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Abstract

Migraine and Bipolar Disorder (BPAD) are clinically heterogeneous disorders of the brain with a
significant, but complex, genetic component. Epidemiological and clinical studies have
demonstrated a high degree of co-morbidity between migraine and BPAD. Several genome-wide
linkage studies in BPAD and migraine have shown overlapping regions of linkage on
chromosomes, and two functionally similar voltage-dependent calcium channels CACNALA and
CACNA1C have been identified in familial hemiplegic migraine and recently implicated in two
whole genome BPAD association studies, respectively. We hypothesized that using migraine co-
morbidity to look at subsets of BPAD families in a genetic linkage analysis would prove useful in
identifying genetic susceptibility regions in both of these disorders. We used BPAD with co-
morbid migraine as an alternative phenotype definition in a re-analysis of the NIMH Bipolar
Genetics Initiative wave 4 data set. In this analysis we selected only those families in which at
least two members were diagnosed with migraine by a doctor according to patients' reports.
Nonparametric linkage analysis performed on 31 families segregating both BPAD and migraine
identified a linkage signal on chromosome 4q24 for migraine (but not BPAD) with a peak LOD of
2.26. This region has previously been implicated in two independent migraine linkage studies. In
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addition we identified a locus on chromosome 20p11 with overlapping elevated LOD scores for
both migraine (LOD = 1.95) and BPAD (LOD = 1.67) phenotypes. This region has previously
been implicated in two BPAD linkage studies, and, interestingly, it harbors a known potassium
dependant sodium/calcium exchanger gene, SLC24A3, that plays a critical role in neuronal
calcium homeostasis. Our findings replicate a previously identified migraine linkage locus on
chromosome 4 (not co-segregating with BPAD) in a sample of BPAD families with co-morbid
migraine, and suggest a susceptibility locus on chromosome 20, harboring a gene for the migraine/
BPAD phenotype. Together these data suggest that some genes may predispose to both bipolar
disorder and migraine.
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1. Introduction

Bipolar affective disorder (BPAD [MIM 125480]) is a severe psychiatric illness affecting
about 1% of the population with significant morbidity and mortality (World Health
Organization, World Health Report, 2002). It is characterized by excessive shifts of mood,
including periods of depression and mania. Family, twin and adoption studies strongly
indicate a genetic basis for BPAD with heritability of at least 60% (Craddock and Jones,
1999; Smoller and Finn, 2003), multiple genomic regions have been implicated in linkage
studies (Craddock and Forty, 2006), though replication has been inconsistent (Segurado et
al., 2003). The search for susceptibility genes for BPAD clearly depends on appropriate
definitions of the phenotype, and sub-grouping patients with BPAD according to clinical
symptoms, long-term course, treatment response or co-morbid psychiatric conditions has
been suggested as a fruitful approach for further genetic studies in BPAD (McQueen et al.,
2005). However, the correct recognition of the whole clinical spectrum of bipolarity (all
genetic predispositions that may in some way produce a BPAD phenotype) may even
include a broader range of conditions such as common co-morbid disorders like alcohol and
substance abuse, ADHD or migraine headaches.

