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Background: Thyroid disorders are associated with an increased risk of cognitive impairment and Alzheimer’s
disease. Both small vessel disease and neurodegeneration have a role in the pathogenesis of cognitive impair-
ment and Alzheimer’s disease. Thyroid hormone receptor alpha (TRa) is the predominant TR in brain. The
circadian clock gene REV-ERBa overlaps with the TRa gene and interferes with TRa expression. Limited data are
available on the role of the TRa/REV-ERBa locus in small vessel disease and neurodegeneration. We therefore
studied genetic variation in the TRa/REV-ERBa locus in relation to brain imaging data, as early markers for small
vessel disease and neurodegeneration.
Methods: Fifteen polymorphisms, covering the TRa/REV-ERBa locus, were studied in relation to white matter
lesion (WML), total brain, and hippocampal volumes in the Rotterdam Study I (RS-I, n = 454). Associations that
remained significant after multiple testing correction were subsequently studied in an independent population
for replication (RS-II, n = 607).
Results: No associations with total brain or hippocampal volumes were detected. A haplotype block in REV-
ERBa was associated with WML volumes in RS-I. Absence of this haplotype was associated with larger WML
volumes in women (0.38% – 0.18% [b – SE], p = 0.007), but not in men (0.04% – 0.11%, p = 0.24), which was rep-
licated in RS-II (women: 0.15% – 0.05%, p = 0.04; men: 0.05% – 0.07%, p = 0.80). Meta-analysis of the two popu-
lations showed that women lacking this haplotype have a 1.9 times larger WML volume ( p = 0.001).
Conclusion: Our results suggest a role for REV-ERBa in the pathogenesis of WMLs.

Introduction

Thyroid hormone (TH) plays an essential role in the
mature human brain. Its importance is illustrated by the

effects of thyroid disorders in the elderly, including cognitive
impairment and Alzheimer’s disease (1–3).

The actions of the active TH T3 (3,5,3¢-triiodo-L-thyronine)
are mediated through binding to nuclear TH receptors (TRs),
thereby regulating gene expression. TRa is the predominant
receptor in the brain (4). In mice, a knock-in mutation in TRa
leading to a lower affinity to T3 results in, besides a bone and
metabolic phenotype, memory impairment in adulthood (5).

On the opposite chromosomal strand of TRa, the circadian
clock gene REV-ERBa is located. These genes partially overlap
and REV-ERBa expression has been shown to influence
splicing of TRa (6–8). Given that circadian rhythm abnor-
malities have been associated with cognitive impairment and

Alzheimer’s disease (9), it is of interest to study genes in-
volved in the circadian clock.

To date, limited data are available on the role of the TRa/
REV-ERBa locus in the mature human brain, and in cognitive
impairment and Alzheimer’s disease in particular. In recent
years, it has been shown that both neurodegeneration and
small vessel disease have a role in the pathogenesis of cog-
nitive impairment and Alzheimer’s disease (10–13). There-
fore, we studied genetic variation in the TRa/REV-ERBa locus
in relation to (early) markers of small vessel disease and
neurodegeneration derived from MR brain imaging data.
White matter lesion (WML) volume was used as a marker for
small vessel disease (14), and hippocampal and total brain
volumes were used as markers for neurodegeneration (15–
18). The associations of the TRa/REV-ERBa locus with WML,
hippocampal, and total brain volumes were studied in a
population-based cohort study. Associations that remained
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significant after multiple testing correction were tested in an
independent population for replication.

Materials and Methods

Participants

The Rotterdam Study I (RS-I) is a prospective population-
based cohort study from 1990 onward in 7983 Caucasians
aged ‡ 55 years, aimed at investigating determinants of var-
ious chronic diseases among elderly persons (19). In 1995, a
structured interview, physical examination, blood drawing,
and brain magnetic resonance imaging (MRI) were per-
formed in a random subset of 536 nondemented subjects of
RS-I.

In 1999, RS-I was expanded (RS-II) with 3011 subjects who
had become 55 years of age or moved into the study district. In
2005, a structured interview, physical examination, blood
drawing, and brain MRI scans were performed in a random
subset of 895 nondemented subjects of RS-II.

The medical ethical committee of the Erasmus MC, Uni-
versity Medical Center, Rotterdam, approved both studies
and all participants gave written informed consent.

MRI measures

The Rotterdam Study I. Brain scans were performed on a
1.5 T MRI System (VISION MR; Siemens AG, Erlangen, Ger-
many). In 490 participants we obtained a proton-density, a T2-
weighted, and a high-resolution inversion-recovery double
contrast 3D HASTE sequence for multi-spectral volumetry
(15,20). Image preprocessing and automated measurements
of WML and total brain volume have been described in detail
previously (15). Hippocampal volumes were measured based
on manual segmentations (15).

