none of the other subfields was significantly affected. Although CA3&DG represents a
relatively large part of the total hippocampus and Apo e4 carriers had smaller total hippocampal
volumes than non-Apo e4 carriers, this difference was not statistically significant. This suggests
that subfield measurements might be more sensitive to detect subtle effects on the
hippocampus, particularly if these effects are regionally selective.

The effect of Apo e4 on CA3&DG was not in all age groups equally present. Apo e4 carrier
state was associated with a significant effect on CA3&DG in the total population and in the
subgroup of older subjects but not in the subgroup of young Apo e4 carriers although they
tended to have smaller CA3&DG than young non-Apo e4 carriers. A power analysis showed
that given the number of young subjects and using the error estimates from the regression
analysis we had only a 15% power to detect significant difference between young Apo e4
carriers and non-Apo e4 carriers at a significance level alpha = 0.05. This suggests that,
although a subtle effect of Apo e4 in young subjects cannot be excluded, the effect of Apo e4
on CA3&DG probably accumulates over life time so that it only becomes manifest as a volume
reduction detectable by in vivo imaging at an higher age. An alternative explanation is that
Apo e4 renders CA3&DG more vulnerable towards non-Apo e4 related insults occurring later
in life, e.g. increased oxidative stress or amyloid deposition. Interestingly, age had also a
significant effect on CA3&DG in the total population and in the subgroup of older subjects
but only if Apo e4 was included in the model (data not represented). The interaction between
Apo e4 carrier state and age however was not significant, indicating, that age and Apo e4 carrier
state act additively but independently on the CA3&DG volume. This is in contrast to the age
effect on CA1 which was only observed in the whole population and was independent from
the inclusion of Apo e4 carrier state in the model.

Our findings of Apo e4 effects on CA3&DG in older subjects are in good agreement with
findings in animal and autopsy studies. Studies in transgenic mice for example have shown
that while there is no difference in DG synaptic spine density between young Apo e3 and Apo
e4 mice, synaptic spine density is significantly reduced in old Apo e4 mice compared to wild-
type or Apo e3 mice (Cambon et al., 2000, Ji et al., 2003). A similar reduction of synaptic spine
density in the DG region in Apo e4 carriers compared to Apo e3 carriers has also been found
in an autopsy study of elderly cognitively normal humans (Ji et al., 2003). Based on the
similarities, it is tempting to speculate that the age related CA3&DG volume loss in our study
reflects the age related loss of synaptic connectivity/neuroplasticity described in these studies.
However it cannot be excluded that the volume loss in CA3&DG is caused by other negative
effects associated with Apo e4 carrier state, e.g. reduced neurogenesis (Levi et al., 2005),
reduced protection against extrinsic or intrinsic neurotoxic insults, e.g. amyloid deposition
(Horsburgh et al., 1999, Buttini et al., 1999, Levi and Michaelson, 2007) or a combination
thereof.
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The second major finding was that AD with the Apo e4 allele had significantly smaller
CA3&DG volumes than AD without the Apo e4 allele. Apo e4 enhances the negative effects
of amyloid on neurons (Mahley et al. 2006) and is associated with impaired neuronal repair
processes (Weisgraber and Mahley, 1996), therefore, we had assumed that its effect would be
most prominent in regions with high intrinsic vulnerability to AD. Autopsy studies found CA1
to be the most severely affected hippocampal subfield in AD (West et al, 1994, Roessler et al.,
2002; Price et al., 2001; Fukutani et al., 1995) and therefore we had expected to find smaller
CA1 volumes in AD with Apo e4 than in AD without the allele, but that was not the case. One
reason for this might be that we did not have enough statistical power to detect an effect on
CA1 since the number of AD subjects in our study, particularly the number of non-Apo e4 AD
subjects, was small. A power analysis based on the subjects in the analysis showed that we
only had a power of 12% to detect CA1 volume differences of CA1between the Apo e4 carriers
and non-carriers. This might indicate that either there is truly no effect of Apo e4 on CA1 or
that our marking method is not sensitive enough to detect it. An alternative explanation for the
absence of an effect of Apo e4 on CA1 could be that other effects overshadowed the Apo e4
effect. For example, it could be possible that the combined pathological effects of AD and
aging (AD without Apo e4 were older than AD with Apo e4) on this subfield and consequently
loss of neuropil and neurons are so severe at this advanced stage of the disease that additional
negative effects due to Apo e4 genotype are obscured.