Migraine (MIM 157300) is a complex, disabling disorder of the brain, characterised by
recurrent headache, nausea, emesis, phonophobia and photophobia (Davidoff, 2002). The
prevalence of migraine is approximately 18% in women, 6% in men, and 4% in children
(Silberstein and Goadshy, 2002). On the basis of clinical manifestations, the International
Headache Society (Headache Classification Committee, 2004) has classified migraine into
two main subtypes: migraine with aura (MA) and migraine without aura (MO), the latter
being three times more common than MA. Migraine prevalence varies by age, sex, ethnic
origin, and income. After puberty, prevalence increases more in girls than in boys.
Prevalence increases until about age 40 years, then declines. Prevalence is highest in ethnic
Caucasians and decreases as household income increases (Silberstein, 2004). Migraine
seriously influences quality of life, and the WHO positions migraine among the world's most
disabling medical illnesses.
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Family and twin studies suggest a significant genetic component in migraine and heritability
is estimated between 40 and 65% with MA being the more heritable subtype (Honkasalo et
al., 1995; Larsson et al., 1995; Gervil et al., 1999). However, there is a considerable clinical
heterogeneity in patients within the headache continuum and even across patients diagnosed
with the same sub-type of migraine headaches (i.e. headache severity and frequency)
(Anttila et al., 2006). Although family-based linkage studies have identified several
chromosomal regions linked to common forms of migraine, there has been little consistency
between these studies, and no genes predisposing to the common forms of migraine have
been identified (Gardner et al., 1997; Nyholt et al., 1998a,b, 2000; Jones et al., 2001;
Carlsson et al., 2002; Wessman et al., 2002; Lea et al., 2002; Bjdérnsson et al., 2003; Soragna
et al., 2003; Cader et al., 2003; Nyholt et al., 2005; Russo et al., 2005; Lea et al., 2005;
Anttila et al., 2006). However, the detection of three genetic loci for a rare form of familial
hemiplegic migraine with a Mendelian inheritance form (FHM1-3, MIMs 141500, 602481,
and 609634, respectively) has given a successful model for the identification of migraine
associated cellular mechanisms. So far, variants within three genes (two ion channel genes,
CACNA1A (MIM 601011) and SCN1A (MIM 182389), and one encoding an ATP-
exchanger, ATP1A2 (MIM 182340)) have been found to co-segregate with FHM (Ophoff et
al., 1996; Dichgans et al., 2005; De Fusco et al., 2003). All three genes are implicated in
ion-transport, and consequences of the mutations can lead to increased extra cellular
glutamate and potassium levels, most likely affecting neuronal membrane thresholds and
causing hyperexcitability of neurons (Van de Ven et al., 2007). Since the aura and headache
symptoms in typical migraine and FHM (except for the hemi-paresis) are similar and most
patients with FHM also have typical migraine, FHM is considered a valid model to study
molecular mechanisms in the common forms of migraine (Ferrari and Goadsby, 2006) and
possibly elucidate the genetic underpinning of migraine.

The co-morbidity between migraine and bipolar disorders is well documented in numerous
clinical and epidemiological studies and there are clearly pathophysiological similarities
(Endicott, 1989; Merikangas et al., 1990; Breslau and Davis, 1993; Mahmood et al., 1999;
Fasmer, 2001; Hirschfeld et al., 2003; Low et al., 2003; Oedegaard and Fasmer, 2005;
Mclntyre et al., 2006; Dilsaver et al., 2009). Both migraine and bipolar disorders have been
linked to disturbances in the serortonergic (Silberstein, 1994; Hargreaves and Shepheard
1999; Hamel, 2007; Mahmood and Silverstone, 2001), dopaminergic (Peroutka, 1997;
Emilien et al., 1999) and glutaminergic systems (Vaccaro et al., 2007; Goodwin and
Jamison, 2007). Furthermore, there are long-standing observations of alterations in ion
distribution in patients with mood disorders (Akiskal and McKinney, 1973), and substantial
evidence points towards alterations in sodium and calcium ion-channels as central factors for
understanding the pathophysiology of migraine (Pietrobon, 2007; Wessman et al., 2007,
Moskowitz et al., 2004; Van de Ven et al., 2007 and bipolar disorders (EI-Mallakh and
Whyatt, 1995; Rose et al., 1998; EI-Mallakh et al., 2003; Askland and Parsons, 2006; Kato,
2008). Also, several pharmacological treatments are successful in the prevention of both
disorders, most notably valproate (Mathew et al., 1995; Silberstein, 1996; Bowden et al.,
2000), but also lamotrigine and lithium may also, beyond the established effectiveness in
bipolar disorder (Bowden, 2002; Bowden et al., 2000), be valuable in migraine treatment
(Lampl et al., 2005; Medina and Diamond, 1981).
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Hirschfeld et al. (2003) found that the prevalence of migraine was twice as high in persons
with bipolar disorder (BPAD | and BPAD I1) compared to the general population (15.2% vs.
7%) in an Epidemiological US survey (n7=85358). In a Canadian Community Health Survey
(n =36 984), Mcintyre et al. (2006), found that the prevalence of migraine was 24.8% in
BPAD | compared to 10.3% in the general population. In addition, they described patients
with the BPAD/migraine phenotype as being more severely impaired. Mahmood et al.
(1999) found that the prevalence of migraine in BPAD in patients from a mood disorder
clinic (7= 117) was 26%, and these patients also seemed to be affected by a more severe
variant of the disorder. Fasmer (2001) studied a sample of consecutively admitted inpatients
with a current mood disorder (n7=62) and found a strikingly high prevalence of migraine in
patients with BPAD Il (77%). This finding was later replicated by Low et al. (2003) in a
sample of outpatients with bipolar disorder (r7=108), where the prevalence of migraine in
the combined bipolar group (BPAD I + I1) was 39.7%, with the clearly highest prevalence in
the BP 1l group (64.7%). Recently, Dilsaver et al. (2009), in a study of Latino adults (7=
163) were able to show that having a family history of BPAD is associated with an increased
risk of having migraine headache in patients with BPAD. On the other hand, no such
association was linked to a family history of unipolar disorder.

