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Abstract
The inflammatory cytokine interleukin-1 (IL1) potentially plays a role in cognitive deterioration
through pathology due to a dementing disorder or due to an aging process. Study of genetic
variants in the IL1 genes has been mostly limited to diseases such as Alzheimer’s, however, there
may be benefit to studying a continuous measure of cognition. Using data from the Cardiovascular
Health Study, we evaluate genetic variation in the genes encoding inflammatory agonists IL1A
and IL1B, and the antagonist IL1RN, with repeated measures of global cognition (3MS) and
processing speed (DSST), using mixed effects models. We found statistically significant minor
allele SNP associations with baseline performance on the 3MS in the IL1RN gene for Caucasians
(rs17042917: beta=0.47, 95%CI=0.09, 0.85, p=0.016; rs4251961: beta=−0.36, 95%CI=−0.13,
−0.60, p=0.0027; rs931471: beta=0.39, 95%CI=0.13, 0.65, p=0.0032), and the IL1B gene for
African Americans (rs1143627: beta=1.6, 95%CI=0.48, 2.8; p=0.006 and rs1143634: beta=2.09,
95%CI=0.39, 3.8; p=0.016). Associations appear to be weaker in a subgroup with higher
education level. Upon removing those diagnosed with dementia, effect sizes and statistical
significance attenuated. These results provide supporting evidence that genetic variants in IL1
genes may be involved in inflammatory-related lowered cognition, that higher education may
modify genetic predisposition, and that these associations may be driven by a dementia process.
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1. Introduction
Cognitive decline predicts morbidity, dementia, and mortality, and is one of the major
problems of an aging population (Morley, 2004). The idea that brain inflammation precedes
and is intimately involved in degenerative neuronal processes has gained traction over the
last few decades (McGeer and McGeer, 2004). The motivation for inflammatory hypotheses
has been largely due to observational epidemiological studies suggesting that NSAIDs are
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protective for cognitive decline (Rozzini et al., 1996), and cognitive disorders such as
Alzheimer’s disease (Szekely et al., 2004; Zandi and Breitner, 2001). Other lines of
evidence to support the role of inflammation in bringing about cognitive deficits have been
reviewed and include investigations of post-mortem brains, in vitro studies and animal
models (Akiyama et al., 2000).

Inflammatory cytokines serve important neuroregulatory functions, and can affect cognition
adversely through both degenerative and nondegenerative pathways (Wilson et al., 2002).
Epidemiological evidence shows that peripheral cytokine levels are often elevated prior to
cognitive decline (Weaver et al., 2002; Yaffe et al., 2003) and dementia (Engelhart et al.,
2004). The pro-inflammatory cytokine interleukin-1 (IL1) is considered a key orchestrating
protein involved in a number of biological events that influence cognitive deterioration
through diverse mechanisms. First, IL1 plays a mediating role in neuronal processes
including synaptic plasticity and neural transmission under normal, healthy conditions
(Vitkovic et al., 2000), but may inhibit memory and learning under pathological conditions
(Rachal Pugh et al., 2001). Second, IL1 has been involved in the dysregulation of
temperature and sleep, and ultimately, impaired cognitive performance (Kronfol, 2003;
Rachal Pugh et al., 2001; Ross et al., 2003). IL1 is also implicated in a number of
inflammatory diseases of the periphery such as diabetes and atherosclerosis (Licinio and
Wong, 1997) that have been shown to underlie cognitive disturbances (Cechetto et al., 2008;
Knopman et al., 2009; Romero et al., 2009). It has been shown to mediate brain pathology in
response to cerebral damage such a head injury or ischemic event (Rothwell, 1999). Finally,
IL1 has been implicated in a number of neurodegenerative processes associated with
Alzheimer’s disease (AD), including amyloid deposition, cholinergic deficit, dystrophic
neurites, and hyperphosphoralation of tau protein; these events may create a self-
perpetuating cycle, driven by IL1, that can spread from a local site to affect brain regions
more broadly (Griffin et al., 1998).

Establishing whether IL1 protein dysfunction precedes or is a product of pathology leading
to impaired cognition is difficult. Direct measurements of IL1 protein in brain can only be
taken post mortem. Studies of serum IL1 in demented patients who have increased post
mortem brain IL1 levels compared to controls have been mixed (Licastro and Chiappelli,
2003), and suffer from a failure to establish the timing of inflammation. Because inherited
genetic variation precedes brain pathology, genetic evidence provides an important means of
establishing the role of IL1 in cognitive decline. Specific IL1-related gene variants have
been associated with increased serum levels (Hulkkonen et al., 2000; Pociot et al., 1992;
Licastro et al., 2000) and inflammatory diseases such as rheumatoid arthritis (McDowell,
Symons et al., 1995). Study of these variants with AD provide support for an association
(Grimaldi et al., 2000; Nicoll et al., 2000; Wehr et al., 2006) but also yield inconclusive or
negative findings (Déniz-Naranjo et al., 2008; Klimkowicz-Mrowiec et al., 2009; Giedraitis
et al., 2009). Recent GWA also have failed to discover the IL1 region (Naj et al., 2011;
Hollingworth et al., 2011).