The Rotterdam Study II. Brain scans were performed in
895 participants on a 1.5 T MRI System (General Electric
Healthcare, Milwaukee, WI) (21). For all participants, a T1-
weighted, proton-density, and FLAIR sequence were ac-
quired. Preprocessing of these images and the automated
measurement of WML, total brain, and hippocampal volume
have been described in detail previously (21,22).

Thyroid hormone measurements

In RS-I, blood samples were collected at the time of MRI.
Serum TSH (thyroid-stimulating hormone), FT4 (free 3,5,3¢,5¢-
tetraiodo-L-thyronine), and T3 levels (n = 470) were measured
with chemoluminescence assays (Vitros ECI Immunodiagnostic
System; Ortho-Clinical Diagnostics, Rochester, MI).

Selection and genotyping of polymorphisms

Based on linkage disequilibrium (LD) analysis (www
.hapmap.org) and previous sequencing results (23), a tagging
set of 15 polymorphisms with a minor allele frequency (MAF)
above 5% was selected to cover most of the genetic variation in
the TRa/REV-ERBa locus and the 10 kb upstream and down-
stream regions (Fig. 1). As no rs number has yet been assigned
to A2390G, we named it by its (TRa 3¢ UTR) nucleotide sub-
stitution (23).

For RS-I and RS-II, genotypes were extracted from the Il-
lumina HumanHap 550K (Duo) array. Genotypes for

rs2230701 and A2390G were determined with Taqman Allelic
Discrimination (Applied Biosystems, Nieuwerkerk a/d IJssel,
the Netherlands). Genotype data were available in 454 (RS-I)
and 607 (RS-II) subjects with imaging data.

Using genotype data from 470 subjects from RS-I, the LD
structure of the TRa/REV-ERBa locus was analyzed using
Haploview 4.1 (24).

Statistical analysis

Genotype and allele frequencies were tested for Hardy–
Weinberg equilibrium. Linear regression was used to com-
pare baseline characteristics between genotype groups. WML,
total brain, and hippocampal volumes were expressed as
percentage of total intracranial volume to adjust for head size
differences. WML volume was additionally natural log
transformed because of skewness of the untransformed
measure. The associations with WML, total brain, and hip-
pocampal volumes were tested using linear regression. All
analyses were adjusted for age and gender. To minimize the
risk of false-positive findings, multiple testing correction by
permutation analysis was performed, thereby taking the LD
structure between these polymorphisms into account. Results
were obtained after 10,000 permutations, using PLINKv1.07
(25). As REV-ERBa is a circadian clock gene and gender-
related differences in circadian rhythm regulation have long
been recognized (26–29), we investigated the gender-specific
effects of REV-ERBa polymorphisms that remained signifi-
cant after multiple testing correction at p = 0.05.

Associations that remained significant after multiple test-
ing correction at p = 0.05 in RS-I were tested in RS-II for rep-
lication. Meta-analyses were conducted using the METAL
software package applying inverse-variance weighted fixed-
effects methodology (www.sph.umich.edu/csg/abecasis/
Metal). SPSS 15.0 for Windows (SPSS, Chicago, IL) was used
for all analyses, unless stated otherwise. Haplotypes were
determined by indirect haplotyping using PHASE (30).

Power calculations for detectable effect sizes in RS-I and
RS-II combined, and in RS-I alone were performed at b = 0.80
and a-values corresponding to the multiple testing corrected
p-value thresholds.

In RS-I and RS-II, we had power to detect differences in
WML, total brain, and hippocampal volumes of 0.27, 0.20, and
0.17 standard deviation (SD), for polymorphisms with an
MAF of 10%, 20%, and 30%, respectively. Similarly, in RS-I
alone, we had power to detect differences of 0.41, 0.31, and
0.27 SD. One SD WML volume equals 1.53% and 0.66% in RS-I
and RS-II, respectively. One SD hippocampal volume equals
0.10% and 0.05% in RS-I and RS-II, respectively. Similarly, 1
SD total brain volume equals 3.66% and 3.41%.

Results

Allele and genotype frequencies of all polymorphisms were
in Hardy–Weinberg equilibrium with similar frequencies as
reported in literature (23) and established databases, such as
HapMap (www.hapmap.org) and dbSNP (www.ncbi.nlm.
nih.gov/projects/SNP) (Fig. 1). The LD structure of the TRa/
REV-ERBa locus is shown in Figure 1.

Both RS-I and RS-II consisted of 51% women. Mean ages
were 73.4 – 7.9 (mean – SD) and 67.5 – 5.5 years, respectively.

