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The presence of apolipoprotein E-€4 (APOE-€4)
allele bas been implicated as a risk factor for
Alzbeimer’s disease (AD). We examined the fre-
quencies of APOE-e€4 alleles in age-matched con-
trols and subgroups of 190 AD subjects exbibit-
ing cerebral amyloid angiopatby (CAA) and
otber frequently associated lesions. CAA was ev-
ident in 96% of the AD subjects, which were di-
vided into two groups, one bearing mild or no
apparent CAA and tbe other with moderate to
severe CAA. APOE-€4 allele frequency (48%) in
the latter advanced CAA group was six times
bigber than in those who exbibited mild CAA. In
the advanced CAA subjects, the occurrence of an
€4 allele was increased by a factor of 17 (95%
confidence interval, 7.56 to 38.9). This was de-
spite the fact that neocortical amyloid-f3 plaque
densities in the two groups were similar and that
all of the AD subjects bad met the accepted neu-
ropathological criteria. We also observed that
the degree of CAA severity was greatest in the
group of subjects with the €4/e4 genotype. The
association between CAA and APOE-€4 was fur-
ther implicated in two non-AD subjects among
neurological controls with severe CAA. These two
subjects, both bomozygous for the APOE-€4 al-
lele, were primarily diagnosed as baving
Creutzfeldt-Jakob disease and Pick’s disease in
the absence of significant neocortical amyloid
deposition. Allele frequency comparisons be-
tween neurological control subjects with CAA and
those witbout likewise accorded a strong rela-
tionship between the APOE- €4 allele and the pres-
ence of CAA. More remarkably, the €4 allele fre-
quency was bighly associated with AD subjects

exhibiting lobar or intracerebral bemorrbage,
all of whom bad advanced CAA. We observed that
36% of the AD subjects bad concomitant cerebro-
vascular patbology resulting from single in-
Jarcts, multiple microinfarcts, ischemic wbhite
matter lesions, or petechial bemorrbages. Al-
though the difference in APOE genotype distribu-
tion between subjects with and witbout cerebro-
vascular lesions did not reach statistical
significance, we did note that the frequency of
the €4 allele was significantly bigher in subjects
with such patbology as compared with those
without. However, we found no evidence to sug-
gest that the acquisition of an APOE-e€4 allele or
one of tbe alleles, €2 or €3, was a factor in the
occurrence of atberosclerosis localized in the
basal surface arteries. Analyses of our sample
also confirm that there was a lower frequency of
the APOE-€2 allele in AD subjects and that tbe
Jrequency of the €4 allele in AD subjects with
concomitant diffuse Lewy body disease was in-
termediate between controls and AD subjects.
Our results suggest that the APOE-€4 allele is a
significant factor in the development of CAA in
AD and reveal the possibility that APOE is an
independent factor in CAA and otber vascular
abnormalities associated with AD. (AmJ Pathol
1996, 148:2083-2095)

It is now clear that a number of proteins or factors are
associated with amyloid-B (AB) deposits and the
neurofibrillary lesions in Alzheimer’'s disease (AD).
Some of these include the heparan sulfate glyco-
saminoglycans, amyloid P component, complement
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Table 1.  Distribution of APOE Genotypes in AD Subjects and Normal and Non-AD Controls
Age  Brain weight APOE genotypes X° statistics*
Groups n (years) (9) €2/e3 €2/e4 €3/e3 €3/e4 ed/ed x> Pvalue
Normal controls 16 701 123955 5(31%) 2(12%) 6(38%) 3(19%) 0(0%)
Né?lrg/llc/);iz)al controls 34 73x2 1197 35 3(9%) 2(6%) 16 (47%) 11(32%) 2(6%) 591 0.207
AII(L7|:)'\?2/3127I\/'1:/)108 F) 190 79*x1 1136+13 9(5%) 0(0%) 68(36%) 89(46%) 24(13%) 43.7 0.000

165 0.003

Values show mean * SEM and number (n) of subjects. Brain weights between normal controls and AD subjects were significantly
different at P < 0.03. There were no subjects with €2/e2 genotype. The frequency of APOE genotypes of the total pool in men was similar to
that in women (x® = 1.18, P = 0.882). The mean (+ SEM) age of men was 77 = 1 years and that of women was 79 * 1 years.
Neurological controls represent non-AD cases including amyotrophic lateral sclerosis, corticobasal ganglionic degeneration, Creutzfeldt-
Jakob disease, dementia with indistinctive pathology, hereditary dysphasic dementia, Huntington’s disease, Parkinson's disease, Pick's
disease, subcortical gliosis, glioblastoma multiforme, and cerebral ischemic disease with Binswanger's. M, male; F, female.

*Pearson's x? test versus normal controls (upper numbers) and neurological controls (lower numbers, where shown).

