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Genes known to contribute to the genetic predis-
position to Alzheimer’s disease (AD) are active in
pathways of neurodegeneration but explain only
a minority of the genetic contribution to AD. A
protein of importance in cerebral neurodegenera-
tion is the brain-derived neurotrophic factor
(BDNF). Variations in two single-nucleotide poly-
morphisms (SNPs) within the BDNF gene have
previously been associated with AD, and one of
these SNPs has also been associated with memory
loss and affective disorders. We performed a case
control study of three BDNF SNPs in 250 neuro-
pathologically confirmed cases of AD and 194
unrelated controls. We did not find a signi-
ficant association between the three BDNF SNPs
studied and AD when evaluated individually or
with haplotype analysis. Nor did BDNF genotype
appear to affect the APOE &4 association with
AD. The three SNPs studied were closely linked
(D' =0.99 across the region). We discuss possible
reasons for our failure to confirm the previously
reported associations.  © 2005 Wiley-Liss, Inc.

KEY WORDS: Alzheimer’s disease; BDNF; de-
mentia; association study; APOE ¢4

INTRODUCTION

Although in some cases Alzheimer’s disease (AD) can be
attributed to rare mutations in specific genes, the majority of
the genetic risk for AD is not yet characterized [Finckh, 2003].
Many genes associated with AD, including APOE ¢4, the pre-
senilins 1 and 2, and APP appear to participate in a pathway of
increased accumulation of beta amyloid with attendant neuro-
toxicity and neurodegeneration [Hardy, 2003]. The brain-
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derived neurotrophic factor (BDNF) protein promotes sur-
vival of neurons vulnerable to neurodegeneration in AD
[Whitehouse et al., 1982] and BDNF levels are altered in AD
[Holsinger et al., 2000]. Three studies have been published
associating BDNF single-nucleotide polymorphisms (SNPs)
with AD, [Kunugi et al., 2001; Riemenschneider et al., 2002;
Ventriglia et al., 2002], however, two studies were unable to
confirm this association [Bagnoli et al., 2004; Tsai et al., 2004].
None of these studies evaluated autopsy proven cases of AD, or
performed haplotype analysis.

Three SNPs in the BDNF gene chosen for investigation in
this study are approximately equidistant along the length of
the gene (Fig. 1). The most terminal polymorphism studied
(rs6265 dbSNP NCBI) is a G to A change resulting in a valine
to methionine substitution at codon 66 (Val66Met) in the
terminal exon of the gene and has functional consequences for
protein secretion [Egan et al., 2003]. The Val66Met polymor-
phism has been associated with AD [Ventriglia et al., 2002],
bipolar disorder [Neves-Pereira et al., 2002; Sklar et al., 2002],
OCD [Hall et al., 2003], altered episodic memory [Egan et al.,
2003], and personality traits [Sen et al., 2003].

The “C270T” polymorphism is an untranslated polymorph-
ism in a 5'exon that contributes to BDNF mRNA transcript 4
(NM_001709 NCBI) and is located more than 40 kb upstream
from Val66Met (Fig. 1). The “C270T” polymorphism has been
associated with AD in both Japanese and European popula-
tions [Kunugi et al., 2001; Riemenschneider et al., 2002]. The
final SNP evaluated in this study (rs7103411 dbSNP NCBI) is
a frequent intronic polymorphism (minor allele frequency in
Caucasians of approximately 31%, http://www.appliedbiosys-
tems.com) located approximately halfway between “C270T”
and Val66Met.

Late onset Alzheimer’s disease (LOAD), or AD with onset
after about 63—65 years of age or older, is a multigenic disorder
[Tanzi and Bertram, 2001] and combinations of genes may
increase vulnerability to LOAD [Pastor et al., 2003]. The major
genetic risk factor identified in LOAD is APOE &4 which has
also been reportedly associated with the “C270T” genotype in
AD [Riemenschneider et al., 2002]. Therefore, we also evaluate
BDNF genotypes for an interaction with the APOE &4 allele in
this study.