The diagnosis and classification of migraine and BPAD are based on the fulfilment of
symptomatic criteria, defined by the International Headache Society (IHS) and DSM-1V
respectively, and in both cases diagnoses consists of a combination of traits and/or
symptoms defining a very broad syndrome. Both migraine and BPAD are disorders where
diagnoses are characteristically based on the patient's description of symptoms and no
objective, quantitative findings can be measured by laboratory—or visualized by imaging-
techniques. Identifying traits or sub-groups that are closer to the molecular background of
the disorder than the clinical classification would therefore be particularly helpful in these
disorders. Co-morbid migraine is a phenomenon that appears to cluster in BPAD families. It
has been suggested that families with different subphenotypes of affective characteristics
may have different genetic etiologies, and clinical phenomena such as psychosis, mixed
states, rapid cycling, panic disorder, alcoholism, and suicide attempts are considered
subphenotypes in genetic BPAD studies (MacQueen et al., 2005). Co-morbid migraine could
in the context of BPAD be either a subphenotype (illness-related phenomenon) or even an
endophenotype (independent of the illness state), since there could be a basic derangement
responsible both for the short-lasting, episodic phenomena seen in patient with migraine and
bipolar disorder (migraine, panic attacks, hypomania, mania) and for the longer-lasting
disturbances (major depression, affective temperaments), possibly related to an underpinning
common genetic disturbance. In summary, since migraine and BPAD both are disorders of
the brain with several pathophysiological similarities and a high degree of co-morbidity, we
hypothesized that the BPAD/migraine pattern could be a meaningful alternative phenotype/
endophenotype for the identification of genetic susceptibility in a genome wide linkage
study.
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2. Materials and methods

2.1. Subjects

Families for these analyses derived from wave 4 of the NIMH Genetics Initiative for Bipolar
Disorder, a multi-center collaborative effort with patient recruitment at 10 sites. Families
were first identified through a sib pair with bipolar I disorder, and other first degree relatives
were recruited according to availability for the collection of phenotypic and genotypic data
for each individual in the family.

Subjects were interviewed with the Diagnostic Interview for Genetic Studies (DIGS)
(Nurnberger et al., 1994). At each site, diagnoses were determined through a best-estimate
process involving review by two clinicians who did not participate in the interview. We used
two models to define BPAD affectation status: Bipolar Narrow, which was defined as BPAD-
I, schizoaffective, bipolar-type (SA-BP), or BPAD-II, and Bipolar Broad, which was defined
as Bipolar Narrow plus recurrent unipolar depressive disorder (RUDD).

In our linkage analyses, we only included those families in which at least two family
members had been diagnosed with migraine by a doctor according to patient report (see
migraine phenotype definition), resulting in a sample of 31 families with sufficient
phenotypic and genotypic information.

2.2. Migraine phenotype definition

Information regarding migraine was collected from the patients during the clinical interview.
Patients were first asked whether they suffered from migraine headaches, and subsequently
whether the diagnosis of migraine had been confirmed by a medical doctor. Based on these
answers we grouped patients into two groups: Migraine Narrow, which included all patients
who had a diagnosis that had been confirmed by a medical doctor, and Migraine Broad,
which included Migraine Narrow plus self-reported migraine.