proteins, serine protease inhibitors, and recently the
apolipoproteins.’™ The precise significance of the
associated factors is unknown, but among these
apolipoprotein E (APOE, gene; apoE, protein) is be-
ing intensively studied in the central nervous sys-
tem.* ApoE is a polymorphic protein that plays a
central part in the metabolism of cholesterol and the
triglycerides. In the human body, the synthesis of
apoE is controlled by a single gene locus on chro-
mosome 19 that determines three co-dominant al-
leles, €2, €3, and e4. The polymorphism results in six
apoE phenotypes, E2/2, E3/3, and E4/4 as homozy-
gotes and E2/3, E3/4, and E2/4 as heterozygotes.
Specific APOE alleles were first implicated in athero-
sclerosis.® Recent studies have shown the APOE-€4
allele to be highly associated with late-onset familial
and sporadic AD.®~® The frequency of the APOE-e4
allele in AD from living and autopsy series was re-
ported to be between 30 and 40%, which is approx-
imately three times that in the general population®
and other neurological disorders.°~'2 However,
some studies’>'® have variably implicated an in-
creased inheritance of the APOE-e4 allele in other
amyloid-forming disorders'*~'7 besides vascular de-
mentia.'®'® For example, the frequency of the
APOE-€4 allele has been reported to be comparable
to or higher than that of AD subjects in diffuse Lewy
body disease (DLBD)'®'%'® and Creutzfeldt-Jakob
disease."” Interestingly, the €4 allele frequency was
also found to be increased in subjects who had
accrued brain AB deposits subsequent to head in-
jury.2° These foregoing studies implicate an impor-
tant functional role for apoE isoforms in the patho-
physiology of AD. ApoE may influence the
accumulation of brain amyloid including that in the
cerebral vasculature '

Vascular amyloid deposition resulting in cerebral
amyloid angiopathy (CAA) is a prominent feature of
AD.2228 CAA differs from generalized amyloidosis

because of its almost exclusive cerebral distribution
involving large and small leptomeningeal as well as
intraparenchymal microvessels.?* Although CAA ap-
pears to be most severe in AD, it sometimes occurs
in the normal elderly®® and is the principal feature of
some rare hereditary disorders linked to mutations in
genes of proteins deposited in the vascular wall.??
Advanced CAA may often lead to lobar or intracere-
bral hemorrhages.?2-24 However, the factors respon-
sible for such vascular amyloid accumulation are
unclear.

In this study, we assessed the inheritance of the
APOE genotype as a factor for developing CAA as-
sociated with AD. We specifically examined the fre-
quencies of the APOE-€4 allele in AD subjects exhib-
iting advanced CAA and intracerebral hemorrhage
in comparison with controls and AD subjects with
mild or negligible CAA. In an attempt to delineate the
vascular pathology®*~2” often associated with AD,
we also assessed APOE genotypes in subgroups of
AD subjects with and without cerebrovascular le-
sions.

Materials and Methods

Subjects and Brain Tissue

Human brain tissue from a total of 240 subjects with
either Alzheimer type of dementia, no neuropatho-
logical diagnosis (normal controls), or other neuro-
logical diseases (neurological controls) was ob-
tained at autopsy immediately upon removal within 2
to 7 hours after death (age range, 55 to 90 years).
Tissues were either frozen or used fresh for mi-
crovessel isolation. Table 1 gives details of subject
age, sex, brain weight, and the disorder at death.
Autopsies were performed between 1988 and 1995
at the Institute of Pathology, Case Western Reserve
University and University Hospitals. In this largely



retrospective study, although precise clinical infor-
mation on duration and magnitude of iliness was not
accessible, the majority of subjects (cases), both
controls and AD, had died from a similar cause,
which was bronchopneumonia, unless otherwise
mentioned. The probable clinical diagnosis of AD
was confirmed by histological examination that re-
vealed the presence of established halimarks in the
four cortical lobes including neuritic plagques and
neurofibrillary tangles and granulovacuolar degener-
ation in the hippocampus.2® In addition, whereas all
cases diagnosed as AD generally met the criteria of
the consortium to establish a registry for AD (CERAD)
for probable AD, more than 95% were definite AD.?°
These criteria for the pathological diagnosis of AD were
used irrespective of the presence of CAA and other
related lesions. To study the influence of APOE geno-
type on co-existing neuropathological lesions, AD
cases were divided into four subgroups as follows: AD
with CAA, AD with CAA-related intracerebral hemor-
rhage, AD with cerebrovascular lesions (CVLs), and
AD with co-existent DLBD.

To analyze effects on CAA, the 190 AD subjects
were divided into two subgroups, one consisting of
55 cases with minimal or no CAA (group A) and the
other (135 cases) limited to only moderate to severe
CAA (group B). The CVL subgroup with 69 AD cases
exhibiting at least one CVL in the form of a remote or
recent infarct, multiple microinfarcts, white matter
lucencies, leukoariosis, or petechial or hemorrhagic
infarcts was also noted and analyzed against those
without such lesions. These designations were made
irrespective of any history of cardiovascular disease
or hypertension.'® We also compared a group of 13
AD subjects as intracerebral hemorrhage (CH)
cases characterized by lobar, cortical, or subcortical
with remote or recurrent bleeds. All of these CH
cases were found to have moderate to severe CAA.
There were 35 AD subjects who exhibited diffuse
cortical Lewy bodies and were classed as AD sub-
jects with concomitant DLBD. In this group, we did
not encounter any pure DLBD cases in the absence
of cerebral amyloid or neurofibrillary tangles.'® How-
ever, we did examine the influence of APOE geno-
type on CAA in the AD subjects with DLBD, 19 (58%)
of whom had moderate to severe CAA *°

Unless otherwise stated, all control subjects diag-
nosed without AD were analyzed as two separate
groups comprising normal controls and neurological
controls. The 16 normal control subjects had neither
apparent clinical nor any gross or histopathological
evidence of AD. None of the normal controls exhibited
CAA or CVL. Thirty-four patients came to autopsy with
a clinical diagnosis of questionable dementia. Upon
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careful histopathological examination,?® these did not
fulfill any of the established criteria for a diagnosis of
AD.2° Notwithstanding, 9 of these controls were found
to have mild to moderate CAA and 2 others exhibited
severe CAA. The 34 subjects were assigned as neu-
rological controls and given the following final neuro-
pathological diagnosis (number of cases). amyotro-
phic lateral sclerosis (1), corticobasal ganglionic
degeneration (2), Creutzfeldt-Jakob disease (2), DLBD
(1), frontal lobe dementia (4), glioblastoma multiforme
and metastasis cases (3), hereditary dysphasic de-
mentia (1), hereditary sensory neuropathy (1), Hunting-
ton’s disease (1), cerebral ischemic disease including
multi-infarct dementia and Binswanger’s (6), Parkin-
son’s disease (3), Pick’s disease (1), subcortical gliosis
(1), and dementia with indistinctive pathology including
gliosis (7).