Few studies have evaluated the genetic impact of IL1-specific gene variants on age-related
cognitive changes independent of frank AD (Baune et al., 2008; Trompet et al., 2008).
Further, the use of continuously measured cognitive test scores as an endpoint offers a
potentially more informative way of evaluating the genetic role of this cytokine. Continuous,
repeated measures of cognition can reflect cognitive impairment that arises from different
pathways to pathology, and allows for assessment of baseline performance as well as change
over time. Given this, we hypothesize that genetic variation in three IL1 genes will influence
cognitive trajectories in older adults, and set out to test this hypothesis in the Cardiovascular
Health Study population.
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2. Materials and methods
2.1. Study population

The Cardiovascular Health Study (CHS) is a prospective, longitudinal study designed to
investigate factors involved in cardiovascular disease and stroke. Details of the design have
been published elsewhere (Fried et al., 1991). 5201 members of the original cohort were
recruited using random sampling within defined age groups from HCFA Medicare files in
each of four locations: Forsyth County, North Carolina; Washington County, Maryland;
Pittsburgh, Pennsylvania; and Sacramento County, California. Selected participants were 65
years or older, were not in a nursing home and did not need a proxy informant at baseline. A
second, African-American (AA), cohort began collection in 1992. Both cohorts were
followed until 1999.

In 1992–1993, an ancillary study, The CHS Cognition Cohort Study (Lopez et al., 2002;
Lyketsos et al., 2002), was launched. All participants were invited to undergo a brain MRI
as well as additional cognitive testing, resulting in a sample of 3608 participants who were
tested for this project. It has been previously reported that participants in the CHS Cognition
Study compared to the overall CHS study are younger, better educated, more likely to have
clinical cardiovascular disease, and performed better at baseline on the Modified Mini-
Mental Exam 3MS (Kuller et al., 1998).

2.2. Measurements
2.2.1. Cognition—The MMSE (score ranges 0 to 30) was administered at baseline for the
original cohort, after which the 3MS (score range 0 to 100) was administered annually; the
baseline MMSE scores were adjusted to reflect the range of the 3MS. The 3MS (score range
0 to 100) (Teng and Chui, 1987) evaluates global cognition, and tests a variety of cognitive
abilities including short-term and delayed recall, verbal fluency, as well as temporal and
spatial orientation. A score of <80 is considered to be cognitively impaired, and a drop in
score of 5 points over a one to two year time frame is considered to represent significant
cognitive change (Kuller et al., 1998). The digit symbol substitution test (DSST) is a
measure of psychomotor attention and speed (Salthouse, 1978), and a low score is
considered to be <30 (Kuller et al., 1998). The DSST was administered at baseline and
annually over the course of follow up.

2.2.2. Genetic measurements—Whole blood was collected at the baseline measurement
for each cohort. DNA extraction and ApoE genotyping was carried out at the Core
Molecular Genetics facility (Kuller et al., 1998; Yaffe et al., 2000). Genotyping for the three
IL1 genes (IL1-beta, IL1- alpha, IL1-ra) was performed at the Johns Hopkins OAIC
Genetics Core laboratory by a single technician using the Biotrove OpenArray™ SNP
Genotyping System (Brennan et al., 2009).

IL1 SNP selection was carried out using HapMap Phase II, build 36. We placed emphasis on
HapMap SNPs that were also widely reported in the literature for AD and other
neurodegenerative disorders. We sought coverage of each gene, as well as the area of
linkage disequilibrium (LD) surrounding the 5′ and 3′ ends of each gene, so that HapMap
SNPs not selected to be genotyped were correlated with at least one of the genotyped SNPs
at an r2 value ≥0.80 using the Tagger program (de Bakker et al., 2005) implemented in
HaploView v3.1 software (Barrett et al., 2005). Where more than one SNP could be
selected, we prioritized based on allele frequency and physical location across the gene. 32
SNPs were selected for genotyping.
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2.2.3. Covariates—Age, gender and education were considered important confounders for
their known strong correlations with cognitive test scores. Age was categorized into 5-year
groups (<70, 70–74, 75–79, 80–84, 85+). Education was coded as in previous publications
(Elkins et al., 2006) (<high school, high school, some college, college+). We hypothesized
that IL1 genes may exert their effects on cognition through a number of vascular and health
variables, likely resulting in an attenuation of the IL1 genetic associations. To explore this,
we included in our models variables derived from information that was collected from
annual interviews and clinical examinations. Baseline self-report of hypertension, diabetes,
heart disease, stroke, and arthritis were considered, along with CRP values and white blood
cell counts collected from the baseline clinical exam. We also hypothesized that NSAID
drug use may mask any genetic effects by countering an upregulation of cytokine
production, and that depression may enhance the genetic effects by providing a trigger for
cytokine production. Therefore, we explored the modifying effects of NSAID drug use and
depression on the IL1 genetic associations with cognition. Current NSAID drug use and
physician- diagnosed current depression were self-reported at baseline.