2.3. Co-morbid BPAD/migraine models

In addition to classifying subjects into the BPAD Broad/Narrow and Migraine Broad/Narrow
groups, we also identified the individuals who had both BPAD and migraine (either Broad or
Narrow) and classified them as into BP-Migraine-Broad (BP-Broad and any migraine
diagnosis) or BP-Migraine-Narrow (BP-Broad and migraine diagnosed by a medical doctor)
for the chromosomes that showed suggestive linkage for any of the migraine or BPAD-
phenotypes. The purpose of this was to observe whether linkage signals (in these BPAD/
migraine loaded families) would be driven by the individuals with BPAD or those with
migraine or by those who had both disorders.

2.4. Analysis

Genotyping of the wave 4 sample was performed at the Center for Inherited Disease
Research (CIDR) through the use of automated fluorescent microsatellite analysis with an
ABI 3700 Sequencer and a modification of the Cooperative Human Linkage Center (CHLC)
version 9 marker set. A total of 404 microsatellite markers with an average spacing of 9 cM
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and average heterozygosity of 0.76 were available for analysis following cleaning
procedures performed prior to data release to correct Mendelian inheritance errors.

Nonparametric linkage analysis methods were employed using MERLIN (v.1.1.2; Abecasis
et al., 2002) to analyze the extent of allele sharing among all affected relative pairs. Marker
allele frequencies were estimated among all individuals, the default in MERLIN. Marker
order and map positions were obtained from a modified version of the deCODE genetic map
(Kong et al., 2004; Nievergelt et al., 2004. Nonparametric linkage (NPL) scores were
computed under a linear model and the pairs function at a 1-cM interval across the
chromosome starting at the first marker. NPL scores were converted using the Kong-and-
Cox function (Kong and Cox, 1997).

These analyses were performed for the Bipolar Narrow, Bipolar Broad, Migraine Narrow
and Migraine Broad phenotypes for all 22 chromosomes and the X-chromosome.

Merlin was also used to conduct simulation analyses to estimate the genome-wide
significance of the highest linkage peaks in the study. This method involves gene dropping
simulations to replace the input data with simulated chromosomes that maintain the family
structure, marker spacing, allele frequencies, and missing data patterns present in the
original study. 1000 simulations of the entire chromosomes were performed for each
phenotype, and nonparametric linkage analyses were run for each of these simulated data
sets. Using the traditional method, we recorded the fraction of times a simulated LOD score
exceeded the actual LOD score and divided by the number of simulations performed.
Genome-wide simulation analyses did not alter the LOD scores or p-values reported in the
result section.

Genome-wide nonparametric linkage analysis was performed for four phenotypes in the 31
families segregating both migraine and bipolar disorder: BP-Narrow, BP-Broad, Migraine
Narrow and Migraine Broad. In addition we analysed the BP-Migraine-Broad and BP-
Migraine-Narrow phenotypes for the chromosomes with suggestive evidence of linkage for
any of the migraine or BPAD phenotypes. Tables 1 and 2 provide a description of the
subjects considered affected under these different phenotypic models, all of which had
genotypic data and were thus informative for linkage analysis. The results of the genome
wide scan revealed the highest linkage peak for the Migraine-Broad phenotype at 105 cM on
chromosome 4 with a LOD score of 2.26 (empirical 2= 0.001). The nearest marker to this
peak is D4S1647 at 103.8 cM and 99.9 Mb. The highest LOD score for the Migraine-
Narrow phenotype was seen at the same position (106 cM) with a LOD of 2.02 (empirical P
= 0.002). The BP phenotypes did not show linkage to this region and when studying the
comorbid BP-Migraine-Broad and BP-Migraine-Narrow groups the LOD scores dropped to
1.68 (empirical A= 0.004) and 1.57 (empirical 2= 0.003) respectively, indicating that the
linkage signal on chromosome 4 is driven by the migraine phenotype, independently from
the BPAD. A region of 20 cM (95 cM to 115 cM) showed LOD scores >1.00 distributed
around the maximum LOD at 105 cM, flanked by the markers D4S2361 and D4S2623. This
region has previously been significantly linked to migraine in two independent samples from
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Finland (Wessman et al., 2002) and Iceland (Bjornsson et al., 2003), suggesting that our
results represent a significant replication of a migraine locus on chromosome 4g24. In an
analysis of linkage within individual families, we found that all but 4 of the 31 families had
a LOD score >0.2 for both migraine phenotypes at the position around 105 cM (x5 cM),
indicating that the linkage signal derives from a common genetic effect shared by most of
the families in the sample, increasing the likelihood that this is indeed a migraine related
finding.