To confirm that the degree of CAA was compatible
with deposition of AB protein, cerebral microvessels
with and without smooth muscle were isolated from
the frontal and occipital lobes as described previ-
ously.®' Aliquots of purified vessel fractions were
spotted on polylysine-coated glass slides and pre-
pared for staining to assess vascular amyloid depo-
sition.32

Tissue Staining and Immunocytochemical
Analyses

In addition to the conventional histopathological
stains such as Congo Red, patterns of vascular amy-
loid deposition and degree of CAA were examined
by immunostaining®33# with antibodies to AB protein
(4G8 and 3160 from K. S. Kim, New York State Brain
Research Institute, and S. Younkin, Case Western
Reserve University, respectively) and apoE (Biode-
sign, Bar Harbor, ME) or by thioflavin S staining in
20- to 25-um neocortical tissue sections and in iso-
lated vessel fractions. Tissues from the occipital and
frontal cortex of a randomly selected sample of 70
AD subjects were examined in this manner.

Assessment of CAA, Cerebrovascular
Lesions, and AB Protein Plaque Density

CAA was graded by examination of conventionally
stained neocortical tissue sections from the four
lobes, frontal (Brodmann 10 or 32), temporal (areas
20 to 22), parietal (areas 39 and 40), and occipital
(areas 17 or 18). Briefly, at least two sections, 2 to 3
cm in length, with complete neocortical ribbon from
the four cortical areas were examined and graded
for CAA severity similar to the procedure described
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Figure 1. Immunocytochemical localization of AB protein in cerebral vessels of AD subjects matched for age and duration of disease. A Intensely
staining concentric patterns and focal deposits of AB in isolated intracortical microvessels from a 65-year-old AD subject with ed4/e4 genotype. Note
deposition along whole vessel length and fine deposits of AB in capillaries (arrows). B: Control subject with €2/e3 genotype showing lack of specific
immunoreactivity. Preparations immunostained with preimmune serum gave similar background staining. C: AB immunoreactive focal deposits
(arrows) in a microvessel from a 69-year-old AD subject with €3/€3 genotype indicating minimal CAA. D: Severe CAA (grade 3) represented by AB
immunoreactivity in meningeal and intracortical vessels. Occipital cortex tissue section from an AD subject with € 3/e4 genotype. Specific staining was
not evident either in tissue from age-matched controls with no CAA. when tissue from AD subjects was incubated in the absence of antibody. or in
the presence of preimmune serum or antibody (3160) absorbed with AB peptide. Nuclei are revealed by hematoxylin counterstain: bars, 50 pm (A,

B, and C) and 20 um (D).

previously.3® Cerebral vessels without amyloid stain-
ing were graded 0. Those with focal or few streaks of
amyloid in media/adventitia as mild or negligible
(score = 1), those with greater replacement of me-
dia/adventitia with amyloid as moderate (score = 2),
and those with complete infiltration of vascular wall®®
and >10 amyloid laden vessels per section as se-
vere (score = 3). An average score for each case
was obtained by examination of the four areas in this
manner independent of any knowledge of the APOE
status of the samples.

Verification of the presence of CAA with AB protein
was obtained by examination of immunostained iso-

lated vessel preparations and tissue sections from
70 subjects (Figure 1). Briefly, at least two aliquots of
isolated vessel fractions from each region per case
were immunostained and examined by light micros-
copy. The average numbers of AB-laden vessel pro-
files in four to five fields per spotted aliquot were
determined and assigned a score from 1 to 3. These
were evaluated by two independent investigators (D.
L. Cohen and R. N. Kalaria), and the information
derived from these cases was used to construct the
results presented in Figure 2. There was almost com-
plete concordance between the two methods used
for evaluation of CAA 3536 Attempts to quantify the
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Figure 2. APOE genotypes in CAA associated with AD. Increased de-
gree of CAA in AD subjects bearing the ed/e4 genotype. One-way
ANOVA (P = 0.000) and nonparametric comparisons ( Kruskal-Wallis
test) showed the degree of CAA severity in subjects with € 3/€3 genotype
was significantly lower (P = 0.000) compared with the group with
€3/e4 genotype and that the degree was lower in the €3/e4 subjects
compared with the e4/e4 subjects (P = 0.001). The degree of CAA
(< 1.00) in the €2/€3 and €2/e4 groups was not different from the €3/€3
subjects (not shown). Furthermore, APOE genotype frequency distri-
butions in the groups with minimal, moderate, and severe CAA were
different (x* = 91.7, P= 0.000, 12 df). The frequencies of the APOE-€4
allele was also significantly related to the degree of CAA(x2 = 61.1. P
= 0.000).

c€3/e4

amounts of AB by immunoblotting did not yield re-
producible results. This was probably due to fre-
quent aggregation, relative abundance, and variabil-
ity of solubilized protein in vessel fractions from AD
subjects compared with controls. CAA in the cere-
bral hemorrhage cases was characterized as mod-
erate (grade 2) or severe (grade 3).