2.3. Statistical analysis
2.3.1. Cognition and covariate diagnostics—The Caucasian and AA cohorts were
analyzed separately out of concern for potential population stratification, or confounding by
ethnicity. To compare basic demographics and covariate information by groups, we
performed t-tests for continuous variables and Chi-squared tests for categorical and ordinal
variables. After several diagnostic evaluations of the individual cognitive trajectories and
after using the minimum BIC to guide considerations of spline and quadratic terms for the
mean model, a general pattern for a linear decline over time was deemed appropriate for
both the 3MS and the DSST.

2.3.2. Genotype diagnostics—Plots of the raw intensity data by array and by SNP were
examined for gross deviations from expected clustering. Cluster-based genotype calls were
generated via an in-house algorithm (contact authors for details). SNP allele and genotype
frequencies were calculated and tests for Hardy Weinberg Equilibrium (HWE) performed.
Allele frequencies were compared to those available on HapMap. Pairwise LD measures (D′
and r2) were calculated for each SNP pair within a gene in HaploView.

2.3.3. Mixed effects models—Initial mixed effects models of cognitive phenotypes were
developed without consideration of SNP information. We considered a minimally adjusted
model that incorporated a random term for the intercept and slope, and incorporated fixed
terms for age, gender, education and their significant first order interactions. Differences at
baseline (intercept) and annual rate of change (slope) in 3MS and DSST by SNP genotype
were interpreted. We then developed a fully adjusted model by including vascular and health
related variables. Each SNP was then included in both minimally and fully adjusted models.
SNP genotypes were coded to reflect an additive model, with homozygotes of the common
allele as the referent genotype. Mixed effects model parameter estimates were based on
Wald tests. To test hypotheses about modification of genetic association by NSAID use and
depression, we interpreted the parameter estimates for the product of these variables with
SNP genotype.

To understand the role of IL1 genes on cognition per se, versus underlying disease
pathology related to cognitive decline, we first considered all participants, regardless of
dementia status. To understand whether any observed genetic associations with cognitive
performance were a result of an underlying dementing process, we would ideally limit the
analysis to those with diagnosed dementia and reassess the genetic association. Full
cognitive evaluations and dementia adjudications, however, were only performed in a subset
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of the CHS that participated in the Cognition Cohort Study (Cognition Sub-sample).
Therefore, we compared results for participants in the full CHS cohort versus results for this
Sub-sample. Additionally, we sought to maintain power by reassessing the genetic
association after removing those with baseline or incident dementia, rather than analyzing
the smaller subset with dementia, which yielded non-significant p-values despite larger
effect sizes. Thus, we have three levels of analysis: full CHS cohort, Cognition Sub-sample,
and non-demented members of the Cognition Sub-sample. All analyses were carried out
using SAS v9.1.

Haplotype analyses were also carried out for the mixed effect models, using haplotype
blocks to create diplotype variables for analysis, as defined using the Solid Spine algorithm
in HaploView v 3.1 (D′<0.80). All haplotypes with frequency<0.05 were grouped together
as one “rare haplotype”. Diplotypes were coded according to an additive inheritance model
with the most common diplotype homozygote as the referent group. Because software for
direct inclusion of phase estimation and mixed effects model parameter estimation in a
single analysis was not available, we modified HaploStats (haplo.glm) software to call upon
SAS v9.1 to carry out mixed effects modeling during phase estimation iterations, allowing
the predicted values from a mixed model to inform the subsequent iteration of haplotype
phase estimation.

3. Results
3.1. Study sample

There were 5201 members of the original cohort, 4925 who reported as Caucasian with
European descent. An additional 687 members were recruited into the African American
(AA) cohort, 678 who reported African American ethnicity. Among Caucasians, 4297 gave
consent to be genotyped, of whom 3878 were successfully genotyped for more than 50% of
the SNPs. Among the AAs, 621 gave consent to be genotyped, of whom 590 were
successfully genotyped. We excluded those who provided less than 3 measurements on the
3MS over the course of follow-up, leaving 3575 in the Caucasian cohort and 481 in the AA
cohort included in analyses.

The CHS Cognition Study, reflecting the subset of CHS participants for whom dementia
adjudication was available, collected 3608 participants, of whom 2761 who had genetic and
phenotype data for inclusion in the analysis. Of these, there were 2426 Caucasians in our
analyses, of whom 423 were demented. Of the 481 AAs in our analyses, 335 were in the
CHS Cognition Study, of whom 71 were demented. The progression to a final analytic
sample as well as the analytic group from the Cognition Sub-sample and their cognitive
status are provided in Fig. 1.

