
ORIGINAL CONTRIBUTION

APOE �4 Increases Risk for Dementia
in Pure Synucleinopathies
Debby Tsuang, MD, MSc; James B. Leverenz, MD; Oscar L. Lopez, MD; Ronald L. Hamilton, MD;
David A. Bennett, MD; Julie A. Schneider, MD, MS; Aron S. Buchman, MD; Eric B. Larson, MD, MPH;
Paul K. Crane, MD, MPH; Jeffrey A. Kaye, MD; Patricia Kramer, PhD; Randy Woltjer, MD, PhD;
John Q. Trojanowski, MD, PhD; Daniel Weintraub, MD; Alice S. Chen-Plotkin, MD; David J. Irwin, MD;
Jacqueline Rick, PhD; Gerard D. Schellenberg, PhD; G. Stennis Watson, PhD; Walter Kukull, PhD;
Peter T. Nelson, MD, PhD; Gregory A. Jicha, MD, PhD; Janna H. Neltner, MD; Doug Galasko, MD;
Eliezer Masliah, MD; Joseph F. Quinn, MD; Kathryn A. Chung, MD; Dora Yearout, BS; Ignacio F. Mata, PhD;
Jia Y. Wan, MS; Karen L. Edwards, PhD; Thomas J. Montine, MD, PhD; Cyrus P. Zabetian, MD, MS

Objective: To test for an association between the apo-
lipoprotein E (APOE) ε4 allele and dementias with sy-
nucleinopathy.

Design: Genetic case-control association study.

Setting: Academic research.

Patients: Autopsied subjects were classified into 5 cat-
egories: dementia with high-level Alzheimer disease (AD)
neuropathologic changes (NCs) but without Lewy body
disease (LBD) NCs (AD group; n=244), dementia with
LBDNCs and high-level ADNCs (LBD-AD group; n=224),
dementia with LBDNCs and no or low levels of ADNCs
(pure DLB [pDLB] group; n=91), Parkinson disease de-
mentia (PDD) with no or low levels of ADNCs (n=81),
and control group (n=269).

MainOutcomeMeasure: The APOE allele frequencies.

Results: The APOE ε4 allele frequency was signifi-
cantly higher in the AD (38.1%), LBD-AD (40.6%), pDLB

(31.9%), and PDD (19.1%) groups compared with the
control group (7.2%; overall �2

4=185.25; P=5.56�10−39),
and it was higher in the pDLB group than the PDD group
(P=.01). In an age-adjusted and sex-adjusted dominant
model, ε4 was strongly associated with AD (odds ratio,
9.9; 95% CI, 6.4-15.3), LBD-AD (odds ratio, 12.6; 95%
CI, 8.1-19.8), pDLB (odds ratio, 6.1; 95% CI, 3.5-10.5),
and PDD (odds ratio, 3.1; 95% CI, 1.7-5.6).

Conclusions: The APOE ε4 allele is a strong risk factor
across the LBD spectrum and occurs at an increased fre-
quency in pDLB relative to PDD. This suggests that ε4
increases the likelihood of presenting with dementia in
the context of a pure synucleinopathy. The elevated ε4
frequency in the pDLB and PDD groups, in which the
overall brain neuritic plaque burden was low, indicates
that apoE might contribute to neurodegeneration through
mechanisms unrelated to amyloid processing.
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L EWY BODY DISEASE (LBD) EN-
compasses a spectrum of
clinicopathologic entities
that include Parkinson dis-
ease (PD), PD with demen-

tia (PDD), and dementia with Lewy bod-
ies (DLB). Dementia with Lewy bodies and
PDD are differentiated from one another
based on clinical criteria. Dementia with
Lewy bodies is diagnosed when demen-
tia occurs before or concurrently with par-
kinsonism, whereas in PDD, parkinson-
ism precedes dementia by at least 12
months.1 Lewy body disease neuropatho-
logic changes (NCs) include classic his-
tologic inclusions (Lewy bodies) and �-sy-
nuclein immunopositive neuronal
inclusions and processes (Lewy neu-
rites) in partially overlapping regions of

the brain. However, the pathologic clas-
sification of DLB is complex because some
cases show LBDNCs with no or low lev-
els of Alzheimer disease (AD) NCs, which
we refer to as pure DLB (pDLB), while
many other cases show LBDNCs with co-
existent high levels of ADNCs (LBD-
AD). Importantly, the pathophysiologic re-
lationship between LBD-AD, pDLB, and
PDD has not been delineated, and whether
these disorders share common risk fac-
tors remains unclear.