The AD cases with CVLs were evaluated by ex-
amination of the postmortem records and verified
against the original stained tissue sections. The de-
gree of atherosclerosis in the cerebral and commu-
nicating arteries forming the circle of Willis at the
basal surface was evaluated in each brain at the time
of autopsy and graded as none (score = 0), minimal
(1), moderate (2) or severe (3). Most of this informa-
tion was obtained directly from the records (R. N.
Kalaria), and only in a few severe cases with athero-
sclerosis could the grading be verified by examina-
tion of available tissue sections.

To assess cortical amyloid load in AD cases with
and without CAA, tissue sections from the frontal and
occipital cortex immunostained for A (above) were
used to determine plaque density by a semi-auto-
mated method (developed by P. Hedera). Briefly,
immunostained fields containing AB plaques were
projected onto a video screen and the lesions were
counted using computer-aided digitization of the
video image.®* AB-positive plaques in five different
cortical ribbon fields per section were counted. Im-
munostained artifacts were avoided by simultaneous
manual control of the slide under the microscope.3*
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Plaque counts from each field were averaged for
each section as well as cortical area per subject.

APOE Genotyping

Genomic DNA was extracted from frozen brain tis-
sue by standard methods.®” APOE genotyping was
performed essentially as described previously®® with
slight modification. The APOE genotyping was also
performed without knowing the pathological classifi-
cation of the brain samples. For the polymerase
chain reaction, 200 ng of genomic DNA was added
to a 25-ul reaction mixture containing 25 pmol of
sense (5’ TCC AAG GAG CTG CAG GCG GCG CA
3’) and antisense (5" ACA GAATTC GCC CCG GCC
TGG TAC ACT GCC A 3') primers, 2.5 ul of dimeth-
ylsulfoxide, 10 mmol/L Tris-HCI buffer, pH 8.3, 50
mmol/L KCI, 2 mmol/L MgCl,, and 0.5 U of Tag DNA
polymerase (Perkin-Elmer-Cetus, Norwalk, CT). The
DNA was amplified for 35 cycles as follows: dena-
turation at 94°C for 30 seconds, annealing at 60°C
for 30 seconds, and extension at 72°C for 60 sec-
onds. The amplified product was then digested with
20 U of cfo1 (GIBCO BRL, Gaithersburg, MD) for at
least 5 hours at 37°C and subjected to electrophore-
sis on 4% Metaphor (FMC Bioproducts, Rockland,
ME) agarose gel against a 10-bp ladder (GIBCO
BRL) as marker. The gels were viewed and photo-
graphed under ultraviolet light after staining with
ethidium bromide. To ensure internal consistency of
the genotyping procedure and correct assignment,
30 samples selected at random from the total pool of
240 were reanalyzed on two different occasions.
Such analyses revealed 100% internal consistency
of the assays.

Statistical Analysis

Comparisons of the distribution of genotypes and
allele frequencies in the various groups were made
by using the Pearson’s ¥* and Fisher's exact tests.
Genotype distributions were computed on the basis
that they did not depart from the Hardy-Weinberg
equilibrium. Allele frequencies presented in the three
tables were determined by direct count from the
genotype distribution. Unless otherwise stated, allele
frequency comparisons between groups for each of
the three alleles were made in the absence and
presence of at least one APOE allele. The unadjusted
odds ratios and 95% confidence intervals were com-
puted from frequency distributions of subjects with at
least one APOE-€4 allele and subjects without the
allele. One-way analysis of variance (ANOVA) or the
Student’s two-tailed t-test was used to compare the
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Table 2. APOE Allele Frequencies in Control Subgroups

APOE allele frequencies

Category (alleles) €2 €3 €4 X test* (for €2) P value X2 test* (for €4) P value
Normal controls (32) 22% 63% 15%
Neurological controls (68) 7%" 68% 25% 5.03 0.025 0.75 0.386
All AD (380) 2%t 62% 36%" 314 0.000 4.80*% 0.028

4.89 0.027 2.78 0.096

Controls (70)% 1% 78% 10% Rebeck et al®
Controls (234) 8% 83% 9% West et al®®
Controls (22) 5% 85% 10% Hardy et al'®
Controls (116) 9% 77% 15% Harrington et al'®

*X? values (with continuity correction) for frequencies versus normal controls (upper figures) or versus neurological controls (lower

numbers).

TStatistically different frequencies compared with normal controls.
*The odds ratio for this group with one APOE-€4 allele was 3.23 (95% confidence interval, 1.07 to 9.66).
SAPOE allele frequencies in autopsy controls with and without cardiovascular disease were taken from previous reports for comparison.

For neurological controls, see Refs. 12 and 13.

degree of pathological lesions, ie, severity of CAA
and atherosclerosis as numerical variables, between
each of the allele subgroups. Significance values of
non-normal variables was verified using the non-
parametric Kruskal-Wallis test. All of the data were
analyzed using SPSS (Chicago, IL) software pack-
age for Windows. For comparison and further con-
sistency, APOE allele frequencies of non-AD control
subjects from four different previous autopsy stud-
ies® 111539 were calculated and also presented (Ta-
ble 2).