3.2. Measurement descriptions
3.2.1. Basic demographics and covariate status—Characteristics of the participants
included in our report by cohort are provided in Table 1. Statistically significant differences
between the Caucasian and AA cohorts were observed for most variables. Those included in
our analyses were very similar to those not included due to lack of genotyping consent,
across a wide range of characteristics, for both cohorts. Additional participants were not
included, despite consent, due to lack of genotype or phenotype data. In Caucasians, those
available for genotyping but excluded from analysis due to missing genotype or cognitive
information were older (p<0.001), less educated (p-value from test for trend <0.001), more
likely to be hypertensive (p=0.0001), more likely to report having heart disease at baseline
(p=0.0001), more often reported poor or fair health (p-value for trend <.001), had higher
peripheral white blood cell levels (p=0.0005) and had higher CRP levels (p=0.0022).
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Although prevalence was low, the excluded subjects also were more likely to report diabetes
(p=0.0004) and stroke (p=0.0074) at baseline. In the AA cohort, of the participants who
consented to be genotyped, those excluded from the analysis due to missing genotype or
phenotype data were older (p<.001), more likely to report baseline heart disease (p=0.003)
and more often reported poor or fair health (p-value for trend =0.017).

3.2.2. Cognitive phenotype—All subjects in the final analysis contributed three or more
measurements for the 3MS. Among Caucasians, about 5% had only three 3MS
measurements, while 48% contributed all 10 measurements. Average follow up time was
7.31 years (sd=2.26), with a minimum of 1.9 years and a maximum of 9.9 years of follow
up. For the AA cohort, 9% had only three 3MS measurements over the course of follow up,
while 55% contributed all seven possible measurements. Average follow up time for the AA
cohort was 5.26 years (sd=1.21) with a minimum of 1.8 years and a maximum of 6.3 years
of follow up. The Caucasian cohort had an average baseline score for the 3MS of 91.0
(sd=5.41) and a DSST score of 38.6 (sd=12.7) (see Table 2). The AA cohort had an average
baseline score for the 3MS of 84.15 (sd=11.5) and DSST score of 29.95 (sd=13.2)(see Table
2).

3.2.3. IL1 SNPs—Of the 32 genotyped SNPs, one SNP was dropped from analysis
(rs315920) due to poor clustering, leaving 31 SNPs to be evaluated. The percentage of
missing genotypes per SNP ranged from 1% to 10% in Caucasians and 0% to 23% in AAs.
Allele and genotype frequencies, and tests of Hardy Weinberg proportions, for the 31 SNPs
in our analyses are provided for both cohorts in Table 3 for whites and Table 4 for AAs. In
both cohorts, significant Hardy Weinberg p-values resulted despite small differences in
observed versus expected frequencies due to the large sample size. Of the six SNPs with
statistically significant HWE departures at p<0.05, only two had meaningful departures from
expected frequencies: rs1800587, excess homozygosity, and rs4849122, excess
heterozygosity. Among the six SNPs flagged for HWE departure among AAs, rs2856838
showed moderate excess heterozygosity and both rs3213448 and rs17042998 showed excess
homozygotes. The allele frequencies for the Caucasian and AA cohorts closely match those
reported on HapMap for the CEU and YRI founders, respectively. All SNPs shown were
included in subsequent association analyses and flagged for further consideration if
associated. None of the SNPs with meaningful departures from HWE were associated with
cognition in the association analyses.

There are over 100 SNPs cataloged in dbSNP for IL1A and IL1B, and over 400 for IL1RN.
Using our set of genotyped tag SNPs, we attained 100% coverage compared to HapMap for
all three IL1 genes at a correlation of 0.80 for both Caucasians and AAs.

3.3. Association analyses
3.3.1. IL1 single SNP associations—P-values for tests of the effects of all SNPs on
both baseline cognition and annual rate of cognitive change using the minimally adjusted
mixed effects models are provided in Fig. 2 (Caucasians) and Fig. 3 (AAs). The effect sizes
for statistically significant single SNP results (p<0.016 after correcting for 3 genes) are
given in Table 5. The addition of covariates in the fully adjusted models did not alter our
findings, thus, we show results only for the minimally adjusted models. For Causasians,
almost all significant SNPs were located in the IL1RN gene and were associated with
intercept performance values on the 3MS (see Fig. 4 for gene-specific results of 3MS
intercept analyses). The strongest signal, for rs17042917 in the 5′ untranslated region, was
associated with a 0.47 increase in baseline 3MS (95%CI =0.09, 0.85, pval=0.015) per copy
of the minor allele. The intronic SNP rs4251961 is nearby and significant for lowered
performance on the 3MS intercept (β (95%CI)= −0.36 (−0.60, −0.13), pval=0.0027). SNP
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rs17042917 is not strongly correlated with rs4251961 (r2=0.07). Two additional intronic
SNPs, rs2637988 and rs3213448, were marginally associated, but did not meet our criteria
for significance. Also for the IL1RN gene, SNP rs931471 is significant with the baseline
3MS score (β=0.39, 95%CI=0.13,0.65, pval=0.0032); this SNP lies outside the gene, and is
modestly correlated with the other two SNPs (r2=0.22 for rs17042917and r2=0.22 for
rs4251961). In addition to these IL1RN SNP associations with 3MS score, we detected an
association with a missense SNP in the IL1A gene, rs17561, with increased annual rate of
change on DSST score (β=0.08, 95%CI=0.01, 0.14, pval=0.016).