It is particularly interesting that it was CA3&DG, the only subfield which did not show an AD
effect, which was smaller in AD with Apo e4. It has been demonstrated in autopsy studies of
AD patients that the human hippocampus reacts with increased neurogenesis and formation of
new, immature neurons in the DG and CA1 to the pathological processes in AD (Jin et al.,
2004). Since efficient neurogenesis requires an intact cholesterol metabolism, it seems
plausible that those compensatory processes could be adversely affected by Apo e4 carrier
state. However, such a general effect of Apo e4 would not explain the regional selectivity of
the effect observed in our study. A recent study in transgenic mice offers an intriguing
explanation for this regional preference. Levi and co-workers (2007) found that conditions
favoring neurogenesis are associated with a selective accumulation of intraneuronal Apo e in
the DG in Apo e3 and Apo e4 mice. In the case of Apo e4 but not of Apo e3 mice, they also
observed a regionally selective increase of intraneuronal soluble amyloid beta in the DG which
was associated with signs of increased apoptosis and reduced neuronal density. A mechanism
like this would be consistent with the fact that Apo e4 had a regional selective effect on
CA3&DG in AD, although this is of course highly speculative. Additional studies in a larger
population of AD subjects and if possible correlations with autopsy findings will be necessary
to confirm the subfield specific findings of Apo e4 on CA3&DG respectively lack thereof on
CA1 in this preliminary study..

This study has several limitations: 1. The sample size of the AD group, particularly the group
of non-Apo e4 AD subjects was small. It will be necessary, to validate the findings regarding
AD and Apo e4 in a larger study. 2. The study was cross-sectional in design and thus we cannot
exclude cohort effects or that some controls were in the early stages of AD or another dementing
disease associated with hippocampal atrophy. Furthermore, since the subjects were not
particularly recruited for a study on Apo e4 effects, the Apo e4 and non Apo e4 groups were
not optimally matched and thus we might have missed Apo e4 effects. 3. Hippocampal
subfields were only marked in a relatively small region of the anterior hippocampus.
Furthermore, except for the hypointense line, the boundaries between the subfields were based
on arbitrarily defined rules and compromises were made to facilitate consistent marking (cf
methods section). Therefore, we cannot exclude that we missed Apo e4 effects with a regional
preference for regions not included into the marked section, e.g. for the head or tail, or Apo e4
effects restricted to the ventral aspect of CA1 or subiculum/presubiculum. Nonetheless, the
total volume of the hippocampal cross-section on which the hippocampal subfield were marked
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was highly correlated with the volume of the total hippocampus (Pearson correlation coefficient
r = 0.76, p <0.0001). Therefore, we think that volume changes in this section are representative
for hippocampal volume losses in diseases which are likely to affect the whole length of the
hippocampus, as for example AD, aging or Apo e4.

In conclusion, these preliminary findings suggest that Apo e4 carrier state exerts a regionally
selective effect on hippocampal subfields which is restricted to CA3&DG. This effect becomes
more manifest with increasing age. In addition to this, we also found evidence of a regionally
selective effect of Apo e4 on CA3&DG in AD. These effects are consistent with findings in
animal and autopsy studies which describe a negative effect of Apo e4 allele in the dentate
gyrus. The fact that aging, Apo e4 carrier state and AD show regionally selective effects on
hippocampal subfields suggests that measurements of hippocampal subfields might be more
sensitive to distinguish between different processes affecting the hippocampus than
measurements of total hippocampal volume.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Distribution of Apo e4 carriers and non Apo e4 carriers across the age range in the control
population.
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Figure 2.
a. Parcellation scheme used for manual marking of subfields. As it is not possible to identify
individual hippocampal layers 4 Tesla, the scheme was based on reliably recognizable
anatomical landmarks even though this resulted in a part of the prosubiculum and subiculum
proper being counted towards the CA1 sector. ERC, entorhinal cortex; CA1-2 transition, CA1-
CA2 transition zone (cf methods in text); CA3&DG, CA3, CA4 and dentate gyrus. b.
Histological preparation of hippocampal subfields c. Typical example of hippocampal subfield
markings. No 1 is the most anterior slice, No 5 the most posterior slice. Slice 3, is the referred
in the text as “starting” slice. Red, ERC; yellow subiculum; blue; CA1-2 transition; maroon,
CA3&DG
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