Humans are unlike other mammals in
that we possess 3 common alleles of the
apolipoprotein E (APOE) gene that are de-
termined by 2 single nucleotide polymor-
phisms located in exon 4 at positions 3937
(T/C; rs429358) and 4075 (C/T; rs7412).
The corresponding apoE isoforms (299
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amino acids) differ at amino acid positions 112 (Cys for
apoE2 and apoE3; Arg for apoE4) and 158 (Cys for apoE2;
Arg for apoE3 and apoE4), and these isoforms have dif-
ferent functional and biochemical properties.2 The APOE
ε4 allele is a well-established risk factor for both early-
onset and late-onset AD.3,4 We and others have reported
an association between ε4 and LBD-AD,5-7 but it is un-
clear whether ε4 is a risk factor for pDLB or PDD be-
cause interpretations of existing data are limited by meth-
odologic differences between studies. In particular, studies
of DLB have often failed to assess for the presence of co-
existent ADNCs, thus they have been unable to differ-
entiate LBD-AD from pDLB.8-10 Therefore, it is possible
that all genetic risk for DLB associated with the APOE
ε4 allele is related to its frequent comorbidity with ADNCs
and is unrelated to LBDNCs. Furthermore, no studies have
directly compared genetic risk factors between pDLB and
PDD.

To address this gap in knowledge, we genotyped
APOE in a clinically and neuropathologically well-
characterized sample of control participants and sub-
jects with AD, LBD-AD, pDLB, and PDD.

METHODS

SUBJECTS AND CLINICAL EVALUATION

The study population comprised 640 patients with dementia
and 269 control subjects who all reported their race as white.
Subjects with dementia but without a clinical diagnosis of PD
were enrolled in 1 of 7 AD centers (ADCs) (Oregon Health and
Science University; Rush University; University of California,
San Diego; University of Kentucky; University of Pennsylva-
nia; University of Pittsburgh; and University of Washington),
in the Rush Memory and Aging Project, or in the Group Health/
University of Washington Alzheimer Disease Patient Registry
(ADPR)/Adult Changes in Thought (ACT) study. The ADPR/
ACT study is a community-based longitudinal study that enrolled
individuals aged 65 years or older with dementia (ADPR11) or
without dementia (ACT12) from a health-maintenance organi-
zation in the Seattle area. Expert diagnosticians at the ADCs,
Rush Memory and Aging Project, and ADPR/ACT reviewed sub-
ject clinical history, physical examination findings, and neu-
ropsychologic test results at a consensus diagnosis confer-
ence. These individuals all received a clinical diagnosis of
probable AD, possible AD, or dementia (type unknown), ac-
cording to the National Institute of Neurological and Commu-
nicative Disorders and Stroke and the AD and Related Disor-
ders Association criteria.13

Subjects with PDD were enrolled in studies at the Univer-
sity of Washington; Oregon Health and Science University; the
University of Pennsylvania; or the Veterans Affairs Northwest
or Philadelphia Parkinson Disease Research, Education, and
Clinical Centers. All patients satisfied UK PD Society Brain Bank
clinical diagnostic criteria for PD,14 met criteria recently pro-
posed by a Movement Disorder Society Task Force for prob-
able dementia associated with PD,15 and had onset of parkin-
sonism more than 1 year before the diagnosis of dementia. Data
on 57 of the PDD cases have been published elsewhere.16

Control subjects were elderly adults who were enrolled in
longitudinal studies of normal aging as part of the ADPR/ACT
study, the Rush Memory and Aging Project, or 6 ADCs (Or-
egon Health and Science University; Rush University; Univer-
sity of California, San Diego; University of Kentucky; Univer-
sity of Pittsburgh; and University of Washington). All control

subjects were cognitively normal at study entry, as deter-
mined by a clinical consensus that considered both clinical his-
tory and neuropsychologic testing. Control subjects remained
free of cognitive impairment at their last evaluation, as indi-
cated by a detailed clinical assessment (Rush ADC and Rush
Memory and Aging Project),17 a Cognitive Abilities Screening
Instrument18 score greater than 85 (ADPR/ACT), or a Clinical
Dementia Rating score less than 1 and Mini-Mental State Ex-
amination score greater than 26 (all other centers). None of the
control subjects had a clinical diagnosis of a neurodegenera-
tive disease, including PD. All control subjects were autopsied
and underwent their last clinical evaluation within 3 years of
death.

All study procedures were approved by the institutional re-
view boards at each participating site.

NEUROPATHOLOGIC EVALUATION

All subjects underwent a standard histologic evaluation using
hematoxylin and eosin, modified Bielschowsky, and thiofla-
vine S methods. Immunostaining for LBDNCs was also per-
formed on all subjects using �-synuclein immunohistochem-
istry with antibody LB509 (1:50 to 1:400; Zymed), as previously
described.19 Cases with questionable LB509 immunoreactiv-
ity were evaluated with a second antibody to nitrated �-sy-
nuclein (syn 303, 1:1000).20 A section from each of the follow-
ing 5 regions was assessed for LBDNCs: medulla, substantia
nigra, amygdala, cingulate gyrus, and frontal cortex. The only
exception was that 3 (substantia nigra, cingulate gyrus, and fron-
tal cortex) rather than 5 regions were assessed for LBDNCs in
cases and control subjects from Rush University Medical Cen-
ter. Braak staging21 for neurofibrillary tangles and Consortium
to Establish a Registry for Alzheimer Disease plaque score22 were
performed using modified Bielschowsky–stained sections, tau
immunohistochemistry (AT8, Endogen, 1:250, or PHF-1,
1:1000), or both.