For the AA cohort, we observed two significant SNPs in the IL1B gene. Fig. 5 provides a
schematic of the IL1B gene and regression estimates in AAs. Rs1143634 is a synonymous
coding SNP that has been reported in the literature for AD (Hedley and others 2002; Wehr
and others 2006). We observed a significant association with this SNP for the 3MS intercept
(β (95%CI)=2.1 (0.39, 3.8), pval=0.016). The upstream SNP, rs1143627, is also significant
(β (95%CI)=1.6 (0.48, 2.8), pval=0.006), and is not highly correlated with rs1143634
(r2=0.03).

3.3.2. IL1 haplotype associations—Average haplotype block size for whites was 10.7
kb for whites and 10.9 kb in AAs. Haplotype block SNP membership was similar between
the two cohorts, although the AA cohort had less linkage disequilibrium (LD) resulting in
the designation of an extra haplotype block. None of the global haplotype tests yielded
significant findings in the Caucasian or AA cohort.

3.3.3. Effect modification—We hypothesized that depression or NSAID use could
modify the association between IL1 SNPs and cognition. We did not observe any
statistically significant interaction for the AA cohort, or between SNPs and baseline use of
NSAIDs in the Caucasian cohort. There was, however, a significant quantitative interaction
with report of physician-diagnosed depression at baseline in the Caucasian cohort
(interaction p value<0.05 for all three IL1RN SNPs with significant main effects).
Supplementary Table 1 provides sample sizes, effect sizes and p-values for each SNP,
stratified by the modifying variable for the Caucasian cohort. Associations for rs17042917,
rs4251961, and rs931471 in the IL1RN gene, while significant among the non-depressed
participants with effect size similar to the overall sample, were stronger among the
approximate 171 individuals diagnosed with depression at baseline. Among these
individuals, for rs17042917, those with a single copy of the minor allele performed several
points better on the 3MS compared to those with a minor allele (β (95%CI)=3.99 (1.50, 6.5),
pval=0.0017). Those depressed and possessing a single copy of rs931471 protective allele
also performed better at baseline on the 3MS compared to those who were depressed with no
protective alleles (β (95%CI)=1.97 (0.30, 3.7), pval=0.021). Finally, for rs4251961,
interaction with depression at baseline was marginally significant; among those depressed at
baseline, possession of the minor allele resulted in lowered cognitive performance on the
3MS compared to those with minor allele (β (95% CI)= −1.3 (−2.7, 0.11), pval=0.071). It
should be noted that while the interaction with depression for these three SNPs are
significant, genotype frequencies within the depressed group are small for the rare
homozygotes. We did not observe any significant interactions with the IL1A SNP rs17561
in Caucasians or the IL1 SNPs in the AA cohort.

3.3.4. Specificity to dementia—It is important to further characterize whether the IL1
SNP associations identified were specific for those who were demented, rather than
reflecting cognitive aging more generally. Because dementia was not adjudicated in the full
sample, a comparison of “overall” results to only those without dementia was only possible
among participants of the CHS Cognition Study. We first repeated the association analyses
in this Cognition Sub-sample of participants, without regard to dementia status, to compare
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results for this subset versus the full CHS cohort presented in our primary results. Some of
the associated SNP effects were attenuated among the CHS Cognition Study participants.
For Caucasians, although effects sizes were consistent, SNPs rs17042917 and rs931471
were no longer statistically significant for their main effects (Table 5). We then compared
results for the full Cognition sub-sample to results among only those without dementia. In
general, when removing demented subjects from analysis, effect sizes attenuated and
statistical significance decreased (Table 5).

4. Discussion
We evaluated several SNPs in three genes that are part of the interleukin-1 cluster on
chromosome 2 for their association with cognitive test performance. The 3MS was used as a
test of global cognition and the DSST as a measure of attention and processing speed. We
found significant SNPs associated with baseline 3MS score in the IL1RN gene for
Caucasians and in the IL1B gene for African Americans (AAs). Most of the variants in these
genes lie in or near the promoter regions, and may affect cognition via alterations in the
amount produced, rather than a conformational change in the protein. Supporting this,
variants have been found for IL1RN (Zheng et al., 2000) and IL1B (Licastro et al., 2000;
Pociot et al., 1992) that associate with increase serum levels of IL1, although SNPs in the
IL1RN gene have not been identified to significantly increase gene expression (eQTLs).
Only one significant association with annual rate of change on the DSST was found for a
missense SNP in the IL1A gene. The lack of findings with change over time on cognitive
test performance may be that these SNP associations affect only the intrinsic level of
cognitive ability, but could also be due to the fact that this is an older cohort, and influences
on cognitive change have already exerted their effects. It may also be that we were
underpowered to detect very small effect sizes in the annual rate of change in test
performance. Taken together, our results provide some supporting evidence that IL1 may
precede brain-related changes that influence cognition.