MATERIALS AND METHODS
Study Design

Association studies utilizing candidate genes and evaluating
linkage disequilibrium may be more effective tools to evaluate
complex multilocus disorders as these methods have greater
statistical power, compared to linkage to detect genes of small
effect [Risch, 2000]. The diagnosis of AD may be difficult due
to similarities with other dementias or psychiatric disorders,
thus in this study only autopsy proven cases of AD were
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Fig. 1. Diagram of the brain-derived neurotrophic factor (BDNF) gene which is located along approximately 65 kb of the minus strand of chromosome

11p13. Exons are represented by solid rectangles. The terminal exon contains the coding region including the prodomain. The locations of the three single-
nucleotide polymorphisms (SNPs) genotyped in this study are shown as C270T, rs7103411, and Val66Met. Linkage disequilibrium is diagrammed beneath

with double-headed arrows indicating appropriate regions on the diagram.

included. Restricting our study population to Caucasians of
European extraction guided the choice of informative markers.
The three polymorphisms chosen for study were located at
approximately 20 kb intervals within the gene (Fig. 1).

Study Samples

All cases of AD were Caucasians clinically diagnosed with
AD by NINDS criteria and with neuropathological confirma-
tion of the diagnosis at autopsy. The AD cases and controls in
this study were obtained from three different sources: (1) the
Rush Religious Orders Study (ROS), a longitudinal clinical-
pathologic study of aging and AD among men and women
Catholic clergy [Bennett et al., 2002], (2) The National
Alzheimer’s Disease Tissue Repository at Indiana University,
a national tissue bank derived from families with multiple
members with AD and spousal controls (http://ncrad.iu.edu),
and (3) the Brain Bank of the Center for Neurodegenerative
Diseases (CNDR), a tissue bank derived from autopsy subjects
followed at the University of Pennsylvania prior to death [Baba
et al., 1998].

The mean age of onset of AD was in the seventies or above for
all three cohorts while earliest age of onset was 63 years old. In
this study, we define LOAD as AD with onset at 63 or older.
Control cases were free of dementia and were roughly matched
for age with a mean age at death for all controls of 81 years
while the mean age at death in AD subjects was 83 years. AD is
more common in females therefore the sex ratio of our affected
population was skewed toward females (Table I).

Power Analysis

Power calculations employed Quanto Beta Version 0.5.1
[Gauderman et al., 2001]. An example of these calculations are
available (website).

DNA Extraction and Genotyping

DNA was extracted from brain tissue frozen at autopsy
(ROS and UPenn cohorts) using Trizol (Invitrogen, Carlsbad,
CA) or was obtained directly from the National Repository
(Indiana). SNP analysis was performed on an ABI Prism
7900HT instrument using “Assays-On-Demand” (Val66Met

TABLE 1. Cohort Characteristics

Number of Mean age at Sex Mean age of onset
Cohort individuals death (SD) (%male) (range) [SD]
All subjects 450 83 (7.4) 42
AD subjects—all 256 83 (7.1) 38 77 (63-99) [8.2]
Control subjects—all® 194 81 (7.7) 46
Religious Orders Study (ROS) 188 86 (6.7) 44
ROS AD 72 38 85 (68-99) [6.4]
ROS controls 116 47
Indiana repository 156 83 (6.2) 38
Indiana AD 99 27 72 (63-92) [5.9]
Indiana controls 57 40
UPENN—CNDR 106 79 (8.5) 50
UPenn AD 85 48 73 (63—89) [5.9]
UPenn controls 21 57

2Controls were evaluated for dementia on average within 7 months of death (ROS cases), within an average of
7 months of yearly informant report (spousal controls) or prior to death (UPenn cases). When information on the
cause of death was available (e.g., spousal controls might still be alive) the most common causes of death listed at
Indiana were cancer, renal failure and stroke, at UPenn were renal failure, cancer cardiovascular disease, and
sepsis and cause of death was not available in the ROS cohort. Sex differences overall and within individual groups

are non-significant at P = 0.05 by Chi-square analysis.



and rs7103411) or “Assays By Design”(“C270T”) reagents from
Applied Biosystems, Inc. (Foster City, CA) resulting in more
than 99% reproducibility in our samples. The APOE &4
genotype was determined by restriction fragment length
polymorphism analysis [Addya et al., 1997].