The only other suggestive migraine linkage locus was found at chromosome 20 with a peak
between markers D20S470 (44.4 cM, 17.4 Mb) and D20S477 (51.9 cM, 22.4 Mb). The
highest LOD score was achieved for the Migraine-Broad phenotype with a LOD of 1.95
(empirical £=10.002) at 48 cM. Interestingly, this locus also showed nominal linkage for the
Migraine-Narrow (LOD = 1.72, empirical A= 0.001 at 51 cM), BP-Narrow (LOD = 1.69,
empirical A= 0.001 at 49 cM), BP-Broad (LOD = 1.60, empirical A= 0.003 at 49 cM), BP-
Migraine-Broad (LOD = 1.78, empirical 2= 0.002 at 48 cM) and BP-Migraine-Narrow
(1.67, empirical A= 0.002 at 52 cM) phenotypes suggesting this locus might enclose a
genetic overlap in migraine and BPAD. An analysis of linkage within each family showed
that 12 out of 31 families had a LOD score >0.2 for both a migraine and a BPAD phenotype
at the position around 50 cM (5 cM), indicating that the linkage signal derives not from a
strong signal involving only a few families, but more likely from several families with
shared phenotypic and genotypic presentations.

Since the results regarding the BP-Broad, BP-Narrow, BP-Migraine Broad and BP-Migraine
Narrow were very similar, only the BP-Narrow and BP-migraine Narrow phenotypes are
represented in Figs. 1 and 2, along with the Migraine-Broad and Migraine Narrow
phenotypes.

We also replicated previous evidence of migraine linkage to the X chromosome (Xq24-28)
(Nyholt et al., 2000) for our Migraine-Narrow phenotype with a modest LOD score of 1.60
at 156-158 cM (empirical £=0.003, nearest marker DXS9908). The Migraine-Broad, BP or
BP-Migraine phenotypes did not show linkage to the X chromosome. Statistically significant
or suggestive linkage was not observed in any other chromosomal region for any of the
Migraine, BP phenotypes.

4. Discussion

To our knowledge this is the first genetic study examining the well characterized co-
morbidity between migraine and BPAD. We therefore conducted a literature review
identifying overlapping linkage findings in migraine and BPAD studies, and these results are
displayed in Table 3. As shown here, most reported linkage findings in migraine overlap
with reported linkage findings in BPAD. Furthermore, there are BPAD linkage findings that
overlap with all the identified genes for FHM (Table 4). At present, several loci, 4q21-q24
(Wessman et al., 2002; Bjornsson et al., 2003), 5921 (Lea et al., 2005), 6p12.2—p21.1
(Carlsson et al., 2002), 11g24 (Cader et al., 2003), 14g21.2—-g22.3 (Soragna et al., 2003)
with significant evidence of linkage to common forms of migraine have been reported in
genome wide linkage analysis, with only the chromosome 4q21-g24 region detected in two
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independent studies. We here report a replication of the migraine locus on 4g24 in a sample
of patients selected for genetic studies of bipolar disorder. Although our sample size was
small (31 families, 7= 202) the results reached significant evidence for replication of
previous findings of linkage for both our migraine models: Migraine Broad (LOD = 2.26)
and Migraine Narrow (LOD = 2.02). The nearest marker, D4S1647 (103.8 cM), is the same
marker that gave the highest LOD score (4.20) in the Finnish study (Wessman et al., 2002).
This study was a genome wide screen of 50 multigenerational, clinically well-defined
Finnish families showing intergenerational transmission of MA and included a total of 646
individuals, so they reported the locus at 4924 as a migraine with aura finding. Soon after, an
overlapping locus in a genome wide linkage analysis of patients (103 families, with 289
affected and 518 relatives) with migraine without aura (MQO) was reported from Iceland
(4921 (LOD = 2.05; P=0.001) (Bjornsson et al., 2003), suggesting this locus is containing a
gene predisposing to typical migraine that contributes to both MA and MO. We have no
phenotypic information regarding MA/MO in our study since migraine diagnosis was based
on patient's reports. Although we only included families where at least two members
reported that their migraine diagnosis had been verified by a medical doctor, this diagnostic
approach clearly represents a departure from the ideal. Nonetheless, we find it interesting
that we were able to replicate the best documented migraine linkage locus, even when using
our simplified migraine diagnosis. The bipolar phenotypes did not show linkage to this
region, suggesting that this region harbours a gene for migraine that does not co-segregate
with bipolar disorder. Interestingly, Bjornsson and colleagues found that the linkage
evidence for this region increased when analyzing females only (LOD = 4.08; P=7.2 x
107), indicating that this region harbours a gene that causes migraine in women. It is well
documented that migraine at the population level is about three times more prevalent in
women than in men (Silberstein and Goadsby, 2002). However, several studies have found a
similar proportion of migraine in men and women with bipolar disorder ((Mahmood et al.,
1999): male (25%) and female (27%);(Low et al., 2003): male (31%) and female (44%)),
indicating that the prevalence of migraine, in the presence of BPAD, increases more in men
than in females. If the migraine locus on 4921-24 is indeed a female migraine locus it would
not be suspected to co-segregate with BPAD since co-morbid migraine in BPAD seems to be
gender independent.