SUBJECT CLASSIFICATION
AND GENOTYPING

Subjects were classified as PDD (n=81), pDLB (n=91), LBD-AD
(n=224), AD (n=244), or control participants (n=269) based
on ADNCs, LBDNCs, and the aforementioned clinical criteria.
The AD group was defined by the presence of high-level ADNCs
(Braak stage 4, 5, or 6, and a Consortium to Establish a Reg-
istry for Alzheimer Disease plaque score of moderate or fre-
quent) but no LBDNCs. The LBD-AD group was defined by the
presence of both high-level ADNCs and limbic or neocortical
stage LBDNCs.19 The PDD and pDLB groups were defined by
the same neuropathologic criteria: the presence of limbic or neo-
cortical stage LBDNCs and no or low levels of ADNCs.16,19 The
control group showed no evidence of LBDNCs or high-level
ADNCs. Note that all cases with ADNCs that did not meet cri-
teria for being high level were classified as low level, and we
did not include an intermediate level to maximize statistical
power.

DNA was extracted from peripheral leukocytes or brain tis-
sue using standard methods. The presence of the APOE ε2, ε3,
and ε4 alleles was determined by genotyping rs429358 and
rs7412 by TaqMan Assay (Applied Biosystems).

STATISTICAL ANALYSES

Age at death and age at onset of dementia were compared among
the groups using analysis of variance. A Pearson �2 test was used
to evaluate group differences in sex proportion and APOE ε4
allele frequency. Multinomial logistic regression was used to
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test for an association between the ε4 allele and each of the 4
dementia groups under a dominant model using control sub-
jects as the reference. Regression analyses were performed with
and without adjustment for age at death and sex. A test for a
trend in the odds of carrying the ε4 allele by disease group was
performed using the score trend test, adjusting for age and sex
using Mantel-Haenszel odds ratios (ORs). Analyses were per-
formed using STATA version 11.2 and R version 2.13.0.

RESULTS

The demographic and clinical characteristics of the study
population are shown in Table 1. Control subjects were
slightly older at death than those in all 4 dementia groups,
and a substantially greater proportion of subjects with
PDD and pDLB were male (P�1�10-4 for all). There was
no significant difference in age at onset of dementia among
the case groups.

The APOE genotype and allele frequencies observed
in the sample are presented in Table2. There was a highly
significant overrepresentation of the ε4 allele in all case
groups, including PDD (�2

1 = 18.25; P = 1.94 � 10−5) and
pDLB (�2

1 = 68.61; P = 1.2 � 10−16). In a dominant ge-
netic model adjusting for sex and age at death with con-

trol subjects as the reference, the ORs were 9.9 (95% CI,
6.4-15.3) for AD, 12.6 (95% CI, 8.1-19.8) for LBD-AD,
6.1 (95% CI, 3.5-10.5) for pDLB, and 3.1 (95% CI, 1.7-
5.6) for PDD (Table 3).

Within the groups with synucleinopathy, the ε4 al-
lele frequency was significantly lower in subjects with
PDD (19.1%) than those with pDLB (31.9%; �2

1 = 6.60;
P = .01) or LBD-AD (40.6%; �2

1 = 23.24; P = 1.43 � 10−6).
Inspection of the ORs suggested that for individuals

with PDD and pDLB, the ε4 allele might convey risks in-
termediate between the control group and the LBD-AD
and AD groups. We assessed this hypothesis using a trend
test, coding control subjects as 0, PDD as 1, pDLB as 2,
and AD and LBD-AD as 3. The results indicated an in-
creased likelihood of carrying the ε4 allele across groups
(control�PDD�pDLB�LBD-AD/AD [�2

1 = 166.47;
P = 4.37 � 10−38]).

COMMENT

We observed a strong overall association between the
APOE ε4 allele and AD, LBD-AD, pDLB, and PDD. While
the ε4 allele is a well-established risk factor for AD3,4 and

Table 1. Clinical Characteristics of the Study Population

Group Patients, No. Male, No. (%)a

Age at Death, yb Age at Onset, yc

Mean (SD) Range Mean (SD) Range

Control 269 121 (45.0) 84.5 (7.5) 54-106
PDD 81 59 (72.8) 77.5 (7.9) 58-96 72.7 (9.0) 47-88
pDLB 91 68 (74.7) 80.2 (9.1) 57-99 72.9 (11.4) 48-96
LBD-AD 224 100 (44.6) 81.4 (8.6) 60-103 73.3 (10.8) 46-99
AD 244 89 (36.5) 81.7 (8.4) 53-101 73.1 (9.4) 47-100