Data Analysis

Allele frequencies, genotype frequencies, and Hardy—
Weinberg equilibrium were calculated from the primary data
and Hardy—Weinberg equilibrium was verified with Chi-
square analysis. Association was evaluated by Chi-square
analysis and verified with odds ratio (OR) calculations
using the cocaphase program http://linkage.rockefeller.edu/
ott [Dudbridge, 2003]. Haplotype analysis was performed
using the Estimate Haplotype (EH) program http://linkage.
rockefeller.edu/ott/eh.htm [Zhao et al., 2000]. Linkage dis-
equilibrium was evaluated using pairwise comparisons with
the 2 Locus Linkage Disequilibrium calculator (2LD) pro-
gram http://linkage.rockefeller.edu/ott and verified manually
[Lewontin, 1964; Zhao et al., 2000]. Interactions between
individual BDNF SNPs and APOE ¢4 as independent factors
affecting AD were evaluated with bivariate regression analysis
(SPSS, Chicago, IL) [Sinquefield, 1976].

RESULTS

Allele frequencies, genotype frequencies, and haplotype
frequencies are given in Table II. The three SNPs are in
Hardy—Weinberg equilibrium. Allele frequencies did not differ
significantly between patients and controls or between cohorts
for any of the three SNPs. Haplotype frequencies calculated
by the EH program indicate a significant degree of linkage
disequilibrium.

Linkage disequilibrium calculated between “C270T” and
rs7103411 is D' =0.99 (P < 0.001); while between rs7103411
and Val66Met is D' =0.80 (P < 0.0001). Across the region the
linkage disequilibrium between “C270T” and Val66Met is
D’'=0.99 (P <0.001) (Fig. 1).

Chi-square analysis and cocaphase analysis did not reveal
a significant association between genotype and AD for any of
the SNPs when analyzed independently or when analyzed
together using haplotype analysis. Nor was any association or
strong tendency toward association noted in any of the three
cohorts when they were evaluated separately. Analysis for
APOE g4 revealed an association AD with an OR of 5, however,
no interaction of APOE &4 genotype and BDNF genotype was
identified.

DISCUSSION

This study differs from previous work as it examines three
SNPs within the BDNF gene, includes haplotype analysis,
evaluates only autopsy proven cases of AD and is larger than
previous studies. Our findings on SNP allele frequencies
and linkage disequilibrium within the BDNF gene are similar
to previous findings [Sklar et al., 2002; Hall et al., 2003] but
our results do not support previously noted associations be-
tween BDNF polymorphisms and AD [Kunugi et al., 2001;
Riemenschneider et al., 2002; Ventriglia et al., 2002]. Pre-
viously noted associations have not been uniformly confirmed
[Bagnoli et al., 2004; Tsai et al., 2004].

The minor allele frequency of the BDNF Val66Met poly-
morphism was 19% in our study and was similar to previous
findings in European populations (Table III), although the
minor allele frequency may vary in different populations such
as the Chinese (Table III). In our study, the frequency of the
BDNF “C270T” SNP polymorphism was low as in previously
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TABLE II. Frequency of Alleles, Genotypes, and Haplotypes
at Three Brain-Derived Neurotrophic Factor (BDNF)
Single-Nucleotide Polymorphisms (SNPs) Studied

AD (%), Controls (%), All (%),
(n=256) (n=194) (n=450)
Alleles
C270T
Minor allele-T 5.08 4.82 5
rs7103411
Minor allele-G 21.5 20.9 21.3
Val66Met
Minor allele-A 19.6 19.2 19.4
Genotypes
C270T
CC 89.83 90.35 90.0
CT 10.17 9.65 10.0
rs7103411
AA 61.25 62.8 61.8
AG 34.6 32.6 33.9
GG 4.17 4.65 4.34
Val66Met
GG 63.8 64.7 64.1
GA 33.2 32.2 32.9
AA 3.02 3.00 3.01
Haplotypes
C270T-C
rs7103411-A
Val66Met-G 72.7 70.8 71.9
Val66Met-A 1.96 2.36 2.81
rs7103411-G
Val66Met-G 3.08 441 4.35
Val66Met-A 17.7 17.9 16.2
C270T-T
rs7103411-A
Val66Met-G 4.20 0.60 451
Val66Met-A 0 4.30 0.098
rs7103411-G
Val66Met-G 0.30 0 0.133
Val66Met-A 0 0.009 0.003

Frequencies are given in percentages (%). Minor allele frequencies are given
at the three SNP sites and genotype frequencies are given for all genotypes
encountered. Haplotype frequencies were determined with the Estimate
Haplotype (EH) Program assuming the presence of an association between
SNPs.

reported control populations, however, in two of three studies
the frequency of the polymorphism was significantly increased
in AD patients (Table III).

