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Background: The apolipoprotein E4 (APOE*4) allele
is a major risk factor for the common forms of late-
onset Alzheimer disease (AD), but does not account for
all the genetic variation in late-onset AD; hence, other
genetic markers must be examined. The D, dopamine re-
ceptor (DRD2) Al allele is associated with abnormal brain
function and decreased DRD2s. These receptors are de-
creased in hippocampus and amygdala in AD, and allele
frequencies may vary with age.

Objective: To study APOE and DRD2 genotypes in pa-
tients with AD and cognitively intact controls of vary-
ing ages.

Design: The DRD2 and APOE genotypes were exam-
ined in 832 unrelated white subjects, including 554 pa-
tients with AD (486 sporadic; 68 familial) and 278 con-
trols. Logistic regressions tested Al allele effects on disease
status and age, and DRD2 linkage with AD was investi-
gated in 60 families with late-onset AD.

Setting: University medical centers.

Subjects: Patients (mean=*=SD age, 74.6 8.1 years; range,
52-98 years) had probable AD, according to standard con-
sensus diagnostic criteria; controls (mean*SD age, 69.2+8.6
years; range, 50-93 years) were cognitively intact.

Main Outcome Measures: Disease status, age, and
DRD?2 linkage with AD.

Results: No association between the DRD2 and APOE
alleles was found, and the presence of the Al allele did
not increase the risk for AD. There was also no evidence
of linkage between DRD2 and AD. Age analyses, includ-
ing both patients and controls, indicated a decrease in
Al allele frequency with age.

Conclusions: The Al allele does not contribute to AD
risk, alone or in combination with the APOE*4 allele. The
DRD2 Al allele frequencies decrease with age in both pa-
tients and controls. Thus, studies of DRD2 disease asso-
ciation need to control for age.
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LZHEIMER DISEASE (AD),

the most common form of

cognitive decline among

elderly persons, afflicts 5%

of people older than 65
years and accounts for the most striking
rise in dementia incidence in the very old."*
In the search for causes, many investiga-
tions have focused on genetic factors
(Table 1). Discoveries to date include
findings of mutations of genes on chro-
mosome 1,>* chromosome 14, or less
commonly, chromosome 21° as causes of
the familial form of AD that begins be-
fore the age of 60 years. For the more com-
mon late-onset AD, evidence for chromo-
some 19 involvement” has been confirmed
by studies®!' showing a strong associa-
tion between the apolipoprotein E (APOE)
locus on chromosome 19 and familial and
sporadic AD. The APOE*4 allele confers
a major dose-related risk for late-onset fa-
milial and sporadic AD,'> while APOE*2
confers protection.’” The APOE*4 asso-
ciations also have been reported for early-
onset AD.'

Although the evidence supports
APOE as a major risk factor in late-onset
AD, some large, genetically informative,
late-onset families have affected mem-
bers without APOE*4, pointing to other
genetic risk sources.'? In fact, the avail-
able data indicate that APOE accounts for
only 45% to 55% of the genetic variation
observed in late-onset AD.'* Additional ge-
netic markers, therefore, require exami-
nation.

Several lines of evidence suggest pos-
sible involvement of the D, dopamine re-
ceptor (DRD2) gene (located in 11g23) in
AD. The number of DRD2s in hippocam-
pus and amygdala is decreased in brains
with AD,'®!” and studies of the Taq I poly-
morphism of the DRD2 gene indicate that
the less frequent A1 allele is associated with
decreased DRD2 binding sites.'® Other
studies suggest that the Al allele is asso-
ciated with reduced visuospatial func-
tion,'® as well as prolonged P300 la-
tency,”® a cognitive, event-related brain
potential also prolonged in AD.?! To our
knowledge, we report herein the first study
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SUBJECTS AND METHODS

Subjects for the association study were 554 patients with prob-
able AD, according to the standard consensus diagnostic cri-
teria.> No reported family history of AD or dementia was pre-
sent in 486 patients (Al, sporadic cases), and another 68
unrelated patients had a family history of 2 or more first-
degree relatives with dementia (A1, familial cases). The av-
erage (+SD) age at examination was 74.6+8.1 years (range,
52-98 years) for all patients (sporadic, 74.1+%8.1; familial,
78.5%7.3) and the average (SD) age at onset of dementia was
69.0%8.6 years (range, 44-94 years) for all patients (sporadic,
68.9+8.5: familial, 69.9+9.1). Sex ratios favored women who
represented 62% of all patients (sporadic, 61%; familial, 62%).

