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Abstract
Background and Purpose—Migraine with aura is a risk factor for ischemic stroke but the
mechanism by which these disorders are associated remains unclear. Both disorders exhibit familial
clustering, which may imply a genetic influence on migraine and stroke risk. Genes encoding for
endothelial function are promising candidate genes for migraine and stroke susceptibility because of
the importance of endothelial function in regulating vascular tone and cerebral blood flow.

Methods—Using data from the Stroke Prevention in Young Women (SPYW) study, a population-
based case-control study including 297 women aged 15–49 years with ischemic stroke and 422
women without stroke, we evaluated whether polymorphisms in genes regulating endothelial
function, including endothelin-1 (EDN), endothelin receptor type B (EDNRB), and nitric oxide
synthase-3 (NOS3), confer susceptibility to migraine and stroke.

Results—EDN SNPs rs1800542 and rs10478723 were associated with increased stroke
susceptibility in Caucasians, (OR = 2.1 (95% CI, 1.1 to 4.2) and OR = 2.2 (95% CI, 1.1 to 4.4); p =
0.02 and 0.02, respectively) as were EDNRB SNPs rs4885493 and rs10507875, (OR = 1.7 (95% CI,
1.1 to 2.7) and OR = 2.4 (95% CI, 1.4 to 4.3); p = 0.01 and 0.002, respectively). Only one of the
tested SNPs (NOS3 - rs3918166) was associated with both migraine and stroke.

Conclusions—In our study population, variants in EDN and EDNRB were associated with stroke
susceptibility in Caucasian but not in African-American women. We found no evidence that these
genes mediate the association between migraine and stroke.
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Introduction
Several observational studies have shown that migraine is a risk factor for ischemic stroke,
specifically among young women,1–4 and at least one study has reported that women with a
family history of migraine are at increased risk of stroke, regardless of their personal history
of migraine.4 The mechanism by which these disorders are associated remains unclear.
However, there appears to be a genetic contribution to both disorders,5–9 which may imply a
genetic influence on the association between migraine and stroke in young adults.

Genes encoding for endothelial function are promising candidate genes for both migraine and
stroke susceptibility because of the importance of endothelial function in regulating
vasoconstriction and vasodilation of blood vessels and cerebral blood flow. The nitric oxide
synthase-3 (NOS3) gene encodes for nitric oxide (NO) synthase, which is responsible for the
conversion of L-arginine to NO, a primary vasodilator and regulator of blood flow and vascular
tone.10–12 The endothelin-1 (EDN) gene encodes for endothelin-1 (ET-1), a primary
vasoconstrictor of vascular smooth muscle cells. Depending on the potency and type of blood
vessel, ET-1 may also cause vasodilation via ETB receptors on endothelial cells, (encoded for
by the endothelin receptor type B (EDNRB) gene), an action that is mediated by NO.10–12

Therefore, NO and ET-1 released from endothelial cells act reciprocally to maintain vascular
tone (Figure 1).

Previous studies have reported on the role of impaired NO dependent vasodilation in the
pathophysiology of migraine13 and stroke,10, 14, 15 ET-1 dose-dependent ischemia,16 and
associations between ET-1 plasma levels and migraine.17, 18 Consequently, variants in genes
that encode for endothelial function have been studied in relation to migraine,19–21 stroke,22–
24 and related conditions such as high blood pressure,25, 26 pulse pressure27 and myocardial
infarction.28 However a systematic study has not been done to assess the individual or
combined contribution of these variants to stroke or to migraine as a risk factor for ischemic
stroke. We have sought to evaluate whether polymorphisms in genes regulating endothelial
function and vascular tone (NOS3, EDN, and EDNRB) may confer susceptibility to both
migraine and stroke in a large biracial population-based case-control study of young onset-
stroke carried out in young women. In our analyses we considered risk factor status, and
migraine, as well as stroke subtype on an exploratory basis.