In our study, linkage disequilibrium calculated between
“C270T” and rs7103411 is D'=0.99, between rs7103411
and Val66Met D’ =0.80 and between “C270T” and Val66Met
D’ =0.99 (Fig. 1). These values indicate extensive linkage dis-
equilibrium within the BDNF gene as found in previous
studies of bipolar disorder [Sklar et al., 2002] and obsessive
compulsive disorder [Hall et al., 2003].

Thus, although our findings are generally consistent with
previous findings of allelic frequencies and linkage disequili-
brium we were not able to confirm previous associations of
BDNF polymorphisms and LOAD. One possible explanation
of the discrepancies between studies may be inadequately
matched control populations. Our control populations were
mainly derived from a large well characterized community
based population (ROS) or from spousal controls (Indiana
Repository), designed to minimize population differences. A
second reason for the discrepancy in results could be pheno-
typic heterogeneity, however, our affected subjects were well
characterized as they were both clinically diagnosed and
neuropathologically confirmed to have AD. A third reason for
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TABLE III. Association Studies of BDNF in AD

“C270T”

Val66Met

Bodner et al.

Interaction

Odds ratio (OR)

Minor allele,

Study author, population, number of

patients

with ApoE

Minor allele, frequency% Genotype, frequency% (95% CI)

Genotype, frequency%

frequency%

Controls
CC-90.3

CT-9.6

AD
CC-89.8
CT-10.2

AD, 5.08%; controls, 4.82%

Controls
GG

AD
GG-63.3

AD, 19.6%; controls, 19.2%

Bodner, American Caucasian, AD (256),
controls (194)

GA-

AA-

GA-33.2

TT-0

TT-0

AA-3.02

)
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Controls
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Riemenschneider, German, AD (210),
EOAD (98), LOAD (109), controls (188)
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TT-1 TT-0

CT-14

TT-1

(=)
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ND

ND ND

Controls
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Controls

AD
GG-65
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AA-9
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Ventriglia, Italian, AD (130), controls (111)
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Tsai, Chinese, AD (163), controls (89)
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the discrepancy could be population stratification, however,
two previous studies performed in Italian populations yielded
opposite results (Table III).

Three previous studies demonstrated an association of
BDNF SNPs with AD (Table III). In one report the V66M
allele was associated with AD at an OR of 1.99 in an Italian
population. Our study is expected to have greater than 95%
power to detect this strength of association if inheritance is
dominant or log additive but less detection power occurs in the
case of a recessive inheritance pattern. (Power calculations
with Quanto Beta Version 0.5.1, assuming case control design,
disease frequency of 15%, and a two-sided type one error rate
of 0.05.) Thus, lack of replication may have been due to a
recessive mode of inheritance. The two other studies finding an
association investigated the “C270T” SNP. In a Japanese study
(Table III) an OR of 3.2 was obtained, and we would expect
to detect this association at a power of greater than 99% in
our study if the inheritance were dominant or log additive
(assumptions for power calculations as above), thus lack of
replication may be due to different populations or recessive
inheritance. The final study, performed in a German popula-
tion (Table III) detected an association of “C270T” at an OR of
2.16. Our study has greater than 80% power to detect this
association if inheritance is dominant or log additive (assump-
tions for power calculations as above), thus in this case our
inability to replicate may have been due to recessive inheri-
tance or inadequate power.

The clinical ascertainment of AD can be problematic due to
confusion with depression, other forms of dementia and other
medical illness. Depression can be indistinguishable from
dementia clinically and cognitive impairment may respond to
treatment with antidepressants [Alexopoulos et al., 1993].
Depression is common in AD, occurring at a rate of 30—50%
in some studies [Olin et al., 2002] thus risk factors associated
with depression could make a significant impact in studies of
AD. Furthermore affective disorders have a genetic component
[Johansson et al., 2001] and have been associated with the
BDNF Val66Met polymorphism [Sklar et al., 2002]. Neither
previous studies nor this study have considered depression in
their study populations. In the absence of this information it is
possible that accurate matching of control groups and com-
parison across different studies has been confounded, at least
in part, by variability in the amount of depression, leading to
difficulties in replication or spurious associations.