Abbreviations: AD, Alzheimer disease (group with dementia with high-level AD neuropathologic changes without Lewy body disease neuropathologic changes);
LBD-AD, Lewy body disease–AD (group with dementia with LBD neuropathologic changes and high-level AD neuropathologic changes); PDD, Parkinson disease
with dementia; pDLB, pure dementia with Lewy bodies (group with dementia with LBD neuropathologic changes and no or low-level AD neuropathologic
changes).

aOverall, �2
4 = 61.03 and P = 1.8 � 10−12. Significant pairwise comparisons (� = .05): control vs pDLB, �2

1 = 24.12 and P = 9.0 � 10−7; control vs PDD,
�2

1 = 19.34 and P = 1.1 � 10−5; AD vs pDLB, �2
1 = 38.94 and P = 4.4 � 10−10; AD vs PDD, �2

1 = 32.42 and P = 1.2 � 10−8; LBD-AD vs pDLB, �2
1 = 23.53 and

P = 1.2 � 10−6; and LBD-AD vs PDD, �2
1 = 18.95 and P = 1.3 � 10−5.

bAnalysis of variance for age differences among groups: F4,904 = 13.71 and P = 7.4 � 10−11. Significant pairwise post hoc comparisons using 2-sided, 2-sample
t tests with unequal variances and Satterthwaite degrees of freedom: control vs AD, t491 = 3.95 and P = 9.0 � 10−5; control vs LBD-AD, t446 = 4.17 and
P = 3.7 � 10−5; control vs pDLB, t134 = 4.02 and P = 9.6 � 10−5; control vs PDD, t127 = 7.11 and P = 7.5 � 10−11; AD vs PDD, t144 = 4.14 and P = 5.9 � 10−5;
LBD-AD vs PDD, t154 = 3.77 and P = 2 � 10-4; and pDLB vs PDD, t170 = 2.14 and P = .03.

cAnalysis of variance for differences of age at onset of dementia among groups: F3,594 = 0.09 and P = .96.

Table 2. APOE Allele and Genotype Frequencies by Group

Groupa
Patients,

No.

No. (%)

Genotype Frequency Allele Frequency

2/2 2/3 2/4 3/3 3/4 4/4 2 3 4

Control 269 3 (1.1) 37 (13.8) 3 (1.1) 192 (71.4) 32 (11.9) 2 (0.7) 46 (8.6) 453 (84.2) 39 (7.2)
PDD 81 0 (0.0) 6 (7.4) 2 (2.5) 45 (55.6) 27 (33.3) 1 (1.2) 8 (4.9) 123 (75.9) 31 (19.1)
pDLB 91 1 (1.1) 6 (6.6) 8 (8.8) 37 (40.7) 28 (30.8) 11 (12.1) 16 (8.8) 108 (59.3) 58 (31.9)
LBD-AD 224 0 (0.0) 5 (2.2) 4 (1.8) 66 (29.5) 120 (53.6) 29 (12.9) 9 (2.0) 257 (57.4) 182 (40.6)
AD 244 0 (0.0) 6 (2.5) 6 (2.5) 85 (34.8) 114 (46.7) 33 (13.5) 12 (2.5) 290 (59.4) 186 (38.1)

Abbreviations: AD, Alzheimer disease (group with dementia with high-level AD neuropathologic changes without Lewy body disease neuropathologic changes);
LBD-AD, Lewy body disease–AD (group with dementia with LBD neuropathologic changes and high-level AD neuropathologic changes); PDD, Parkinson disease
with dementia; pDLB, pure dementia with Lewy bodies (group with dementia with LBD neuropathologic changes and no or low-level AD neuropathologic changes).

a�2 Test for association with ε4 allele: overall, �2
4 = 185.25 and P = 5.56 � 10−39; control vs PDD, �2

1 = 18.25 and P = 1.94 � 10−5; control vs pDLB, �2
1 = 68.61

and P = 1.2 � 10−16; control vs LBD-AD, �2
1 = 154.67 and P = 1.65 � 10−35; and control vs AD, �2

1 = 140.60 and P = 1.97 � 10−32.
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several studies have reported an association between APOE
and LBD-AD,5-7 the finding that ε4 was overrepresented
in pDLB and PDD was unexpected. By far, the most widely
held view for the mechanism by which APOE ε4 influ-
ences AD risk is that apoE isoforms have direct or indi-
rect effects on amyloid-� (A�) peptide metabolism. There
is a large body of evidence to support this hypothesis,
including experiments in mice overexpressing human
apoE isoforms in which the ε4 allele results in lower A�
clearance and increased deposition of insoluble A� in the
brain than the ε2 and ε3 alleles.23,24 Thus, in humans, ε4
is predicted to accelerate the accumulation of neuro-
toxic A�, which ultimately leads to neuritic plaque for-
mation and neurodegeneration. However, our observa-
tion of an elevated ε4 frequency in the pDLB and PDD
groups in which the overall brain neuritic plaque bur-
den is low suggests the possibility that apoE isoforms also
might modulate neurodegeneration by nonamyloido-
genic mechanisms. A caveat is that we were not able to
account for the potential influence of ε4 on soluble oligo-
meric A� levels because soluble oligomeric A� might not
be well represented by measures of histologically detect-
able A� plaques, and soluble oligomeric A� could ad-
versely affect cognition. Nonetheless, evidence that A�-
independent pathways might exist is beginning to emerge
from work in model systems. For example, C-terminal–
truncated fragments of apoE4 are neurotoxic in vivo and
in vitro, possibly through impairment of mitochondrial
function or disruption of the cytoskeleton.25,26 In the pres-
ence of lipids, apoE4 impairs neuronal plasticity in vitro.25