Results

APOE Genotypes in Control and AD
Subjects

We assessed the APOE genotypes and allele fre-
quencies in 240 age-matched subjects who had
come to autopsy through our AD research program;
50 of the subjects were diagnosed as having no AD
and categorized as controls including normal and
neurological controls (Table 1). There were no sub-
jects with the rare €2/e2 genotype. The €3/e3 geno-
type was most common in the control groups
whereas €3/e4 was common among AD subjects. We
did not find differences in the APOE genotype fre-
quencies between men and women in either the
controls or the AD group (P > 0.80). Although we
noted that frequencies of the APOE genotypes were
not significantly different between the two control
subgroups (Table 1), they were always compared
separately with the various AD subgroups (see Ta-
bles 3 to 5). APOE genotype frequencies in the 190
AD subjects were distinctly different from those in
normal controls and when compared with the neuro-
logical controls (Table 1). Although there were no
subjects homozygous for the APOE-€4 allele in the

normal control group, there were, however, 2 sub-
jects among the neurological controls diagnosed
with Creutzfeldt-Jakob disease and Pick’s disease
(Table 1). Both of these exhibited severe CAA and
had only sparse diffuse plaques, which was not suf-
ficient to warrant a diagnosis of AD.2® The frequen-
cies of APOE genotypes in all of the controls com-
pared as a single group were also significantly different
from that of the 190 AD subjects (not shown).

Table 2 gives the three APOE allele frequencies in
the control and AD groups. We found that the
APQE-€4 allele frequency (15%) in the normal con-
trols was comparable to previously published stud-
ies.810.16.39 |n these studies, autopsy-confirmed AD
subjects were assessed and the reported frequen-
cies for normal controls were between 9 and 15%
(Table 2). However, this frequency was not signifi-
cantly different from the allele frequency (25%) in
neurological controls (Table 2). The frequency of the
APOE-€4 allele in the neurological controls was also
comparable to previously reported high frequencies
in such controls.'® 740 As expected, the frequency
of the APOE-€4 allele was appropriately over-repre-
sented in the AD subjects compared with normal
controls (Table 2). Whereas the allele frequencies in
the neurological controls and the AD subjects were
not statistically different by x? analyses (Table 2),
comparison of the three groups by Kruskal-Wallis
one-way ANOVA suggested differences in the gene
occurrence (P < 0.02). The relatively high frequency
of the APOE-€e4 allele among the neurological con-
trols reflected the large number of subjects that car-
ried the €3/e4 genotype but had insufficient evidence
to be diagnosed with AD. In contrast, the APOE-€2
allele frequencies in the AD subjects and in the
neurological controls were profoundly lower (more
than threefold) than those in normal controls. The
frequency of this allele, however, was comparably
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Table 3.  Distribution of APOE Genotypes in CAA
APOE genotypes X2 statistics*
Groups n €2/e3 €2/ed €3/e3 €3/ed e4/ed X P value

Normal controls 16 5(31%) 2(31%) 6 (38%) 3 (19%) 0 (0%)

AD with CAA 182 7 (4%) 0 (0%) 63 (35%) 88 (48%) 24 (13%) 459 0.000

CAA group A (no to 55 6 (11%) 0 (0%) 40 (73%) 9 (16%) 0 (0%) 129 0.005
minimal CAA)*

CAA group B 135 3(2%) 0 (0%) 28 (21%)  80(59%)  24(18%) 485 0.000
(moderate to 60.9 0.000
severe)t

AD with cerebral 13 0 (0%) 0 (0%) 1(7%) 8 (62%) 4(31%) 16.7 0.002
hemorrhage (CH) 8.00 0.046

Neurological controls 23 3(13%) 1(4%) 14 (61%) 5(22%) 0 (0%)
with no CAA

Neurological controls 11 0 (0%) 1(9%) 2(18%) 6 (55%) 2(18%) 113 0.024
with CAA

Normal controls are from Table 1.

*x? values versus normal or neurological controls without CAA (single or upper numbers) and versus group A or AD group without CH

(lower numbers).

TDensity of amyloid B plaques were similar between CAA group A and group B.

greater in our normal controls than in those reported
previously (Table 2).

CAA in AD and the APOE Genotypes

Of all the AD subjects, 182 (96% of cases) exhibited
CAA to some degree (Table 3). The degree of CAA
varied from single or focal deposits in the meningeal
vessels to profound infiltration of AB amyloid and
accompanying fibrosis in walls of meningeal vessels
as well as intracortical arterioles and precapillaries.
We also noted many cases with dyshoric angiopa-
thy, which was characterized by diffuse AB deposits
around intraparenchymal microvessels including ar-
terioles and capillaries. CAA was generally evident in
all four lobes but particularly prominent in the occip-
ital cortex. Cortical vessels in the sulcal regions were
more often involved than those in the gyral regions.
The surface vessels of cerebellum were often in-
volved in the severe cases. We also used isolated
vessel preparations to corroborate and correlate
APQE genotype with the degree of CAA in tissue
sections (Figure 1). These assessments provided a
method to better define CAA in intracortical vessels
as the isolation procedure largely excluded the men-
ingeal and surface vessels that were stripped away
before fractionation.®! Intense AB immunoreactivity
in isolated microvessel preparations from APOE-e4
allele bearers was often observed along the vessel
length (Figure 1A) and could be distinguished from
focal sporadic deposits (Figure 1C). Focal deposits
observed in isolated preparations (Figure 1C) usu-
ally could not be readily discerned in tissue sections.
However, these observations in isolated prepara-
tions from 70 individual subjects were compatible

with and substantiated the observations made in
tissue sections (Figure 1D). We also found that apoE
protein immunoreactivity in isolated microvessel
preparations correlated with AB deposits (not
shown).