Materials and Methods
Study population

The Stroke Prevention in Young Women Study (SPYW) is a population-based case-control
study initiated to examine risk factors for ischemic stroke in young women. Study recruitment
and data collection occurred in two waves: recruitment for SPYW-1 was conducted between
1992 and 1996, and recruitment for SPYW-2 was conducted between 2001and 2003. In both
waves, cases were women hospitalized with a first cerebral infarction identified by discharge
surveillance from one of 59 hospitals in the greater Baltimore-Washington area and direct
referral from regional neurologists. The methods for discharge surveillance, chart abstraction,
case adjudication, and assignment of probable and possible underlying causes have been
described elsewhere.29–31 Control subjects were women with no history of stroke identified
by random-digit dialing and were matched to cases by age (within ten years) and geographic
region of residence in both waves and, additionally matched for race in SPYW-2. SPYW-1
included cases ages 15–44 years recruited within one year of stroke and was designed with a
1:2 case to control ratio. SPYW-2 included cases ages 15–49 recruited within three years of
stroke and was designed with a 1:1 case to control ratio. For both study periods, additional
cases were recruited after completion of control recruitment.
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SPYW participants for whom DNA was available includes 743 subjects (321 cases and 423
controls). Subjects were excluded from the current study if they had genetic or other known
specific etiologies for their stroke that would impair detection of new genetic associations.
These conditions were: sickle cell disease, sickle thalasemia disease, CNS vasculitis by
angiogram and clinical criteria, endocarditis, neurosyphillis, mechanical heart valve, post-
radiation arteriopathy, and cocaine use within 48 hours of stroke. These criteria resulted in the
exclusion of 24 cases and 1 control, leaving 297 cases and 422 controls in these analyses.

A pair of neurologists evaluated each case to establish ischemic stroke, with disagreements
resolved by a third neurologist. Methods for stroke subtype categories have been previously
described 29, 31 and include: 1) large artery atherosclerosis, 2) cardioembolism, 3) lacunar
stroke, 4) stroke of other determined etiology, and 5) stroke of undetermined etiology. Lifetime
headache history was collected from case and control subjects by standardized questionnaire
as described previously.32 Briefly, subjects were classified as having migraine with visual aura
if they (1) reported ever seeing spots, lines, or flashing lights around the time of their probable
migraine or (2) if they reported ever experiencing loss of vision and also reported a frequency
of probable migraine with visual aura of at least twice per year. Subjects were identified as
having probable migraine without visual aura if they reported no history of visual aura and
reported nausea, vomiting, or sensitivity to light during a probable migraine and probable
migraine frequency of at least five times per year. Traditional stroke risk factors and other
study variables, including age, ethnicity, and history of hypertension, diabetes, myocardial
infarction (MI), current smoking status, and current oral contraceptive (OC) use (both defined
as use within one month of stroke event for cases and at time of interview for controls), were
also collected during standardized interview and were included as covariates in our analyses.

This study was approved by Institutional Review Boards at the University of Maryland, the
Centers for Disease Control and Prevention, and at all participating hospitals. Each patient
gave written informed consent prior to enrollment.

SNP Selection and Genotyping Methods
SNP selection and genotyping methods for NOS3 have been previously described.24, 33 For
EDN, and EDNRB genes, we identified haplotype tag SNPs (htSNPs) from the International
HapMap Project European Caucasian and Yoruban data.34 Using the Tagger program, we
specified the pairwise tagging method,35 an r2 of 0.8 or greater, and a minor allele frequency
of at least 5% from the two populations. The chromosome location, size, number of exons,
known SNPs and htSNPs for each candidate gene is shown in Table 1. All alleles for EDN and
EDNRB SNPs were determined using the Taqman method developed by Applied Biosystems
Inc. (Foster City, CA).