Our finding of nominal linkage to the X chromosome for the Migraine-Narrow phenotype
with the highest LOD score at position 156-158 ¢cM (LOD = 1.60, nearest marker
DXS9908) is interesting since studies by Nyholt and coworkers have implicated a locus on
Xg24-28 in two Australian families with migraine, producing a maximum NPL score of
2.87 at marker DXS1123 (148 cM) less than 10 cM away. However, also regarding the X-
chromosome, there is no evidence for linkage of our bipolar phenotypes to this region, again
possibly indicating that this region harbours a gene putting women at risk for migraine,
separately from the gender independent migraine co-segregating with BPAD.

The only suggestive migraine linkage locus that seemed to overlap with the BPAD
phenotypes in this sample was located at chromosome 20p11 with a peak LOD between
markers D20S470 (44.4 cM, 17.4 Mb) and D20S477 (51.9 cM and 22.4 Mb). Interestingly,
this is the same locus that was recently reported for the first time in a Dutch genome wide
migraine linkage study (LOD: 1.85 at 41 cM) (Ligthart et al., 2008). Although the highest
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LOD score was achieved for the Migraine-Broad phenotype with a LOD of 1.95 at 48 cM,
linkage was also observed in this same region for the Migraine-Narrow with a LOD of 1.72
at 51 cM, for BP-Narrow with a LOD of 1.69 at 49 cM, and for BP-Broad with a LOD of
1.60 at 49 cM, and for the BP-Migraine-Broad (LOD = 1.78 at 48 cM) and BP-Migraine-
Narrow (1.67, at 52 cM) phenotypes, suggesting this locus might enclose a genetic overlap
in migraine and BPAD. This region has previously been implicated in BPAD in the first 97
bipolar pedigrees from the NIMH genetics initiative (Detera-Wadleigh et al., 1997) where
elevated allele sharing (P<0.05) was identified at marker D20S604 (12.6 Mb), and in the
replication pedigree set including 56 additional BPAD pedigrees (Willour et al., 2003) where
the finding peaked at marker D20S162 with an allele sharing LOD score of 1.82. When
combining these pedigree sets, 20p12 yielded a nonparametric LOD score of 2.38 and the
signal peaked between markers D20S162 (10.1 Mb) and D20S604 (Willour et al., 2003).
Other evidence for a chromosome 20 bipolar disorder susceptibility locus comes from a
genome scan of a large Turkish pedigree with a dominant BPAD phenotype that identified
four chromosome 20 polymorphic markers with strong evidence (LOD score of 4.34 at = 0)
for linkage to bipolar disorder (Radhakrishna et al., 2001). Haplotype analysis of these data
implicated a 42 cM candidate region spanning 20p11.2—q11.2 (markers D20S604 at12 Mb-
D20S887 at 47 Mb), and this region overlaps a region, 20913, that has been implicated in the
migraine study by Bjornsson et al. (2003), where they found a LOD score of 1.60 at marker
D20S96 (41 Mb). In the Turkish pedigree the marker D20S470 (17 Mb) showed the highest
LOD score: 4.34, and the same marker was close to the highest LOD scores found in our
sample for both migraine and BP phenotypes. Both the US and Turkish studies propose
further characterization of this region, suggesting it is a susceptibility target for the
identification of a gene responsible for a bipolar phenotype.