None of the studied polymorphisms were associated with
baseline characteristics, including serum TSH, FT4, and T3 levels.
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Table 1. Effects of Polymorphisms in TRa/REV-ERBa on White Matter Lesion Volumes

in Men and Women from the Rotterdam Study I

Gene Polymorphism b [mean (SE)]a p (uncorrected) p (corrected)b

TRa rs868150-C/T - 0.07 (0.10) 0.241 0.932
rs7502966-T/C 0.13 (0.10) 0.080 0.560
rs1568400-A/G 0.04 (0.11) 0.645 0.999
rs939348-C/T 0.07 (0.09) 0.669 0.999
rs2230701-C/T - 0.11 (0.18) 0.886 0.999
A2390G-A/G 0.28 (0.13) 0.677 0.996
rs3744805-G/A 0.32 (0.14) 0.208 0.897

REV-ERBa rs4794826-G/A 0.23 (0.16) 0.338 0.982
rs2314339-C/T 0.32 (0.13) 0.124 0.727
rs2071427-G/A 0.10 (0.11) 0.527 0.999
rs2269457-A/G 0.06 (0.11) 0.135 0.757
rs12941497-G/A 0.22 (0.10) 0.006 0.069
rs939347-G/A 0.26 (0.10) 0.002 0.021
rs2071570-G/T 0.21 (0.11) 0.005 0.059
rs16965644-A/G - 0.10 (0.14) 0.087 0.591

aExpressed as white matter lesion volume percentage. Volume is expressed as percentage of intracranial volume to adjust for head size
differences. Effects are adjusted for age and gender.

bObtained after multiple testing correction by permutation analysis (10,000 permutations).

FIG. 1. (A) The genomic organization of the TRa/REV-ERBa locus is shown in the upper part of the figure. Exons are
indicated by boxes. Selected polymorphisms are shown in the lower part of the figure, together with minor allele frequencies
in the Rotterdam Study I (RS-I). (B) Linkage disequilibrium (LD) structure of the TRa/REV-ERBa locus based on 470 subjects
from RS-I, calculated by Haploview 4.1. LD values (D¢) are shown. In case of maximum LD (i.e., D¢ = 100), the value is not
shown. The higher the LD, the more reddish is the boxes. Blue boxes indicate high D¢ but low logarithm of odds (LOD) scores.
Frequencies of the haplotypes defined by REV-ERBa-rs12941497, -rs939347, and -rs2071570 are shown for RS-I. Color image is
available online at www.liebertpub.com/thy
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In RS-I, REV-ERBa-rs939347-A was associated with larger
WML volumes (b = 0.26% – 0.10% (mean – SE), p = 0.002),
which remained significant after multiple testing correction
( p = 0.021) (Table 1). As this polymorphism is located in a
region of high LD, haplotypes defined by REV-ERBa-
rs12941497, - rs939347, and - rs2071570 were created (‘‘Block
1’’ in Fig. 1). Absence of haplotype 1 was associated with
larger WML volumes (b = 0.20% – 0.10%, p = 0.007). We addi-
tionally investigated the gender-specific effects of haplotype 1
on WML volumes. This effect was largely driven by women
(women: b = 0.38% – 0.18%, p = 0.007; men: b = 0.04% – 0.11%,
p = 0.24) (Fig. 2). This effect was replicated in RS-II, which also
showed a significant association with larger WML volumes in
women (b = 0.15% – 0.05%, p = 0.041), but not in men
(b = 0.05% – 0.07%, p = 0.795) (Fig. 2). Meta-analysis of the two
populations resulted in b = 0.17% – 0.05% ( p = 0.001) in wo-
men, and in b = 0.05% – 0.06% ( p = 0.42) in men. None of the
other studied polymorphisms were associated with WML
(Table 1) or total brain volumes (data not shown).

In RS-I, TRa-A2390G-G was associated with smaller hip-
pocampal volumes (b = - 0.03% – 0.01%, p = 0.002), which re-
mained significant after multiple testing correction ( p = 0.027).
However, this effect could not be replicated in RS-II
(b = 0.01% – 0.01%, p = 0.28). Meta-analysis of the two popu-
lations resulted in b = - 0.02% – 0.05% ( p = 0.63). None of the
other studied polymorphisms were associated with hippo-
campal volumes (data not shown).