For Caucasians, the pattern of SNP associations in IL1RN is consistent with LD attenuation
of a true association signal. The strongest effect was for a SNP in the 5′ untranslated region
(rs17042917) for baseline 3MS score. The next closest SNP (rs4251961) was also
significant for baseline 3MS and baseline DSST; two other SNPs moderately correlated with
these significant SNPs were also marginally associated. This pattern suggests that all
associations may reflect a common signal from the 5′ untranslated SNP, rs17042917, or
from an unmeasured variant in high LD with this SNP. In addition to these SNPs, an
intergenic SNP 3′ of the IL1RN gene (rs931471) was also statistically significantly
associated with baseline 3MS score. Given the modest correlation between this SNP and the
5′ untranslated SNP in our sample, it is possible that this SNP also reflects the 5′
untranslated SNP association. The association with increased performance over time in the
DSST and the IL1A SNP rs17561, although modest, is interesting in that the DSST is
perhaps more closely related to cognitive aging than to dementia (Joy et al., 2000). The
persistence of the association after removing those with dementia supports this
interpretation.

The SNP associations in IL1RN were stronger in those who reported being currently
diagnosed by a physician with depression. Because IL1 levels have been shown to be
elevated in older depressed adults (Thomas et al., 2005), and because animal models suggest
that increased peripheral levels can increase brain levels of IL1 (Licinio and Wong, 1997),
IL1 inflammation in depression could be a trigger that initiates the IL1-driven cytokine cycle
in brain, where IL1 genetic predispositions can have greater influence. We chose a report of
physician-diagnosed current depression rather than score on a 10-item shortened version of
the Center for Epidemiological Studies Depression Scale (CES-D), which measures the
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number of depressive symptoms experienced in the previous week (Arbelaez et al., 2007).
When using the CES-D >8 as a threshold for depression, overall agreement is 86%, but the
effect modification is no longer significant. Thus, our observed quantitative effect
modification depends on how depression is measured. We believe the ideal measurement
would be long-standing clinical depression that results in chronically elevated cytokine
levels, and acknowledge that measures of only current depression has limitation.

For the IL1B gene, we observed two significant SNPs in the AA sample. One lies in the
promoter region (rs1143627) and the other is a synonymous coding SNP (rs1143634).
Because IL1 genes are likely to affect cognition by increased cytokine production, a
synonymous SNP could alter protein levels by affecting the translational stability, splicing,
or transcriptional control of the codon. The synonymous IL1B coding SNP rs1143634 has
been associated with AD in two previous reports (Hedley et al., 2002; Wehr et al., 2006).
The promoter SNP rs1143627 (also referred to as the −31 IL1B promoter SNP) was shown
to have a modest posterior probability for being an eQTL of 0.48 (Veyrieras et al., 2008).
The rs1143627 SNP has not been investigated for AD, but was highly correlated with
promoter SNPs that have been previously associated with AD: rs16944 (r2=0.96, also known
as the IL1B −511 promoter SNP), rs3087258 (four base pairs away from rs16944), and
rs1143623 (r2=0.86). This last SNP is interesting in that the rarer G allele was associated
with weaker promoter activity and decreased gene expression which could be explained by
lower binding at the GATA motif (Harrison et al., 2008; Lee et al., 2004). This SNP was
also significantly associated with rheumatoid arthritis in a case–control study (Harrison et
al., 2008). Finally, the rs16944 SNP correlated with memory performance in a population of
older Caucasians (Baune et al., 2008).

Compared to the full CHS cohort, we saw an attenuation of the IL1 SNP associations when
limiting to the Cognition Sub-sample. Allele and genotype frequencies do not explain this
difference (data not shown), nor does a drop in precision due to decreased sample size. We
posit that this attenuation is most likely due to the modifying effect of unmeasured cognitive
reserve, which is likely higher in the participants in the Cognition Sub-sample compared to
the full CHS. Evidence that supports the cognitive reserve hypothesis (Stern, 2003; Whalley,
Deary et al., 2004) has been reported for CHS (Elkins et al., 2006), such that associations
with cognitive tests and MRI-defined infarct were weaker among those with higher
education levels, presumably because these participants have increased brain reserve and
better compensatory strategies. Thus, we would expect IL1 SNP associations with cognitive
tests to weaken among the CHS Sub-sample, which is better educated, assuming education
is a good proxy for cognitive reserve. We would also expect SNP associations to be stronger
in the low education group in the full CHS cohort. In fact, SNP association estimates among
those with less than a high school education in the whole CHS cohort were stronger and
more significant than those of higher education levels, although a test for statistical
interaction was not significant (data not shown). This suggests education only imperfectly
marks cognitive reserve. Even among similarly educated participants, 3MS scores in the
Cognition Sub-sample were higher, and decline was slower, compared to the full CHS
sample, supporting this idea. Thus, the attenuation of estimates when limiting to the
Cognition Sub-sample may be explained by increased cognitive reserve in this sample,
which cannot be fully accounted for by adjusting for education, or by including it as a
modifier.