Also, greater microglia-mediated neurotoxicity has been
observed in mice expressing human apoE4 than other
apoE isoforms.27

Interpretation of previous studies of APOE in DLB has
been challenging given the wide difference in methods
and diagnostic criteria used between studies. Few neu-
ropathologically verified studies have reported separate
APOE frequencies in LBD-AD and pDLB,5,6,28 and some
did not collect sufficient information to exclude sub-
jects with PDD.28 Furthermore, the sample size of the
pDLB group in these previous studies ranged from 6 to
18 subjects, and the ε4 allele frequency varied from 6%
to 22%, precluding firm conclusions about the associa-
tion of APOE with pDLB. On the other hand, a number
of studies have reported a significant overrepresenta-
tion of APOE ε4 in subjects with LBD-AD, with ε4 allele

frequencies ranging from 29% to 47%.5-7,28,29 Finally, sev-
eral studies have examined APOE in DLB without mak-
ing a distinction between LBD-AD and pDLB, often be-
cause the diagnosis was solely based on clinical criteria.8-10

Data from genomewide association studies indicate that
APOE is not a susceptibility gene for PD.30-32 While PD
is clinically defined by motor symptoms, more than 50%
of patients develop dementia within 10 years of diagno-
sis.33,34 Whether APOE acts as a modifier gene by influ-
encing the manifestation of cognitive dysfunction in PD
is still a matter of debate. There are several possible ap-
proaches to address this question, including assessing
whether APOE genotypes (1) differ in frequency be-
tween patients with PDD and control subjects or cogni-
tively intact patients with PD, (2) influence the rate of
progression to dementia in PD cohorts, or (3) associate
with performance on cognitive testing in cross-
sectional or longitudinal studies of patients with PD. In
a meta-analysis of 17 studies, Williams-Gray and col-
leagues35 reported a significantly higher APOE ε4 fre-
quency in patients with PDD (n = 501) compared with
nondemented patients with PD (n = 1145; OR, 1.74; 95%
CI, 1.36-2.23). However, interpretation of the results was
made difficult because there was evidence of significant
heterogeneity of ORs and publication bias, and the cri-
teria used to define PDD varied substantially across in-
dividual studies. Williams-Gray and colleagues35 also lon-
gitudinally assessed an incident cohort of 107 patients
with PD for 5 years and found no effect of APOE ε4 on
the risk for dementia or rate of cognitive decline. In con-
trast, a recent longitudinal study of 212 patients with PD
reported that ε4 carriers displayed a more rapid decline
in total score on the Mattis Dementia Rating Scale than
noncarriers.36 In a cross-sectional study of 937 patients
with PD, we observed that the ε4 allele is associated with
lower psychometric test scores across multiple cogni-
tive domains after adjusting for disease duration.37 To-
gether with findings from the present study, we believe
that the preponderance of the evidence indicates that
APOE is a risk factor for cognitive dysfunction in PD. How-
ever, in our data set, the magnitude of the APOE ε4 ef-
fect was smaller for PDD than for LBD-AD and pDLB, as
evidenced by the 2-fold (or more) larger ORs observed
in the LBD-AD and pDLB groups (Table 3) and the re-
sults of the trend test. One explanation for these find-
ings is that in the presence of synucleinopathy, APOE ε4

Table 3. Association of APOE �4 Allele With Dementia by Group

Group

Unadjusteda Adjusteda,b

OR (95% CI) P Value OR (95% CI) P Value

PDD 3.7 (2.1-6.5) 6.9 � 10−6 3.1 (1.7-5.6) 1.5 � 10−4

pDLB 6.7 (3.9-11.5) 4.3 � 10−12 6.1 (3.5-10.5) 1.3 � 10−10

LBD-AD 13.5 (8.6-21.1) 3.2 � 10−30 12.6 (8.1-19.8) 2.1 � 10−28

AD 10.5 (6.8-16.3) 1.6 � 10−26 9.9 (6.4-15.3) 1.2 � 10−24

Abbreviations: AD, Alzheimer disease (group with dementia with high-level AD neuropathologic changes without Lewy body disease neuropathologic changes);
LBD-AD, Lewy body disease–AD (group with dementia with LBD neuropathologic changes and high-level AD neuropathologic changes); OR, odds ratio; PDD,
Parkinson disease with dementia; pDLB, pure dementia with Lewy bodies (group with dementia with LBD neuropathologic changes and no or low-level AD
neuropathologic changes).

aUnder a dominant model for the ε4 allele.
bAdjusted for age at death and sex.
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might increase the likelihood that dementia precedes par-
kinsonism, hence a clinical diagnosis of DLB rather than
PDD is rendered.