Discussion

In the present study, we investigated the effects of genetic
variation in the TRa/REV-ERBa locus on WML, total brain,
and hippocampal volumes. A haplotype block covering exon
1 of the REV-ERBa gene was associated with larger WML
volumes. REV-ERBa is a nuclear hormone receptor with a key
role in the regulation of the circadian rhythm, which is gen-
erated by feedback loops of gene expression (31). In this sys-
tem, REV-ERBa acts as a constitutive repressive transcription
factor, as it has an atypical ligand-binding domain lacking the
carboxy-terminal activation function-2, required for recogni-
tion of co-activators (32). WMLs, presumed to result from
cerebral small vessel disease, range from reduced myelination
and edema to gliosis and complete axonal destruction (14).
WMLs are associated with a substantial increased risk of
cognitive decline, dementia, stroke, and death (33). In the

present study, the association of the REV-ERBa haplotype
was exclusively driven by its association in women. We show
that women lacking REV-ERBa haplotype 1 have a 1.9 times
larger WML volume compared with women with 1 or 2 copies
of this haplotype (Fig. 2). Gender differences in circadian
rhythm regulation have long been recognized (26–29). Barger
et al. found differences in the circadian timing system of body
temperature, heart rate, physical activity, and feeding be-
tween male and female rhesus monkeys (26). In humans,
others have shown gender differences in the circadian
rhythms of body temperature and sleep regulation as well
(27). Also, at the level of the individual clock components, a
number of studies have shown gender differences in circadian
rhythm regulation. For example, the type of depression in
relation to variants in the clock gene TIMELESS is dependent
on gender (34). Recently, Hadden et al. studied the effects of
circadian disruption on mouse lung mechanics, and demon-
strated that the effects on the lungs, as well as the changes in
REV-ERBa expression patterns, were different between men
and women (35).

Taken together, various studies have shown that the reg-
ulation of circadian clock genes, as well as the effects of dys-
regulation of those genes, including REV-ERBa, can differ
between genders. However, no studies are available on the
gender-specific effects of REV-ERBa on the pathogenesis of
WML. The exact mechanism behind the gender-specific ef-
fects of REV-ERBa on WML therefore needs to be clarified in
future studies.

The associated haplotype block in REV-ERBa covers exon 1
and the promoter region of the gene, and may therefore in-
fluence splicing or the transcriptional level of REV-ERBa. In
addition to a direct effect of the REV-ERBa haplotype, the
effects of this haplotype on WML volumes may also be me-
diated via TRa. As can be expected from the genomic orga-
nization of the TRa/REV-ERBa locus (see Fig. 1), REV-ERBa
transcription also influences splicing of TRa (6–8). There are
two major TRa isoforms, the T3-binding TRa1 and the non-T3-
binding TRa2, which has an antagonistic function. Base
pairing with REV-ERBa mRNA blocks splicing of TRa2
mRNA, thereby favoring formation of TRa1 mRNA. In this
way, REV-ERBa expression influences the TRa1/TRa2 ratio,
thereby regulating local T3 action (6–8).

Recently, the first three patients with a mutation in TRa
have been described (36,37). Patients suffered from growth
retardation, as well as from motor and cognitive dysfunction.
However, no brain imaging data were available in these
patients.

Little is known about the exact role of circadian clock
components in the pathogenesis of WMLs. Our results sug-
gest a role for the circadian system, and for REV-ERBa in
particular, in the pathogenesis of WMLs, the exact molecular
mechanism of which needs to be clarified in future studies. In
this context it is interesting to note that circadian rhythm
disturbances are frequently observed in patients with Alz-
heimer’s disease, and even in nondemented patients with the
earliest signs of Alzheimer’s neuropathology (9).

Genetic variation in TRa has previously been studied in
relation to Alzheimer’s disease, which did not reveal signifi-
cant associations (38). This is in line with the results of the
present study, which do not show an association of genetic
variation in TRa with early markers of neurodegeneration or
small vessel disease.

FIG. 2. White matter lesion volumes by number of REV-
ERBa haplotype 1 copies in 218 women from RS-I and 293
women from RS-II. Volume is expressed as percentage of
intracranial volume to adjust for head size differences. Meta-
analysis of the two populations resulted in b = 0.17% – 0.05%
( p = 0.001).
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Strengths of our study include the high coverage of genetic
variation in the studied locus. In addition, due to the relatively
large sample size, we were powered to detect at least mod-
erate differences in WML, total brain, and hippocampal vol-
umes. However, we cannot exclude other potential (small)
effects of low-frequency polymorphisms.

A point of concern in genetic association studies is the risk
of false-positive findings. To minimize this risk, we applied
both a multiple testing correction and replicated significant
results in an independent population. Further, the relation
between the REV-ERBa haplotype 1 and WML volume was
similar in RS-I and RS-II: absence of both haplotype 1 copies
was associated with higher WML volumes, whereas carriage
of only one haplotype 1 copy was not (Fig. 2). It is therefore
highly unlikely that these observed effects are false-positive
findings.

In conclusion, we have shown that genetic variation in the
circadian clock component REV-ERBa is associated with
WML volumes in women. Future studies are needed to clarify
the exact role of the TRa/REV-ERBa locus, and the circadian
rhythm system in general, in the pathogenesis of WMLs.
Given the close relation between TRa and REV-ERBa, these
studies should identify the independent contributions of
REV-ERBa and TRa to the observed effects on WMLs.
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