The frequencies of APOE genotypes and alleles in
the 182 AD subjects with CAA were significantly
greater than that in normal controls (Tables 3 and 4) or
neurological controls (Table 5). The genotype distribu-
tions readily indicated that CAA was common in AD
subjects who were homozygous or heterozygous for
the APOE-€4 allele (Table 4). Indeed, when we as-
sessed the severity of CAA by the APOE genotypes,
we found that the e4/e4-bearing subjects exhibited the
most severe CAA (Figure 2). Conversely, significantly
higher frequency of the APOE-€4 allele was associated
with an increasing degree of CAA (Figure 2 legend).
This observation was also supported by a gene dose
effect. The proportion of AD subjects with advanced
CAA increased with the number of APOE-e4 alleles
from 40% for those without an allele to 90% for those
with one allele and to 100% for APOE-e4 homozygotes
(¥* = 53.4, P = 0.000). These indications were
strengthened by the fact that the 2 non-AD cases
among neurological controls homozygous for €4 both
exhibited severe CAA.

To further define that the APOE-e4 allele was a
factor for predisposition to CAA, we divided the 190
AD cases into two subgroups. One exhibited minimal
or no apparent CAA (group A) and the other exhib-
ited moderate to severe or advanced CAA (group B).
The APOE-€4 allele frequency was nearly 50% and
increased sixfold in group B with advanced CAA
compared with group A (Table 4). The occurrence of
this allele in group B was increased by a factor of 17
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Table 4. APOE Allele Frequencies in CAA
APQE allele frequencies*
Category (alleles) €2 €3 €4 X2 (for €2)  Pvalue  x? (for e4) P value
Normal controls (32) 22% 63% 15%
AD with CAA (364) 2%*1 61% 37%" 35.6 0.000 5.582 0.018
CAA group A (110) 6%  86%* 8% 9.18 0.003 1.83 0.176
CAA group B (270) 1%1 51%  48%" 39.9 0.000 14.9° 0.000
6.54 0.011 59.7¢ 0.000
AD with CH (26) 0% 38% 62%" 7.50 0.006 11.0¢ 0.001
0.56 0.456 6.17¢ 0.013
Neurological controls with no CAA (46) 9% 78% 13%
Neurological controls with CAA (22) 4% 46%  50%" 0.41 0.523 9.38 0.002

*y? values versus normal or neurological controls without CAA (single or upper numbers) and versus group A or AD group without CH

(lower numbers).

*Statistically different frequencies compared with normal or neurological controls.

+APOE-€3 allele versus normal controls (x? = 7.2, P = 0.007).

The odds ratios for tested groups for the presence of one APOE-e4 allele were as follows (95% confidence interval in parentheses): a,
3.52 (1.07 10 9.66); b, 7.38 (2.38 to 22.9); ¢, 17.2 (7.56 t0 38.9); d, 26.4 (2.65 t0 26.2); e, 8.94 (1.14 10 70.3); and f, 12.8 (2.12 to 76.6).

(95% confidence interval, 7.56 to 38.9). In addition to
neuropathological assessments®® for AD, we deter-
mined A plague densities in the frontal and occip-
ital cortex in a sample of the AD subjects with ad-
vanced CAA and those with minimal CAA. The
average plague densities for both areas (mean *
SEM) were determined to be 29 = 2 and 27 * 2 per
cm? for AD subjects with advanced CAA (n = 35)
and those with minimal CAA (n = 15), respectively.
This indicated that cortical amyloid deposits per se
were similar in the two AD groups A and B and
argued against the fact that parenchymal amyloid
deposition influenced the observed results (also S.
Greenberg and B. Hyman, personal communica-
tion). In related observations, we noted that, al-
though the APOE-€4 allele frequency was lower, the
APOE-€3 allele was higher in group A with minimal
CAA than in the controls (Table 4).

To determine the association between CH and the
presence of the APOE-€4 allele, we computed APOE
genotypes as well as allele frequencies in 13 CAA
cases exhibiting CH that varied from circumscribed
hemorrhagic bleeds to massive lobar hemorrhages
(Tables 3 and 4). Such analyses showed that the
APOE-€4 allele was four times more common (62%)

in the CAA-related CH cases than in normal controls
(15%, P < 0.001). The allele was also significantly
more common in the hemorrhage cases than in
those AD cases without the lesion (62% versus 45%,
P < 0.02). The odds ratio for the presence of one €4
allele in this subgroup was 8.20 (95% confidence
interval, 1.04 to 64.5).

We also found that the frequency of the APOE-€e4
allele was significantly increased in neurological
controls with CAA (Table 4) compared with those
without CAA (odds ratio = 12.8; 95% confidence
interval, 2.12 to 76.6). This finding in non-AD con-
trols, where parenchymal AB deposition was not in-
volved, also clearly supports the above finding of a
relationship between CAA and the APOE-e4 geno-
type. APOE-e4 allele frequencies in the AD sub-
groups with minimal CAA, advanced CAA, or cere-
bral hemorrhage were also different from the
neurological controls (Table 5).