Statistical and Genetic Analyses
We compared risk factor distributions between stroke cases and controls using t-tests for
continuous variables and chi-square tests for categorical variables. All polymorphisms were
biallelic; therefore frequencies of minor alleles were compared between stroke cases and
controls and between women with and without history of migraine and migraine with aura
using chi-square. For our primary analyses, we used a race-stratified additive model adjusted
for age and geographic region to test the effect of genotype on ischemic stroke. A fully adjusted
risk factor model (age, geographic region, smoking, diabetes, hypertension, myocardial
infarction, and oral contraceptive use) was also evaluated. Stroke subtype analyses were also
performed, however, given the small samples sizes these were considered exploratory or
hypothesis generating in nature.
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To test whether identified variants mediated the association between migraine and stroke, we
modeled the probability of stroke given migraine, with stroke as the response (dependent)
variable and history of migraine as the study (independent) variable, with and without the
variant present in the model. We compared the outcomes to evaluate whether the association
between migraine and stroke remained elevated when variants were controlled for. If the
association between migraine and stroke weakened after adjustment for allelic variation, this
suggested that the identified htSNP at least partially explains the association between migraine
and stroke in our study.

All statistical analyses were performed using SAS version 8.2 software.37 Hardy-Weinberg
equilibrium and linkage disequilibrium (LD) were calculated with Haploview version 3.236

Two-tailed p-values of <0.05 were considered statistically significant. In order to test whether
the overall difference in allele distribution between cases and controls was greater than might
be expected by chance, taking into account multiple comparisons, we used Haploview36 to
randomly permute case and control status, simulating 10,000 race-stratified data sets for each
candidate gene. A summary chi-square distribution was obtained for the simulated data sets
and compared to that of our observed data.

Results
Clinical characteristics of stroke cases (n = 297) and non-stroke controls (n = 422) are shown
in Table 2. Cases were slightly older on average compared to controls and were more likely to
be of African-American ethnicity. As expected, cases were also more likely than controls to
report a history of hypertension, diabetes, and myocardial infarction and were more likely to
be current smokers and current OC users. Cumulatively, cases were also more likely than
controls to report a history of migraine, including migraine with visual aura.

SNPs analyzed from the NOS3, EDN, and EDNRB genes and their call rates are shown in Table
3 to Table 5 in order of physical location within the gene. In addition, race-stratified minor
allele frequencies and Hardy-Weinberg chi-square and p-values are given. The SNP selection
strategy used for NOS3 resulted in the selection of 22 SNPs with an average intra-SNP distance
of 2.1kb and a maximum intra-SNP distance of 5kb.33 As mentioned, we used HapMap data
to identify htSNPs for EDN and EDNRB. The number of haplotype bins or htSNPs that were
identified and the number that we tested from each gene are shown in Table 1. For EDN, we
identified six haplotype bins from the Yoruban data and 4 from the European Caucasian data.
HtSNPs from each of the identified bins in EDN were tested in our analyses. For EDNRB, 20
haplotype bins were identified in Yorubans and 9 were identified in European Caucasians. Of
these, htSNPs from 11 of the Yoruban haplotype bins and 7 of the European Caucasian
haplotype bins were tested, resulting in moderate coverage.

Associations between NOS3 polymorphisms and stroke risk in our study population have been
previously published.24, 33 However, in the current analyses, we stratified these associations
by stroke subtype and found that rs2070744 and rs3918166 were both associated with stroke
of undetermined etiology in African-Americans, (N= 286, case/control = 123/163, OR = 0.5,
95% CI: 0.2 to 0.9, p= 0.01) and (N= 296, case/control = 130/166, OR = 2.9, 95% CI: 1.0 to
8.0, p= 0.02), respectively but not among Caucasians.

We also found an association between EDN htSNP rs1800542 and increased stroke risk among
Caucasian women; those with the minor allele (allele A) had a 2.1-fold increase in the odds of
stroke (95% CI: 1.1 to 4.2, p = 0.03) compared to GG homozygotes. This association remained
statistically significant in our full model after adjustment for risk factors (Table 6). In
exploratory stroke subtype analyses, rs1800542 was significantly associated with
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cardioembolic stroke in Caucasians (N=211, case/control = 9/202, OR = 6.2, 95% CI: 1.8 to
21.7, p = 0.005).