In summary, we did not find an association between
the BDNF gene and LOAD in a large autopsy based case
control association study limited to individuals of European
descent. This may not be surprising since the major peaks
on chromosome 11 associated with AD are in the 11p15 or
11g23 regions, not the 11p13 region where BDNF is located
(www.alzgene.org). Nor could we identify an interaction
between the BDNF SNPs evaluated and the APOE ¢4 allele
effect in LOAD. We were able to generate allele and geno-
type frequencies on three SNPs within the BDNF gene and
demonstrate extensive linkage disequilibrium in the 65 kb
BDNF gene region. Our study was sufficiently large to have
a good power to detect a dominant or log additive effect;
however, lack of replication may be due to a lesser power to
detect association with a recessive inheritance pattern and
the relatively infrequent “C270T” polymorphism. In addition,
the discrepancy between studies may have been due to popu-
lation stratification or ascertainment issues such as an
inability to reliably distinguish AD and affective disorders,
inability to identify comparable populations equally weighted
for depression in different studies or an inability to obtain
control populations appropriately matched for depressive
disease. Additional studies clarifying the role of depression in
AD as well as other clinical factors and risk factors may be
indicated.



ACKNOWLEDGMENTS

Some of the results of this paper were obtained using
samples from the National Cell Repository for Alzheimer’s
Disease, which is supported by a cooperative agreement grant
(U24AG21886) from the National Institute of Aging. The
authors thank Kathakali Addaya, Russel Buono, and Tom
Ferraro for their advice and contributions.

REFERENCES

Addya K, Wang YL, Leonard DG. 1997. Optimization of apolipoprotein E
genotyping. Mol Diagn 2:271-276.

Alexopoulos GS, Meyers BS, Young RC, Mattis S, Kakuma T. 1993. The
course of geriatric depression with “reversible dementia”: A controlled
study. Am J Psychiatr 150:1693-1699.

Baba M, Nakajo S, Tu PH, Tomita T, Nakaya K, Lee VM, Trojanowski JQ,
Iwatsubo T. 1998. Aggregation of alpha-synuclein in Lewy bodies of
sporadic Parkinson’s disease and dementia with Lewy bodies. Am J
Pathol 152:879-884.

Bagnoli S, Nacmias B, Tedde A, Guarnieri BM, Cellini E, Petruzzi C,
Bartoli A, Ortenzi L, Sorbi S. 2004. Brain-derived neurotrophic factor
genetic variants are not susceptibility factors to Alzheimer’s disease in
Italy. Ann Neurol 55:447—448.

Bennett DA, Wilson RS, Schneider JA, Evans DA, Beckett LA, Aggarwal NT,
Barnes LL, Fox JH, Bach J. 2002. Natural history of mild cognitive
impairment in older persons. Neurology 59:198—205.

Dudbridge F. 2003. Pedigree disequilibrium tests for multilocus haplotypes.
Genet Epidemiol 25:115-121.

Egan MF, Kojima M, Callicott JH, Goldberg TE, Kolachana BS, Bertolino A,
Zaitsev E, Gold B, Goldman D, Dean M, Lu B, Weinberger DR. 2003. The
BDNF val66met polymorphism affects activity-dependent secretion of
BDNF and human memory and hippocampal function. Cell 112:257—
269.

Finckh U. 2003. The future of genetic association studies in Alzheimer
disease. J Neural Transm 110:253—266.

Gauderman WJ, Morrison JL, Siegmund KD. 2001. Should we consider
gene x environment interaction in the hunt for quantitative trait loci?
Genet Epidemiol 21(Suppl 1):S831-S836.

Hall D, Dhilla A, Charalambous A, Gogos JA, Karayiorgou M. 2003.
Sequence variants of the brain-derived neurotrophic factor (BDNF) gene
are strongly associated with obsessive—compulsive disorder. Am J Hum
Genet 73:370-376.

Hardy J. 2003. Alzheimer’s disease: Genetic evidence points to a single
pathogenesis. Ann Neurol 54:143—-144.

Holsinger RM, Schnarr J, Henry P, Castelo VT, Fahnestock M. 2000.
Quantitation of BDNF mRNA in human parietal cortex by competitive
reverse transcription-polymerase chain reaction: Decreased levels in
Alzheimer’s disease. Brain Res Mol Brain Res 76:347—-354.