APOE Genotypes and Cerebrovascular
Lesions Associated with AD

Upon further examination, we noted that previously
defined vascular lesions co-existed in 36% of the AD

Table 5. APOE-e4 Allele Frequency Comparisons between Neurological Controls and AD Subgroups
APOE-€ allele frequencies

Category (Alleles) €2 €3 €4 X2 (e4 only)* P value
Neurological controls (68) 7% 68% 25%
All AD (380) 2% 62% 36% 2.78 0.096
AD with CAA (364) 2% 61% 37%" 3.59 0.050
CAA group A (110) 6% 86% 8% 8.22 0.004
CAA group B (270) 1% 51% 48%" 141 0.000
AD with CH (26) 0% 38% 62%" 13.4 0.009

*x? values versus neurological controls.
TSignificant frequencies versus controls.
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Table 6.  Distribution of APOE Genotypes in AD Subjects with CVL
APOE genotypes* APOE alleles
Groups n €2/e3 €2/ed €3/e3 €3/e4 €dled €2 €3 €4
Normal controls 16 5(31%) 2(12%) 6 (38%) 3(19%) 0 (0%) 22% 63% 15%
AD without CVL 121 6 (5%) 0 (0%) 51 (42%) 50 (41%) 14 (12%) 3% 65% 32%
AD with CVL 69 3(4%) 0 (0%) 17 (25%) 39 (56%) 10 (15%) 2% 55% 43%*

Normal controls are the same as in Tables 1 and 2.

*x? value for genotype distribution comparisons between normal controls and AD subjects with CVL was 25.5 (P = 0.000) and between

AD subjects with and without CVL was 6.26 (P = 0.095).
X2 = 19.4 and P = 0.000 versus normal controls.

*x? = 8.86 and P < 0.003 versus normal controls and x2 = 6.00 and P = 0.014 versus AD subjects without CVL.

cases. These lesions were too varied in size and
origin to be assigned into further subgroups. Expect-
edly, the frequencies of APOE genotypes in the CVL
group was different from those in normal controls but
not significantly so from those in AD subjects without
such lesions (Table 6). However, the €4 allele fre-
quency in the CVL subjects was apparently greater
(43%) than in AD subjects without the lesions (32%,
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Figure 3. APOE genotypes and the degree of cerebral atherosclerosis in
AD. There was no apparent relationship between degree of atheroscle-
rosis and APOE genotype. One-way ANOVA and nonparametric com-
parison tests (Kruskal-Wallis) showed the degree of atherosclerosis in
subjects with €3/€3 genotype was not significant (P = 0.696) from the
€3/e4 group and similarly that of €3/e4 from the €4/e4 subjects (P =
0.861). The degree of atherosclerosis (approximately 1.00) in the €2/e3
and €2/e4 groups were also not different from the €3/€3 subjects (not
shown). The APOE genotype frequencies were similar in the minimal,
moderate, and severe atherosclerosis groups (x* = 11.6, P= 0.169, 8
df). Conversely, the frequencies of the APOE-€4 allele were also not
related to the degree of atherosclerosis (x2 = 3.67, P = 0.153).

P < 0.02; Table 6). Examination of available clinical
records showed that only four subjects had had a
history of hypertension, suggesting that this was un-
likely to be the contributing factor. We also examined
the distribution of APOE genotypes in all AD subjects
in relation to the severity of atherosclerosis of the
basal surface arteries (Figure 3). The acquisition of a
particular genotype was not associated with severity
of atherosclerosis and there were no apparent differ-
ences in the frequencies of the APOE genotypes or
the €4 alleles in the minimal, moderate, and severe
groups (Figure 3 legend).

We also examined frequencies of APOE geno-
types and the three alleles in AD subjects with ac-
companying DLBD, some of whom exhibited CAA
(Table 7). First, we observed that neither the APOE
genotype nor the €4 allele frequencies were signifi-
cantly different in the AD subjects with concomitant
DLBD compared with those in controls or with those
in AD subjects without DLBD (Table 7). In fact, the
APOE-€4 allele frequency was intermediate to that in
controls and the rest of the AD subjects (Table 2). As
we did not encounter any cases of pure DLBD, we
could not solely determine allele frequencies in dis-
ease cases without accompanying AD. Second, we
noted that the APOE-€4 allele frequency in the DLBD
group with advanced CAA (45%) was significantly
greater than in the AD subgroup without CAA (4%, P
= 0.000; Table 7). This observation again supported
the principal finding (Table 4) implicating the influ-

Table 7.  Distribution of APOE Genotypes in AD Subjects with DLBD
APOE genotypes’ APOE alleles
Groups n €2/e3 €2/e4 €3/e3 €3/ed edled €2 €3 €4
Normal controls 16 5(31%) 2(12%) 6 (38%) 3(19%) 0 (0%) 22% 63% 15%
AD subjects with DLBD 33 1(3%) 0 (0%) 16 (49%) 14 (42%) 2 (6%) 2%*  71% 27%
DLBD with no CAA 14 0(0%) 0(0%) 13 (93%) 1(7%) 0 (0%) 0% 96% 4%
DLBD with CAA* 19 1(5%) 0 (0%) 3(16%) 13(68%) 2(11%) 3% 52% 45%**

Normal controls are the same as in Tables 1 and 2. TGenotype frequencies in normal controls were different (x2 = 14.1, P < 0.01). The
genotype frequencies in AD subjects without DLBD were not different (x> = 3.58, P = 0.311). *Similarly, 2 value for frequency

comparisons in DLBD with no CAA was x? = 19.2, P < 0.001.
*x? = 13.1 and P = 0.000 versus normal controls.