Two EDNRB htSNPs (rs4885493 and rs10507875) were significantly associated with stroke
in Caucasian women (Table 6). Both associations remained statistically significant after
adjustment for risk factors in our full model and both were associated with stroke of
undetermined etiology in the exploratory stroke subtype analyses after adjustment for risk
factors (Table 7).

Due to the ligand/receptor relationship between ET-1 and ETB, we considered a possible
interaction between EDN and EDNRB. We tested two potential interactions in Caucasians, one
between rs1800542 from EDN and rs10507875 from EDNRB, and one between rs1800542 and
rs4885493 from EDNRB. We did not find an association in either instance (Breslow-Day Test
for Homogeneity of the Odds Ratios chi-square = 0.07, p = 0.78 and chi-square = 1.92, p =
0.17 respectively).

With regard to migraine risk, one tested NOS3 SNP showed an association with migraine: the
minor allele A in rs3918166 was more common among African-Americans with migraine with
visual aura (13%), than without (6%) (x2 = 4.8, p = 0.03). Since rs3918166 was also associated
with stroke among African-Americans,33 we considered this SNP as a potential mediator of
the association between migraine and stroke in a regression model that included migraine with
visual aura as the study variable and stroke as the outcome. However, controlling for rs3918166
had no impact on the association between migraine with visual aura and stroke in our model.

Two EDN htSNPs, rs2070699 and rs1626492, were associated with migraine with visual aura
among Caucasian women (x2 = 7.3, p = 0.03 and x2 = 5.1, p = 0.02, respectively), and
EDNRB htSNP rs9544636 was significantly associated with the presence of migraine (with
and without visual aura) among Caucasians (x2 5.5, p = 0.02). However, none of these htSNPs
were also associated with stroke and, therefore, were not considered potential mediators of the
association between migraine with aura and stroke.

Results from Haploview permutations of our stroke data indicated that the best observed chi-
square for EDN rs1800542 was 4.7 in Caucasians. A measure this extreme was observed in
20% of the 10,000 randomly permuted data sets; therefore the corrected p-value was 0.20 and
does not provide strong evidence in favor of rejecting the global null hypothesis that there is
no association between allele frequencies in EDN and case or control status. With regard to
EDNRB htSNPs, the best observed chi-square was 10.2 (corrected p-value = 0.014) for
rs4885493 and the best observed chi-square for rs10507875 was 7.6, corrected p-value = 0.05.
Both of these measures provide evidence in favor of rejecting the null hypothesis that there
was no association between allele frequencies in EDNRB and case or control status, and
therefore support our findings. Further results from permutation analyses of our stroke data,
stratified by migraine status indicated no evidence in favor of rejection of the null hypothesis
that there is no association between allele frequencies in NOS3, EDN, or ENDRB and case
control status among African-American classified as having migraine with visual aura.

Discussion
The endothelium regulates vascular tone and blood flow by secreting vasoconstrictors such as
endothelin-1 (ET-1) and vasodilators such as nitric oxide (NO),11, 12 Thus, impaired dilation
or exaggerated constriction of blood vessels may reflect reduced production of NO, which can
be regarded as an important marker of endothelial cell dysfunction.38 The NOS3 gene encodes
for NO synthase; therefore, any polymorphisms in the NOS3 gene leading to decreased function
in this gene could lead to NO deficiency. Evidence from experimental animal studies support
a role for impaired NO regulation and vasodilation in the pathophysiology of stroke,14, 15 and
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with migraine because of its role in vasodilation and with the central processing of migraine
related pain stimuli.39, 40 A few studies have reported associations between known single
polymorphisms in NOS3 and ischemic stroke in humans,22–24 although these associations have
not been well replicated.41