This study had some limitations. Because most of the
subjects died prior to the publication of the consensus
clinical criteria for DLB, we were unable to fully apply
these criteria retrospectively, in particular the fluctuat-
ing cognition and rapid eye movement sleep behavior dis-
order features.1 Although we limited the sample to white
subjects, we did not have data available for ancestry in-
formative genetic markers, thus we cannot entirely ex-
clude the possibility of unrecognized population struc-
ture in our data set.

We have shown that APOE ε4 increases the risk for
dementia in subjects with LBDNCs but with no or low
levels of ADNCs, which provides further rationale for ex-
ploring how apoE isoforms might modulate neurode-
generation through mechanisms unrelated to A� me-
tabolism. Longitudinal studies comparing cerebrospinal
fluid profiles in subjects clinically diagnosed as having
DLB or PDD and stratified by APOE genotype and amy-
loid burden by in vivo imaging might complement work
in model systems to address this question in the future.

Accepted for Publication: July 13, 2012.
Published Online: November 19, 2012. doi:10.1001
/jamaneurol.2013.600
Author Affiliations: Veterans Affairs Puget Sound Health
Care System (Drs Tsuang, Leverenz, Watson, Mata, and
Zabetian, and Ms Yearout); Departments of Psychiatry
and Behavioral Sciences (Drs Tsuang, Leverenz, and Wat-
son), Neurology (Drs Leverenz, Mata, and Zabetian, and
Ms Yearout), Medicine (Drs Larson and Crane), Epide-
miology (Drs Kukull and Edwards, and Ms Wan), and
Pathology (Dr Montine), University of Washington; Group
Health Cooperative (Dr Larson), Seattle, Washington; De-
partments of Neurology (Dr Lopez) and Pathology (Dr
Hamilton), University of Pittsburgh, Pittsburgh; Depart-
ments of Pathology and Laboratory Medicine (Drs Tro-
janowski, Irwin, and Schellenberg), Neurology (Drs Wein-
traub, Chen-Plotkin, Irwin, and Rick), and Psychiatry (Dr
Weintraub), and Institute on Aging (Dr Trojanowski),
University of Pennsylvania, Philadelphia; Philadelphia Vet-
erans Affairs Medical Center (Dr Weintraub), Pennsyl-
vania; Departments of Neurological Sciences (Drs Ben-
nett and Buchman) and Pathology (Dr Schneider), Rush
University, Chicago, Illinois; Departments of Neurol-
ogy (Drs Kaye, Kramer, Quinn, and Chung) and Pathol-
ogy (Dr Woltjer), Oregon Health and Science Univer-
sity; Portland Veterans Affairs Medical Center (Drs Quinn
and Chung), Portland, Oregon; Departments of Pathol-
ogy (Drs Nelson and Neltner) and Neurology
(Dr Jicha), University of Kentucky, Lexington; and
Departments of Neurology (Dr Galasko) and Pathology
(Dr Masliah), University of California, San Diego.
Correspondence: Cyrus P. Zabetian, MD, MS, VA Puget
Sound Health Care System, GRECC S-182, 1660 S Co-
lumbian Way, Seattle, WA 98108 (zabetian@u.washington
.edu).
Author Contributions: Drs Tsuang and Leverenz con-
tributed equally to this work. Study concept and design:
Tsuang, Leverenz, Lopez, Trojanowski, Galasko, and Za-