We could only address whether the IL1 gene effects were specific to dementia among the
Cognition Sub-sample, since only these participants provided enough information for
dementia adjudication. Within this group, IL1 effect sizes and statistical significance do
attenuate when those diagnosed with dementia are removed from analysis. These findings
provide some evidence to suggest that the genetic IL1 signals may be specific to a
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progressive or impending dementia process, as opposed to a cognitive aging process that is
associated with more limited degenerative pathology (Albert, 2002). It should be noted,
however, that the 3MS score was used in part to determine dementia adjudication so that
those with low 3MS scores were most likely to be demented. Case-control studies have
found IL1 gene associations with AD (Hedley et al., 2002; Wehr et al., 2006), further
supporting our findings that IL1 genetic signals are specific to dementia.

Finally, we only observed one SNP to be associated with change in performance on the
DSST, a test shown to be a robust predictor of cognitive aging (Joy et al., 2000; Salthouse,
1978), and this SNP association persisted in the non-demented group. The fact that most of
our results are confined to the 3MS, and attenuated exclusively among the associations with
3MS, suggests that these IL1 SNPs could be specific to a dementing process.

Because the effects of IL1 on neurodegeneration are suspected to be diverse, global
cognition may be a relevant general phenotype for these genes, as we hypothesize. However,
the 3MS, while capturing global cognitive function, was intended primarily for detection of
dementia (Teng and Chui, 1987) and may not fully represent global cognitive function
associated with aging per se. In contrast, focus within separate cognitive domains may be
useful to further characterize the role of IL1 variation. In fact, a study of older Caucasians
found an association between an IL1B SNP and memory performance, but not speed and
motor function (Baune et al., 2008). If a SNP is suspected to affect cognition through its
purported role in an AD dementing process, we may benefit by measuring episodic memory
or executive functioning, as these measures are thought to be early indicators of disease
(Albert, 1996).

In our analyses of IL1 genes, we chose a modified Bonferroni correction where we assumed
three independent tests for each of the three candidate genes (resulting in a threshold p-value
of 0.016) to establish significance. No SNPs would have been significant at the more
conservative study-wide Bonferroni value, which assumes 31 independent tests. Had we
imposed a study-wide false discovery rate, three SNPs would be significant: rs4251961 and
rs931471 in the IL1RN gene, and rs1143634 in the IL1B gene. We selected a less
conservative criterion because of previous reported associations in these genes, and because
we wanted to highlight effect sizes and consistent LD patterns within a gene. To ultimately
protect against false positive reports of association we encourage further replication in other
large study samples with similar cognitive testing.

Our results show association between two genes in the IL1 family and baseline cognitive
performance among older adults, providing some genetic evidence that the pro-
inflammatory cytokine IL1 may affect cognition, likely via a dementing process. Our study
had excellent gene coverage, continuous measures of cognitive test performance collected
over time, and provided a large sample size in Caucasians. We saw differences by ethnic
background that may be important for future replication and interpretation. Finally,
education levels serving as a proxy for cognitive reserve may modify associations found
with cognition and genes that lie in inflammatory pathways, so that any future replication
efforts should take level of education into consideration.
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Fig. 1.
Inclusion and exclusion of CHS participants to the analytic sample.
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Fig. 2.
Single SNP Associations (−log10(pvalue)) by Position for 3MS and DSST scores in the
White Cohort (n=3575). Chromosome position is shown in kilobases (kb). Genes
annotations are shown on the bottom of the figure, where the direction of the arrow shows
the 5′ to 3′ direction of transcription. Estimated recombination rates in centiMorgan per
Megabase (cM/Mb) are obtained from HapMap data and are plotted directly above the genes
to reflect the linkage disequilibrium structure. Position, annotations and estimated
recombination rates use Build 36 coordinates. P-values are plotted as –log 10 values
(−logP). Dashed lines are shown at values that correspond to a zero p-value and a p-value of
0.016. Solid symbols represent p-values from the fixed effect for the baseline term and open
symbols represent p-values from the fixed effect for the slope term; symbols relating to the
3MS are in black, and symbols relating to the DSST are in gray. Software to create the
figure is adapted from the R script provided for the Regional Association Plot on the Broad
Institute website (http://www.broadinstitute.org/science/projects/diabetes-genetics-initiative/
plotting-genome-wide-association-results).
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Fig. 3.
Single SNP Associations (−log10(pvalue)) by Position for 3MS and DSST scores in the AA
Cohort (N=481). Chromosome position is shown in kilobases (kb). Genes annotations are
shown on the bottom of the figure, where the direction of the arrow shows the 5′ to 3′
direction of transcription. Estimated recombination rates in centi-Morgan per Megabase
(cM/Mb) are obtained from HapMap data and are plotted directly above the genes to reflect
the linkage disequilibrium structure. Position, annotations and estimated recombination rates
use Build 36 coordinates. P-values are plotted as −log 10 values (−logP). Dashed lines are
shown at values that correspond to a zero p-value and a p-value of 0.016. Solid symbols
represent p-values from the fixed effect for the baseline term and open symbols represent p-
values from the fixed effect for the slope term; symbols relating to the 3MS are in black, and
symbols relating to the DSST are in gray. Software to create the figure is adapted from the R
script provided for the Regional Association Plot on the Broad Institute website (http://
www.broadinstitute.org/science/projects/diabetes-genetics-initiative/plotting-genome-wide-
association-results).
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Fig. 4.
Beta (95%CI) for Baseline 3MS Score (fitted intercept) in the IL1RN gene for the White
Cohort based on a model with additive inheritance. Chromosome position is shown in
kilobases (kb). Genes annotations are shown on the bottom of the figure, where the direction
of the arrow shows the 5′ to 3′ direction of transcription. Estimated recombination rates in
centiMorgan per Megabase (cM/Mb) are obtained from HapMap data and are plotted
directly above the gene to reflect the local linkage disequilibrium structure. Position,
annotations and estimated recombination rates use Build 36 coordinates. The dashed line
represents an effect size of zero. The point estimate for SNP rs17042917 is located on the far
left, denoted by a black diamond, with error bars corresponding to the 95% confidence
interval. For all other SNPs, the color of the diamond denoting the effect size reflects the
pairwise correlation between a given marker and SNP rs17042917 (r2), so that darker shades
of gray are highly correlated, and lighter shades of gray or not strongly correlated (see
legend). Software to create the figure is adapted from the R script provided for the Regional
Association Plot on the Broad Institute website (http://www.broadinstitute.org/science/
projects/diabetes-genetics-initiative/plotting-genome-wide-association-results).
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Fig. 5.
Beta (95%CI) for Baseline 3MS Score in the IL1B gene for the AA Cohort Models base on
additive inheritance. Chromosome position is shown in kilobases (kb). Genes annotations
are shown on the bottom of the figure, where the direction of the arrow shows the 5′ to 3′
direction of transcription. Estimated recombination rates in centi-Morgan per Megabase
(cM/Mb) are obtained from HapMap data and are plotted directly above the gene to reflect
the local linkage disequilibrium structure. Position, annotations and estimated recombination
rates use Build 36 coordinates. The dashed line represents an effect size of zero. The point
estimate for SNP rs1143634 is located second from the right, denoted by a black diamond,
with error bars corresponding to the 95%confidence interval. For all other SNPs, the color of
the diamond denoting the effect size reflects the pairwise correlation between a given
marker and SNP rs1143634 (r2), so that darker shades of gray are highly correlated, and
lighter shades of gray or not strongly correlated (see legend). Software to create the figure is
adapted from the R script provided for the Regional Association Plot on the Broad Institute
website (http://www.broadinstitute.org/science/projects/diabetes-genetics-initiative/plotting-
genome-wide-association-results).
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Table 1