As previously reported by members of our research team, there is increased prevalence of the
A allele for rs1800779, and increased prevalence of the T allele for rs2070744 in cases
compared to controls in our study population.24 While we do not know of any other studies
that have reported similar associations with stroke, a recent meta-analysis reported an
association between SNP rs2070744 and coronary heart disease in Caucasians, OR = 1.12 (95%
CI: 1.01 to 1.24) for T allele.41 Exploratory stroke subtype analyses in our study showed that
two of the three SNPs from NOS3 that were associated with overall stroke (rs2070744 and
rs3918166) were primarily associated with stroke of undetermined etiology. Although
published data on NOS3 and stroke subtypes are limited, one prior study reported an association
between the intron4 variant in NOS3 and small vessel ischemic stroke in Caucasian men and
women who were 67 years of age on average.23

With regard to migraine, one NOS3 SNP (rs3918166) was significantly associated with
migraine with visual aura but this association did not mediate the affect of migraine with visual
aura on stroke risk. Borroni et al recently reported that NOS3 polymorphism rs1799983
(Glu298Asp) was a risk factor for migraine with aura,20 however we found no evidence of this
association in our analyses.

ET-1, encoded by the EDN1 gene, is the most powerful vasoconstrictor of vascular smooth
muscle.11 It increases vascular resistance and blood pressure and may also mediate the
vasoconstrictive phase in migraine attacks.18, 42, 43 ET-1 has two actions, it induces
vasoconstriction of blood vessels by binding to the endothelin-A (ETA) and endothelin-B
(ETB) receptors in smooth muscle cells (encoded by the EDNRA and EDNRB genes,
respectively), and it also mediates vasodilatation through acting on ETB receptors in the
endothelium (Figure 1). Therefore, NO and ET-1 released from endothelial cells act
reciprocally to maintain vascular tone. In most healthy arteries, vasodilation predominates so
the net effect should be vasodilation.11 However, if endothelial function or NO activity is
impaired, the vasoconstrictor effect of ET-1 on smooth muscle receptors may remain
unopposed,44, 45 potentially leading to disorders associated with endothelial dysfunction such
as stroke. ET-1 has been associated in animal studies with cerebral blood flow reduction to
levels that induce infarction,16 and, in human studies, to increases in plasma, cerebrospinal
fluid, and cerebral tissue following an ischemic stroke.46, 47

In this study we observed an association between EDN htSNP rs1800542 and stroke and
between two EDNRB htSNPs (rs4885493 and rs10507875) and stroke in Caucasians. None of
these associations were present among African-Americans. The exploratory subtype analyses
indicated that the increased stroke risk associated with EDN was primarily for cardioembolic
stroke while that associated with EDNRB was for strokes of undetermined etiology. We did
not find evidence of elevated risk for small-vessel disease associated with EDN or EDNRB in
our subtype analysis which is consistent with at least one other study.48 Two SNPs in EDN
were associated with migraine but did not mediate the effect of migraine on stroke risk. At
least one other study has assessed polymorphisms in EDN and history of migraine in a
population based study of men and women who were 69 years of age on average, but did not
find any association with EDN; although an association between EDNRA variant (−231 A/G)
and migraine was observed.21

Due to the ligand/receptor relation between ET-1 and ETB, we considered a possible interaction
between EDN, which encodes for ET-1 and EDNRB, which encodes ETB. We tested rs1800542
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from EDN and rs10507875 and rs4885493 from EDNRB for an interaction with stroke risk in
Caucasians and did not find any evidence of an interaction with stroke risk in our data. As
mentioned above, one reason for this may be that EDN was primarily associated with
cardioembolic stroke in subtype analyses and EDNRB was primarily associated with stroke of
undetermined etiology.