betian. Acquisition of data: Tsuang, Leverenz, Hamilton,
Bennett, Schneider, Larson, Crane, Kaye, Kramer, Woltjer,
Trojanowski, Chen-Plotkin, Irwin, Rick, Schellenberg,
Kukull, Nelson, Jicha, Neltner, Galasko, Masliah, Quinn,
Chung, Yearout, Montine, and Zabetian. Analysis and in-
terpretation of data: Leverenz, Buchman, Trojanowski,
Weintraub, Irwin, Watson, Yearout, Mata, Wan, Ed-
wards, and Montine. Drafting of the manuscript: Tsuang,
Hamilton, Buchman, Trojanowski, Yearout, and Zabe-
tian. Critical revision of the manuscript for important in-
tellectual content: Tsuang, Leverenz, Lopez, Bennett,
Schneider, Buchman, Larson, Crane, Kaye, Kramer,
Woltjer, Trojanowski, Weintraub, Chen-Plotkin, Irwin,
Rick, Schellenberg, Watson, Kukull, Nelson, Jicha, Nelt-
ner, Galasko, Masliah, Quinn, Chung, Yearout, Mata,
Wan, Edwards, and Montine. Statistical analysis: Tro-
janowski, Mata, Wan, and Edwards. Obtained funding:
Tsuang, Leverenz, Bennett, Buchman, Larson, Crane,
Kaye, Schellenberg, Galasko, Montine, and Zabetian. Ad-
ministrative, technical, and material support: Leverenz,
Hamilton, Schneider, Larson, Kaye, Woltjer, Tro-
janowski, Irwin, Schellenberg, Kukull, Nelson, Jicha, Nelt-
ner, Masliah, Yearout, and Mata. Study supervision:
Tsuang, Lopez, Trojanowski, Schellenberg, Edwards,
Montine, and Zabetian.
Conflict of Interest Disclosures: Dr Schneider’s work was
funded by grants from the National Institutes of Health.
Funding/Support: This work was supported by grant
1I01BX000531 from the Department of Veterans Affairs and
grants P30 AG008017, P30 AG028383, P30 AG010124,
P30 AG010161, P50 NS053488, P50 AG005131,
P50 NS062684, P50 AG005136, P50 AG005133,
R01 NS048595, R01 NS065070, R01 AG010845, and
U01 AG006781 from the National Institutes of Health.
Additional Contributions: We thank Lynne Greenup for
her expert technical assistance.

REFERENCES

1. McKeith IG, Dickson DW, Lowe J, et al; Consortium on DLB. Diagnosis and man-
agement of dementia with Lewy bodies: third report of the DLB Consortium.
Neurology. 2005;65(12):1863-1872.

2. Verghese PB, Castellano JM, Holtzman DM. Apolipoprotein E in Alzheimer’s dis-
ease and other neurological disorders. Lancet Neurol. 2011;10(3):241-252.

3. Corder EH, Saunders AM, Risch NJ, et al. Protective effect of apolipoprotein E
type 2 allele for late onset Alzheimer disease. Nat Genet. 1994;7(2):180-184.

4. Farrer LA, Cupples LA, Haines JL, et al; APOE and Alzheimer Disease Meta Analy-
sis Consortium. Effects of age, sex, and ethnicity on the association between apo-
lipoprotein E genotype and Alzheimer disease: a meta-analysis. JAMA. 1997;
278(16):1349-1356.

5. Galasko D, Saitoh T, Xia Y, et al. The apolipoprotein E allele epsilon 4 is over-
represented in patients with the Lewy body variant of Alzheimer’s disease.
Neurology. 1994;44(10):1950-1951.

6. Tiraboschi P, Hansen LA, Alford M, et al. Cholinergic dysfunction in diseases with
Lewy bodies. Neurology. 2000;54(2):407-411.

7. Tsuang DW, Wilson RK, Lopez OL, et al. Genetic association between the APOE*4
allele and Lewy bodies in Alzheimer disease. Neurology. 2005;64(3):509-513.

8. Lane R, He Y, Morris C, Leverenz JB, Emre M, Ballard C. BuChE-K and APOE epsi-
lon4 allele frequencies in Lewy body dementias, and influence of genotype and hy-
perhomocysteinemia on cognitive decline. Mov Disord. 2009;24(3):392-400.

9. Meeus B, Verstraeten A, Crosiers D, et al. DLB and PDD: a role for mutations in de-
mentiaandParkinsondiseasegenes?NeurobiolAging.2012;33(3):629.e625-629.e618.

10. Singleton AB, Wharton A, O’Brien KK, et al. Clinical and neuropathological cor-
relates of apolipoprotein E genotype in dementia with Lewy bodies. Dement Geri-
atr Cogn Disord. 2002;14(4):167-175.

11. Larson EB, Kukull WA, Teri L, et al. University of Washington Alzheimer’s Dis-

JAMA NEUROL/ VOL 70 (NO. 2), FEB 2013 WWW.JAMANEURO.COM
227

©2013 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/23/2023



ease Patient Registry (ADPR): 1987-1988. Aging (Milano). 1990;2(4):404-
408.

12. Kukull WA, Higdon R, Bowen JD, et al. Dementia and Alzheimer disease inci-
dence: a prospective cohort study. Arch Neurol. 2002;59(11):1737-1746.

13. McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM. Clinical
diagnosis of Alzheimer’s disease: report of the NINCDS-ADRDA Work Group un-
der the auspices of Department of Health and Human Services Task Force on
Alzheimer’s Disease. Neurology. 1984;34(7):939-944.

14. Gibb WR, Lees AJ. The relevance of the Lewy body to the pathogenesis of idio-
pathic Parkinson’s disease. J Neurol Neurosurg Psychiatry. 1988;51(6):745-
752.

15. Emre M, Aarsland D, Brown R, et al. Clinical diagnostic criteria for dementia as-
sociated with Parkinson’s disease. Mov Disord. 2007;22(12):1689-1707.