Although we found no linkage to the FHM1, FHM2 orFHM3 loci on chromosomes 19p13,
1923, and 2924, it is in view of the current evidence that ion channels put together a number
of key features in the pathogenesis of migraine and bipolar disorder, interesting that the
region most strongly implicated in our linkage study is right on top of a known potassium
dependant sodium//calcium exchanger gene, SLC24A3, which is located at approximately
19 Mb on chromosome 20. This gene is abundantly expressed in the brain, with highest
levels found in selected thalamic nuclei, in hippocampal CA1 neurons, and in layer 1V of the
cerebral cortex (Kraev et al., 2001) and it plays a critical role in calcium homeostasis and
electrical conduction in neurons (Lytton et al., 2002). Recently, (Sklar et al., 2008) a
comparison of the results from a genome-wide association scan in 1461 patients (2008
controls) with BPAD drawn from the Systematic Treatment Enhancement Program for
Bipolar Disorder and the University College London sample, and a genome-wide scan of
1868 (2938 controls) patients with BPAD who completed the scan as part of the Wellcome
Trust Case—Control Consortium demonstrated concordant signals for SNPs within the
voltage-dependent calcium channel, L-type, alpha 1C subunit (CACNALC) gene. The
CACNAI1C gene has overlapping functional similarities to the CACNAZ1A gene that has
been identified in FHM1. Both these genes encode an alpha-1 subunit of a voltage-
dependant calcium channel. The CACNALA gene encodes the alpha-1A subunit and is
predominantly expressed in neuronal tissue. Mutations in this gene are associated with two
neurologic disorders, familial hemiplegic migraine and episodic ataxia 2. The CACNA1C
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gene encodes the alpha 1C subunit and is primarily expressed in the heart, but also in
subthalamic nuclei, amygdale, cingulate and prefrontal cortex. Since genes involved in ion
transport, seem to play an important role in both migraine (FHM1-3) and BPAD (Sklar et
al., 2008; Baum et al., 2008), it is tempting to postulate that ionic disturbances are relevant
in the migraine/BPAD phenotype. In brief, the functional consequences of FHM1 mutations
is that channels open at more negative voltages than do normal channels and this “gain-of-
function” effect results in increased Ca2* influx, resulting in enhanced release of glutamate
into the synaptic cleft (Van de Ven et al., 2006). In fact, all 3 FHM genes mutations result in
increased extracellular glutamate and potassium levels, possibly pointing towards glutamate
regulating genes in a molecular basis for our understanding of the pathogenesis of migraine
and BPAD.

In most studies no linkage has been found for migraine or BPAD to chromosome 20. This
suggests that the chromosome 20 migraine/BPAD susceptibility locus detected in this study
is unlikely to be a major locus in common polygenic migraine or BPAD families. However,
this could also explain the existence of a phenotypic subgroup with both symptoms of
migraine and bipolar disorder, possibly induced by a mutation in an underlying gene (for
instance: SLC24A3I). Both migraine and BPAD may be encompassed into the
channelopathy concept. Both disorders have an early age of onset, they are paroxysmal, and
have similar triggering issues to other ion channel disorders and act in response to similar
drugs. lon channels are of vital significance in excitable cells decisive for background
membrane excitability, action potential production and are part of numerous signal
transduction paths including those that mediate neurotransmitter release. Mutations in genes
involved in ion transport may influence neuronal excitability and electrical transmission and
consequently change the activation state of definite neuronal pathways or the excitability of
the brain in general, possibly inducing phenomenons like migraine attacks and manic
episodes.