Baseline characteristics for participants of the Cardiovascular Health Study.

Variable Caucasian African American pval

(n=3575) (n=481)

Age, years* 72.67 (5.42) 72.47 (5.59) 0.45

Female, n/N (%) 2041/3575 (0.57) 304/481 (0.63) 0.011

Education, n/N (%)

 <HS 888/3567 (0.25) 201/478 (0.42)

 HS 1345/3567 (0.38) 133/478 (0.28)

 Some college 544/3567 (0.15) 65/478 (0.14)

 College or more 790/3567 (0.22) 79/478 (0.17) <.0001

Hypertension, n/N (%)

 Normal 1623/3571 (0.45) 108/481 (0.22)

 Borderline 518/3571 (0.15) 60/481 (0.12)

 Hypertension 1430/3571 (0.4) 313/481 (0.65) <.0001

 Diabetes, n/N (%) 267/3562 (0.07) 87/478 (0.18) <.0001

 Stroke, n/N (%) 66/3554 (0.02) 25/478 (0.05) <.0001

 Heart disease, n/N (%) 754/3495 (0.22) 113/466 (0.24) 0.19

 Depression score 4.29 (4.32) 8.44 (2.86) <.0001

 Social support score 8.19 (2.58) 5.9 (5.28) 0.069

 Depressed, n/N (%) 171/3398 (0.05) 29/468 (0.06) 0.29

Healthy, n/N (%)

 Excellent 550/3568 (0.15) 36/478 (0.08)

 Very good 927/3568 (0.26) 90/478 (0.19)

 Good 1384/3568 (0.39) 173/478 (0.36)

 Fair 627/3568 (0.18) 143/478 (0.3)

 Poor 80/3568 (0.02) 36/478 (0.08) <.0001

 White blood cell count (x1000/cubic mm) 6.3 (1.86) 5.78 (1.87) <.0001

 CRP (mg/L) 4.35 (7.88) 2.67 (2.41) <.0001

 Adjusted cholesterol (mg/dl) 212.6 (39.34) 210.35 (37.01) 0.24

 NSAID use, n/N (%) 435/3572 (0.12) 74/479 (0.15) 0.043

 Arthritis, n/N (%) 1785/3531 (0.51) 268/476 (0.56) 0.019

ApoE ε4 status, n/N (%)

 ε2/X 541/3427 (0.16) 104/453 (0.23)

 ε3/3 2150/3427 (0.63) 219/453 (0.48)

 ε3/4, ε 4/4 736/3427 (0.21) 130/453 (0.29) <.0001

*
Unless otherwise specified, variable is given as a mean (sd).
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