16. Irwin DJ, White MT, Toledo JB, et al. Neuropathologic substrates of Parkinson’s
disease dementia. Ann Neurol. In press.

17. Schneider JA, Arvanitakis Z, Leurgans SE, Bennett DA. The neuropathology of
probable Alzheimer disease and mild cognitive impairment. Ann Neurol. 2009;
66(2):200-208.

18. Teng EL, Hasegawa K, Homma A, et al. The Cognitive Abilities Screening Instru-
ment (CASI): a practical test for cross-cultural epidemiological studies of dementia.
Int Psychogeriatr. 1994;6(1):45-58, discussion 62.

19. Leverenz JB, Hamilton R, Tsuang DW, et al. Empiric refinement of the patho-
logic assessment of Lewy-related pathology in the dementia patient. Brain Pathol.
2008;18(2):220-224.

20. Duda JE, Giasson BI, Mabon ME, Lee VM, Trojanowski JQ. Novel antibodies to
synuclein show abundant striatal pathology in Lewy body diseases. Ann Neurol.
2002;52(2):205-210.

21. Braak H, Braak E. Neuropathological stageing of Alzheimer-related changes. Acta
Neuropathol. 1991;82(4):239-259.

22. Mirra SS, Heyman A, McKeel D, et al. The Consortium to Establish a Registry for
Alzheimer’s Disease (CERAD), part II: standardization of the neuropathologic as-
sessment of Alzheimer’s disease. Neurology. 1991;41(4):479-486.

23. Dodart JC, Marr RA, Koistinaho M, et al. Gene delivery of human apolipoprotein
E alters brain Abeta burden in a mouse model of Alzheimer’s disease. Proc Natl
Acad Sci U S A. 2005;102(4):1211-1216.

24. Castellano JM, Kim J, Stewart FR, et al. Human apoE isoforms differentially regu-
late brain amyloid-beta peptide clearance. Sci Transl Med. 2011;3(89):89ra57.

25. Huang Y. Abeta-independent roles of apolipoprotein E4 in the pathogenesis of
Alzheimer’s disease. Trends Mol Med. 2010;16(6):287-294.

26. Mahley RW, Huang Y. Alzheimer disease: multiple causes, multiple effects of apo-
lipoprotein E4, and multiple therapeutic approaches. Ann Neurol. 2009;65(6):
623-625.

27. Keene CD, Cudaback E, Li X, Montine KS, Montine TJ. Apolipoprotein E iso-
forms and regulation of the innate immune response in brain of patients with
Alzheimer’s disease. Curr Opin Neurobiol. 2011;21(6):920-928.

28. Lippa CF, Smith TW, Saunders AM, et al. Apolipoprotein E genotype and Lewy
body disease. Neurology. 1995;45(1):97-103.

29. Rosenberg CK, Cummings TJ, Saunders AM, Widico C, McIntyre LM, Hulette
CM. Dementia with Lewy bodies and Alzheimer’s disease. Acta Neuropathol. 2001;
102(6):621-626.

30. Hamza TH, Zabetian CP, Tenesa A, et al. Common genetic variation in the HLA
region is associated with late-onset sporadic Parkinson’s disease. Nat Genet. 2010;
42(9):781-785.

31. Nalls MA, Plagnol V, Hernandez DG, et al; International Parkinson Disease Ge-
nomics Consortium. Imputation of sequence variants for identification of ge-
netic risks for Parkinson’s disease: a meta-analysis of genome-wide association
studies. Lancet. 2011;377(9766):641-649.

32. Simón-Sánchez J, Schulte C, Bras JM, et al. Genome-wide association study re-
veals genetic risk underlying Parkinson’s disease. Nat Genet. 2009;41(12):
1308-1312.

33. Aarsland D, Andersen K, Larsen JP, Lolk A, Kragh-Sørensen P. Prevalence and
characteristics of dementia in Parkinson disease: an 8-year prospective study.
Arch Neurol. 2003;60(3):387-392.

34. Hely MA, Reid WG, Adena MA, Halliday GM, Morris JG. The Sydney multicenter
study of Parkinson’s disease: the inevitability of dementia at 20 years. Mov Disord.
2008;23(6):837-844.

35. Williams-Gray CH, Goris A, Saiki M, et al. Apolipoprotein E genotype as a risk
factor for susceptibility to and dementia in Parkinson’s disease. J Neurol. 2009;
256(3):493-498.

36. Morley JF, Xie SX, Hurtig HI, et al. Genetic influences on cognitive decline in Par-
kinson’s disease. Mov Disord. 2012;27(4):512-518.

37. Mata I, Leverenz J, Trojanowski J, et al. APOE and SNCA predict cognitive per-
formance in Parkinson’s disease. Mov Disord. 2012;27:S26-S26.

JAMA NEUROL/ VOL 70 (NO. 2), FEB 2013 WWW.JAMANEURO.COM
228

©2013 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/23/2023