Johansson C, Jansson M, Linner L, Yuan QP, Pedersen NL, Blackwood D,
Barden N, Kelsoe J, Schalling M. 2001. Genetics of affective disorders.
Eur Neuropsychopharmacol 11:385-394.

Association Study of BDNF in Alzheimer’s Disease 5

Kunugi H, Ueki A, Otsuka M, Isse K, Hirasawa H, Kato N, Nabika T,
Kobayashi S, Nanko S. 2001. A novel polymorphism of the brain-derived
neurotrophic factor (BDNF) gene associated with late-onset Alzheimer’s
disease. Mol Psychiatry 6:83—86.

Lewontin RC. 1964. The interaction of selection and linkage. II. Optimum
Model Genet 50:757—782.

Neves-Pereira M, Mundo E, Muglia P, King N, Macciardi F, Kennedy JL.
2002. The brain-derived neurotrophic factor gene confers susceptibility
tobipolar disorder: Evidence from a family-based association study. AmJ
Hum Genet 71:651-655.

Olin JT, Schneider LS, Katz IR, Meyers BS, Alexopoulos GS, Breitner JC,
Bruce ML, Caine ED, Cummings JL, Devanand DP, Krishnan KR,
Lyketsos CG, Lyness JM, Rabins PV, Reynolds CF III, Rovner BW,
Steffens DC, Tariot PN, Lebowitz BD. 2002. Provisional diagnostic
criteria for depression of Alzheimer disease. Am J Geriatr Psychiatr
10:125-128.

Pastor P, Roe CM, Villegas A, Bedoya G, Chakraverty S, Garcia G, Tirado V,
Norton J, Rios S, Martinez M, Kosik KS, Lopera F, Goate AM. 2003.
Apolipoprotein Eepsilon4 modifies Alzheimer’s disease onset in an
E280A PS1 kindred. Ann Neurol 54:163—-169.

Riemenschneider M, Schwarz S, Wagenpfeil S, Diehl J, Muller U, Forstl H,
Kurz A. 2002. A polymorphism of the brain-derived neurotrophic factor
(BDNF) is associated with Alzheimer’s disease in patients lacking the
apolipoprotein E epsilon4 allele. Mol Psychiatry 7:782—-785.

Risch NdJ. 2000. Searching for genetic determinants in the new millennium.
Nature 405:847—-856.

Sen S, Nesse RM, Stoltenberg SF, Li S, Gleiberman L, Chakravarti A,
Weder AB, Burmeister M. 2003. A BDNF coding variant is associated
with the NEO personality inventory domain neuroticism, a risk factor
for depression. Neuropsychopharmacology 28:397—401.

Sinquefield JC. 1976. A review of small canned computer programs for
survey research and demographic analysis. Stud Fam Plann 7:340—348.

Sklar P, Gabriel SB, McInnis MG, Bennett P, Lim YM, Tsan G, Schaffner S,
Kirov G, Jones I, Owen M, Craddock N, DePaulo JR, Lander ES. 2002.
Family-based association study of 76 candidate genes in bipolar dis-
order: BDNF is a potential risk locus. Brain-derived neutrophic factor.
Mol Psychiatry 7:579-593.

Tanzi RE, Bertram L. 2001. New frontiers in Alzheimer’s disease genetics.
Neuron 32:181-184.

Tsai SJ, Hong CJ, Liu HC, Liu TY, Hsu LE, Lin CH. 2004. Association
analysis of brain-derived neurotrophic factor Val66Met polymorphisms
with Alzheimer’s disease and age of onset. Neuropsychobiology 49:
10-12.

Ventriglia M, Bocchio Chiavetto L, Benussi L, Binetti G, Zanetti O, Riva MA,
Gennarelli M. 2002. Association between the BDNF 196 A/G
polymorphism and sporadic Alzheimer’s disease. Mol Psychiatry 7:
136-137.

Whitehouse PdJ, Price DL, Struble RG, Clark AW, Coyle JT, Delon MR. 1982.
Alzheimer’s disease and senile dementia: Loss of neurons in the basal
forebrain. Science 215:1237-1239.

Zhao JH, Curtis D, Sham PC. 2000. Model-free analysis and permutation
tests for allelic associations. Hum Hered 50:133—-139.