**x? = 16.6 and P = 0.000 (odds ratio, 48.8; 95% confidence interval, 4.82 to 493) versus DLBD without CAA.



2092 Premkumar et al
AJP June 1996, Vol. 148, No. 6

ence of the APOE-€4 allele on manifestation of CAA
in AD. On the other hand, these observations indi-
cated that APOE-e4 was not a dominant factor in AD
subjects with DLBD."®""

Discussion

Our observations provide evidence and confirm pre-
vious reports®~'® that the APOE-€4 allele is a factor in
the pathogenesis of AD. We demonstrate this by
comparison of primarily late-onset sporadic AD sub-
jects with appropriate normal controls and a group of
neurological control subjects exhibiting various dis-
orders. The frequency of the APOE-€4 allele in these
AD-confirmed subjects we report is within range of
those described previously.*=8 Our observations
also support the notion that inheritance of the
APQOE-€2 allele is protective against developing
AD.#142 Nevertheless, the primary objective of our
studies was to examine whether the inheritance of
the APOE-€4 allele predisposes one to CAA. As in-
dicated by initial studies of Roses and colleagues,?’
our observations strongly imply that the acquisition
of the APOE-€4 allele is an important factor in the
development of CAA. First, we found that the fre-
quency of the €4 allele was significantly higher in AD
subjects with CAA. Second, the frequency was even
greater in those subjects exhibiting advanced CAA
than in those with negligible CAA, where both groups
had similar cortical AB deposition. Third, the
APOE-€4 allele frequency in neurological controls
with CAA or in the DLBD subjects with CAA® was
greater than in those with no apparent CAA. Fourth,
we noted two subjects diagnosed with Creutzfeldt-
Jakob disease and Pick’s disease, both of whom
exhibited severe CAA and were carriers of the e4/e4
genotype. These indications are also consistent with
increased incidence of CAA during aging,?*2® along
with increased frequency of the 4 allele in older
subjects during the seventh and eighth decades,
compared with all of the AD subjects.*® Thus, the
various comparisons between groups controlled for
other factors including age would suggest that inher-
itance of the APOE-€4 is a likely factor for CAA. This
fact negates the idea that the association between
the APOE-e4 and CAA found here was merely a
consequence of parenchymal AB deposition.
Additional support of the association of the fre-
quency of the APOE-€4 allele with CAA in sporadic
AD could be found by examination of subjects with
sporadic aging-associated CAA as well as CAA
cases in the absence of AD. We could not locate
such cases readily. However, the association ap-

peared different from that in the Dutch subjects with
hereditary cerebral hemorrhage with amyloidosis
and profound CAA.** These previous studies in the
Dutch subjects with up to 50% of patients without an
APOE-€4 allele suggested a lack of association of the
APQE-€4 allele as a factor in the development of the
disease.*® The mutations involved in the early-onset
Dutch cases presumably override other factors such
as the APOE genotype. Regardless, our studies im-
ply that the APOE-€4 allele is a strong factor in the
development of CAA in sporadic and possibly late-
onset familial forms of AD.

Our findings on CAA were also strengthened by
the fact that the frequency of the APOE-€4 allele in
the AD subjects with cerebral hemorrhage exhibiting
CAA was significantly greater than in those AD cases
without such lesions or in the controls. Similar results
have been recently observed by others (S. Green-
berg and B. Hyman, personal communication). This
fact is particularly important if the CAA or related
vascular abnormalities are a cause of the hemor-
rhages.?* Alternatively, cerebral hemorrhages could
be precipitated by head trauma,?° a risk factor for
AD that has recently been found to be highly asso-
ciated with the APOE-€4 allele. The mechanism we
suggest could be that the €4 allele causes a pheno-
typic expression of an apoE that plays a role in the
sequestration and aggregation*®4” of the normally
secreted AB in the early stages of the development
of CAA in the vessel wall.*®

We were also intrigued to find nearly 40% of the
subjects with a pathological diagnosis of AD who
exhibited some cerebrovascular pathology*® includ-
ing multiple infarcts, lacunes, Binswanger lesions,
and hemorrhagic infarcts. They revealed a higher
frequency of the APOE-€4 allele compared with those
without such lesions or controls. These results are
not inconsistent with the slightly greater frequency of
the APOE-€4 allele in vascular conditions associated
with dementia.®'° It is possible that vascular lesions
associated with AD are responsible for the observed
high frequencies of the APOE-€4 allele in subjects
with probable AD.°®" We have previously shown
that a variety of vascular lesions were associated
with AD that may in fact be related to AB deposi-
tion.25-27 Although the CVLs could be a conse-
quence of AB deposition, the presence of an
APOE-€4 allele may be a factor in the occurrence of
the associated vascular pathology.*® It is unlikely
that the increase in the €4 allele frequency in this
subgroup of subjects was related to cardiovascular
abnormalities, as in a previous study'® there were no
apparent differences in the APOE genotypes and



allele frequencies between control subjects with and
without coronary disease.

We also confirmed that the frequency of the
APOE-€4 allele in AD subjects with DLBD®~'* was as
common as that in other AD subjects. This finding is
consistent with previous reports showing that the
frequency of the APOE-€4 allele in AD subjects with
DLBD was intermediate between that in AD subjects
and the normal controls.®~'! We found some evi-
dence to suggest that the presence of advanced
CAA was associated with high €4 allele frequency
even in the DLBD cases. Although previous stud-
ies'®"7 did not specifically address the degree of
CAA in the DLBD cases,®° our findings are consis-
tent with a recent report suggesting that the €4 allele
frequency is higher in DLBD subjects with CAA when
compared with those without.??

In summary, our analyses of a relatively small
sample suggests the development of CAA in AD is
increased by inheritance of at least one €4 allele. We
provide additional evidence for an association be-
tween APQOE-e4 allele frequency and CAA-related
cerebral hemorrhage. The possibility exists that
apoE is an independent vascular factor and that
specified APOE gene products may be temporally
involved in promoting pathogenetic processes within
the cerebral vasculature in concert with aging.
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