Genotype and allele frequencies for patients were com-
pared with those of 278 unrelated, cognitively intact con-
trols aged 50 to 93 years (mean*SD, 69.2+8.6 years). Con-
trols also had no family history of AD, and 55% were women.

To determine whether the DRD2 gene is passed on through
generations along with AD, linkage analysis was performed
using 60 families with AD from the National Alzheimer’s Dis-
ease Cell Bank of Indiana University, Indianapolis. Each fam-
ily had 2 or more sampled affected relatives meeting standard
clinical criteria for AD.? These families contained 133 geno-
typed, affected persons and 214 unaffected, at-risk, genotyped
persons. The average (+SD) age at onset for affected relatives
was 70.0£7.5 years, and 61% were women.

All subjects were white and were recruited from the Na-
tional Institute on Aging Alzheimer’s Disease Centers and af-
filiated clinics. Patients and controls were referred to these
sites by other university and community physicians and staff,
thelocal chapters of the Alzheimer’s Association, and others
in the community. Those recruited for the association stud-
ies came from the University of California, Los Angeles, Alz-
heimer’s Disease Center and affiliates (Neuropsychiatric In-
stitute and Hospital and West Los Angeles Veterans Affairs
Medical Center: 19 sporadic cases of AD, 38 familial cases of
AD, and 16 controls), the Joseph and Kathleen Bryan Alzhei-
mer’s Disease Research Center Memory Disorders Clinic at
Duke University, Durham, NC (274 sporadic cases of AD, 188
controls), the Massachusetts General Hospital Memory

Disorders Clinic, Charlestown (193 sporadic cases of AD, 74
controls), and the National Alzheimer’s Disease Cell Bank of
Indiana University (30 familial cases of AD). Mean subject ages,
sex ratios, and allele frequencies did not differ significantly
among recruitment sites (data not shown). All clinical diag-
noses were made with investigators blinded to genetic data.
Prior to study enrollment, informed consent was obtained from
subjects or, if necessary, their legal gnardians. All study pro-
tocols were approved by the human subjects protection com-
mittees at each participating site.

DNA was obtained from blood samples using stan-
dard techniques either from direct extraction or from lym-
phoblast cultures. The APOE and DRD2 genotypes were de-
termined as previously described.'**?*2¢ Resulting gels and
autorads were visually scored, and data entered into com-
puterized database systems.

Allele frequencies were compared with Pearson x* tests.
A conditional logistic regression model was constructed to
assess whether the risk of AD was associated with the pres-
ence of the DRD2 A1 allele and the number of APOE*4 al-
leles, while controlling for age at examination and sex. A
logistic regression model also was used to determine the
effect of age on A1 allele presence controlling for disease
status, number of APOE*4 alleles, and sex. Because of the
small number of subjects homozygous for the A1 allele, the
homozygous and heterozygous categories were collapsed.

To determine whether the DRD2 marker is linked to AD,
2-point lod scores (logarithm to base 10 of the odds in favor
of linkage) were calculated as previously described.” By con-
vention, a lod score of 3 (odds of 1000:1 in favor) indicates
proof of linkage, while a lod score of —2 (100:1 against) is
accepted as proof that linkage is not present. Affected rela-
tive pair linkage analysis was calculated using software
(SimIBD) described by Davis et al.” A computer program
(VITESSE)? was used in the lod score analysis. Both auto-
somal-dominant and autosomal-recessive models of inher-
itance were tested. Because of the late and variable age at on-
setin AD, a low-penetrance analysis was performed for each
of the models examined. In a low-penetrance model, pheno-
typic information on disease status is included for affected
persons only, while genotypic (marker) data are included on
all participating family members.

Tahle 1. Genetic Discoveries in Alzheimer Disease*
A
% of
Gene Chromosome  Onset Cases Comments
APP 21 Early <<1 Autosomal dominant
APOE 19 Late and 50 Familial and sporadic
early
Presenitin 1 14 Early <5 Autosomal dominant
Presenilin 2 1 Early <<1 Autosomal dominant
Other Unknown  Late 50  Unknown number of
genes

*Percentage of cases indicates estimates of actual percentages; APP,
amyloid precursor protein; APOE, apolipoprotein E; early, younger than 60
years; and late, 60 years of age or older.

examining DRD2 genotypes in patients with AD and cog-
nitively intact controls of varying ages. Our aim is to de-
termine whether the DRD2 Al allele increases risk for
AD, alone or in combination with the APOE*4 allele. Be-

cause allele frequencies may vary with age,” we also as-
sessed the influence of age on Al allele frequency.