We observed associations with migraine and stroke in this analysis of polymorphisms from
NOS3, EDN and EDNRB. Potential explanations for our results include: direct action of the
polymorphism on disease risk; linkage disequilibrium with a nearby disease susceptibility
allele; population stratification bias; or chance findings related to multiple testing. To test for
population stratification, we genotyped 40 markers with no known association with stroke in
our population and evaluated them for systematic differences in allele frequency between cases
and controls using the program Structure49 and found no evidence for population stratification
within African-Americans or Caucasians in our study.33

In order to test the global null hypothesis that there is no relationship between allele distribution
and case status, we performed permutation analyses. The corrected p-values for single SNP
analyses for NOS3 and EDNRB were 0.02; therefore with an alpha level of 0.05, we have good
evidence in favor of rejecting the null hypothesis. However, the corrected p-value for EDN
was 0.2, which is not sufficient evidence to reject the null hypothesis that there is no association
between allele distribution and case or control status, also indicating that it is possible that our
results for rs1800542 are due to chance. Our sample size posed limitations on our ability to
evaluate the relationship between the alleles, migraine, and stroke risk. Our power to detect
the reported associations between EDN and EDNRB htSNPs and stroke risk was approximately
80%; however a larger sample size would have been preferable as our power dropped
substantially to about 60% after correction for multiple comparisons. Subsequently, stroke
subtype analyses were performed on an exploratory or hypothesis generating basis given the
small samples sizes for most subtypes.

This study has several strengths. First, we used a population-based design, which is optimal
for studying early-onset stroke due to the low incidence of stroke in this age range. Second,
we examined multiple polymorphisms and had moderate to good coverage of three of our
genes. Third, our study is the first that we know of to evaluate the association between variants
in NOS3, EDN, and EDNRB with migraine and stroke in a group of young Caucasian and
African-American women.

Endothelial damage, perhaps in combination with a genetic component, has been suggested as
a plausible mechanism of association for migraine and stroke or cardiovascular disease.50–52

While we observed separate associations between tested polymorphisms and migraine and
stroke in our study, we did not show that the association between migraine and stroke is
mediated by the presence of SNPs from our chosen candidate genes. Since this is the first study
to test this hypothesis, replication of our findings and inclusion of other genes in this
physiologic pathway will be important. Due to the high LD in all of our candidate genes, we
could not determine from these analyses whether the functional alleles that may be causing the
observed associations with stroke are in our candidate genes or are up or downstream on the
chromosomes; therefore regions outside of these genes should be considered in functional
studies.
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Figure 1.
Candidate genes encoding for endothelial function.
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Table 2
Demographic and clinical characteristics of stroke cases and controls in the Stroke Prevention in Young Women Study.

Cases (n = 297) Controls (n = 422) p-value

Age 40.0 ± 7.9 37.9 ± 7.5 0.0003

African American 135 (45%) 169 (40%) 0.170

Hyptertension 108 (36%) 58 (14%) <0.0001

Diabetes 46 (15%) 21 (5%) <0.0001

MI or Angina 38 (13%) 15 (4%) <0.0001

Smoking 138 (47%) 113 (27%) <0.0001

Use Oral Contraceptives 39 (13%) 33 (8%) 0.03

Migraine

  No migraine 152 (51%) 255 (60%) 0.02

  Migraine no aura 20 (7%) 49 (12%) 0.02

  Migraine with aura 125 (42%) 118 (28%) 0.0001
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Table 7
Effect of EDNRB polymorphisms on risk of stroke of undetermined etiology (odds ratios, 95% confidence intervals
and p-values).

Marker Cases/Controls Stroke of Undetermined Etiology

Full model*

OR (95% CI) p-value

rs4885493

  African-American 58/131 1.2 (0.7 – 1.9) 0.478

  Caucasian 72/185 0.5 (0.3 – 0.9) 0.013

rs10507875

  African-American 59/137 0.8 (0.4 – 1.5) 0.448

  Caucasian 76/186 0.5 (0.2 – 0.9) 0.018

*
Adjusted for study period, age, geographic region, smoking, diabetes, hyptertension, MI, and oral contraceptive use
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