B FUSULTS

There was no significant difference in A1 allele frequen-
cies between the 486 sporadic AD cases and the 68 un-
related familial cases with AD (0.21 vs 0.14; x?, 3.7; df,
2; P=.16), so all other association analyses included both
groups as 1 diagnostic group. The DRD2 Al allele fre-
quencies were similar for the 554 patients with AD and
278 controls (0.21 vs 0.20) but higher for patients when
groups were stratified according to APOE*4 carrier sta-
tus (non-APOE*4 carriers, 0.24 vs 0.21; APOE *4 carri-
ers, 0.19 vs 0.17) (Table 2). The Al allele frequencies
were similar for the 494 patients (0.20) and 201 con-
trols (0.20) who were aged 65 years or older.

As expected, the APOE*4 allele was overrepresented
in the patients with AD compared with the controls (0.42
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Table 2. DRD2 Distribution-in APOE*4 Carriers and Non-APOE4 Carriers for AD*

-}
Non—APOE*4, No. % APOE*4, No. (%) Total, No. (%)
! AD Control I AD Control I l AD Control I
DRD2 alleles :
Al 87.(0.24) 86(0.21) 140 (0.19) 26(0.17) 227.{0.21) 112 (0.20)
A2 277.{0.76) 316 (0.79) 604 (0.81) 128 (0:83) 881 (0.79) 444 (0.80)
Total 364 402 744 154 1108 556
DRD2 genotypes
AVAT 8 (0.04) 4(0.02) 11 (0.03) 4(0.05) 19(0.03) 8(0.03)
A1/42 71(0.39) 78 (0.39) 118 (0.32) 18 (0.23) 189 (0.34) 96 (0.34)
A2/A2 103 (057) 119/(0.59) 243 (0.65) 55(0.72) 346 (0.63) 174.(0.63)
Total 182 201 372 7 554 278

*No significant differences in the D, dopamine receptor (DRD2) A1 allele frequencies are observed between apolipoprotein £E4 (APOE*4) allele carriers and
non-APQE*4 allele carriers. The DRD2 genotypes are in Hardy-Weinberg equilibrium. AD indicates Alzheimer disease.

Table 3. Odds Ratios for Developing Aizheimer
Disease for the APOE and DRD2 Genotypes*

Odds Ratie
Genotype (95% Confidence Interval) P
APOE
XX 1.00 (Referent) N
4/X 4.61 (3.25-6.54) <.001
4/4 32.05 (11.23-89.75) <.001
DRD2
2/2 1.00 {Referent) .
11 or1/2 1.36 (0.95-1.89) 10

*Because of the small sample size, the A1/A1 and A1/A2 genotypes
were collapsed (ie, 1/1 or 1/2). X refers to either the apolipoprotein 2
(APOE*2) or APOE*3 allele. Odds ratios are controlled for age at
examination and sex. DRD2 indicates D, dopamine receptor; elfipses, not
applicable.

vs 0.13; x2, 132.2; df, 2; P<<.001), and the control fre-
quency for APOE*4 was not significantly different from
those reported elsewhere. The distributions of the APOE
and DRD2 genotypes were in Hardy-Weinberg equilib-
rium for the patients and the controls {(data not shown).

The logistic regression examining the main effects
of the APOE*# allele and the presence of the DRD2 Al
allele confirmed the dose-dependent effect of the
APOE*4 allele (P<.001) and found no effect of the
DRD2 Al allele (Table 3). No significant interaction
was found between the 2 genes on the risk of AD
using a likelihood ratio test (x?, 0.34; df, 2; P=.84)
(data not shown).

For the linkage analysis on the 60 families with late-
onset AD, the 2-point lod scores are given in Table 4.
Tight linkage was excluded with the DRD2 locus for both
age-adjusted and the low-penetrance analyses. In addi-
tion, results of the linkage analysis (SimIBD)*" provided
no evidence of linkage or association between AD and
DRD2 (P=.68).

To assess the influence of the presence of the Al al-
lele on age, we used a logistic regression, controlling for
diagnostic status, sex, and number of APOE *4 alleles, and
found a significant negative association between the pres-
ence of the A allele and age (B=—.022; SE, 0.009; P=.01).
The conditional odds ratio for a 10-year increase in age
is 0.800 (95% confidence interval, 0.668-0.958). For both

Table 4. Lod Scores for 60 Families With
Late-Onset Alzheimer Disease for DRD2*

S .
0
|
Model 'n.on 0.05 0.10 015 0.20 0.36 0.40
Dom -373 ~—049 0.12 0.34 040 037 0.0
Rec -1223 - -234 -073 =003 028 033 012

*Low-penetrance analyses, wherein phenotypic information on disease
status was included for affected persons only. Theta values indicate
distance from D, dopamine receptor (DRD2) marker; Dom, assumes
dominant mode of inheritance for disease gene; and Rec, assumes
recessive mode of inheritance for disease gene.

patients and controls, Al allele frequencies decreased at
the age of 80 years or older (Figure).

B COMMENT

RISK FOR AD

These data are consistent with previously reported
data sets,'**3 indicating a dose-dependent effect for
APOE*4. Because the APOE*4 allele is neither neces-
sary nor sufficient for the occurrence of AD, searches
for other genetic risk sources are reasonable. Although
the patients with AD and controls had similar Al allele
frequencies (0.21 vs 0.20, Table 2), when subjects
were stratified according to APOE*4 carrier status,
patients had higher Al allele frequencies than con-
trols. The logistic regression, however, failed to dem-
onstrate a significantly increased risk for AD from the
Al allele. Moreover, there was no evidence of linkage
between DRD2 and AD. Together, these findings argue
against an Al allele effect in AD.

AGE EFFECTS

We found a significant negative association between
the presence of the Al allele and age using a logistic
regression model. Moreover, the lack of a DRD2 and
APOE interaction indicates that the Al allele effect on
age is independent of previously reported age effects
for APOE*4.223132 The observation that Al allele fre-
quency decreases with age suggests that the allele is
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associated with reduced survival both in patients with
AD and controls. Several hypotheses could explain
such a result. The DRD2 gene may be in genetic link-
age disequilibrium with the actual longevity-reducing
mutation. When 2 loci are close enough together on
the genome so that recombination rarely occurs, such
linkage disequilibrium can exist so that alleles are
passed through generations in cis orientation. This
leads to an increase in the linked cis allele, although it
has no biological role in the disease of interest.

An alternate explanation is that the DRD2 gene
has a direct biological role in reducing survival. The
precise mechanism is unknown, but the association of
the Al allele with diminished DRD2 binding sites'?
suggests binding site availability as a possible mediat-
ing factor. Another potentially relevant factor is the
observation in some studies that the AI allele is associ-
ated with alcoholism® and other substance dependen-
cies,***> and DRD2s appear to mediate response to
such drugs of abuse as cocaine.?® Physical illnesses (eg,
cirrhosis) associated with alcoholism and other forms
of substance abuse could be the critical mediating fac-
tor resulting in premature death and thus explaining
the lower Al allele frequency in older subjects in the
present study.

Regardless of the mechanism explaining these
findings, such age-related changes in Al allele fre-
quency could contribute to inconsistencies of previous
disease association studies. For example, some studies
of Al allele frequency in alcoholism have compared
patients and controls of significantly different ages,*
or else have not reported the ages of controls*® or of
both patients and controls.** One report*® showing
considerable variability in Al allele frequency in dif-
ferent ethnic groups did not report subject ages.
Although the contribution of age to allele frequency
may be minimal in some of these studies, failure to
consider age could result in skewed findings and
explain some of the inconsistencies from study to
study.

In summary, these findings argue for controlling age
in disease association studies involving the DRD2 Al al-

lele. They also suggest several hypotheses requiring ad-
ditional study. Investigations of other genetic polymor-
phisms within the DRD2 gene, particularly those closer
to the promotor region, might reveal allelic associations
that more accurately reflect DRD2 binding site concen-
trations in the brain. Such studies also could provide more
direct evidence for the possibility that DRD2 concentra-
tions mediate the decrease in Al allele frequency asso-
ciated with old age.
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