In order to study the genetic overlap using the migraine/BPAD phenotype we conducted a
literature review of linkage studies in migraine and BPAD comparing overlapping findings.
The search was performed in pub med for every chromosome separately with the key words:
“Bipolar disorder, genetics, linkage, chromosome 1...X” and “Migraine, genetics, linkage,
chromosome 1...X”, Table 3 displays all linkage loci that have been significantly or
suggestively found in migraine linkage studies (Gardner et al., 1997; Nyholt et al., 1998a,b,
2000; Jones et al., 2001; Carlsson et al., 2002; Wessman et al., 2002; Lea et al., 2002;
Bjdrnsson et al., 2003; Soragna et al., 2003; Cader et al., 2003; Nyholt et al., 2005; Russo et
al., 2005; Lea et al., 2005; Anttila et al., 2006), and the bipolar linkage studies (Savitz et al.,
2007; Jamra et al., 2007; Zandi et al., 2007; Goes et al., 2007; Cassidy et al., 2007; Kerner et
al., 2007; Jones et al., 2007; Etain et al., 2006; Marcheco-Teruel et al., 2006; Tomas et al.,
2006; Mukherjee et al., 2006; Schumacher et al., 2005; Hamshere et al., 2005; Lambert et
al., 2005; McQueen et al., 2005; Kealey et al., 2005; Lin et al., 2005; Macgregor et al., 2004;
Middleton et al., 2004; Fallin et al., 2004; Curtis et al., 2003; Mclnnis et al., 2003; Willour et
al., 2003; Ewald et al., 2003; Ekholm et al., 2003; Ewald et al., 2002; Ekholm et al., 2002;
Bailer et al., 2002; Dick et al., 2002; Cichon et al., 2001; Kelsoe et al., 2001; Radhakrishna
et al., 2001; Detera-Wadleigh et al., 1999; Morissette et al., 1999; Ginns et al., 1998; Ewald
et al., 1998; Detera-Wadleigh et al., 1997; Edenberg et al., 1997; Blackwood et al., 1996;
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Turecki et al., 1995; Pekkarinen et al., 1995) that have demonstrated overlapping or closely
related linkage to these migraine loci. In addition we compared linkage studies in BPAD to
the identified genes in FHM, and the BPAD (Jamra et al., 2007; Zandi et al., 2007;
Hamshere et al., 2005; Middleton et al., 2004; Fallin et al., 2004; Cichon et al., 2001) studies
with linkage regions encompassing these genes are presented in Table 4. As displayed in
Tables 3 and 4, there are several interesting overlapping findings, most notable regarding the
findings for 1923, 1931, 2q24, 3929, 4p16, 4924, 10922, 14921-22, 16p12, 18pl1, 18q12,
19p13, 20p11.2-q11.2, Xq24-28. This means that our findings on chromosome 4,
chromosome 20 and on the X chromosome are in line with what we had expected from our
literature review, although only the chromosome 20 locus was associated with both migraine
and BPAD. Given the high degree of co-morbidity between migraine and BPAD, the amount
of overlapping linkage results is interesting from several perspectives.

1. Linkage signals in BPAD studies could be accounted for by a high prevalence of migraine
in BPAD families (30-40%), and therefore represent a “true” migraine signal. 2. Linkage
signals in selected migraine pedigrees could be signals that are explained by a high degree of
co-morbid affective disorder running in the migraine pedigree considered. 3. Overlapping
linkage signals in migraine and BPAD studies could be explained by the existence of shared
genes producing symptoms of migraine, BPAD or both. In further analysis, genes involved
in ion transport are choice candidates, but other proteins may have direct or indirect
interactions with ion channels. Genes involved in mitochondrial function (Kato and Kato,
2000; Welch and Ramadan, 1995), genes which are part of the serotonin, dopamine or
glutamate pathways (Silberstein, 1994; Hargreaves and Shepheard, 1999; Hamel, 2007;
Mahmood and Silverstone, 2001; Peroutka, 1997; Emilien et al., 1999; Vaccaro et al., 2007;
Goodwin and Jamison, 2007), and genes implicated in inflammation (Dickerson et al., 2007;
Vanmolkot and de Hoon, 2007) may also contain important migraine/BPAD causing
polymorphisms.

Further studies performed with the migraine/BPAD phenotype are needed to confirm
whether this symptom constellation can reclassify some patients into a more-homogeneous
genetic subgroup. The findings here suggest that information regarding a prevalent comorbid
neurological disorder (i.e. migraine) can provide an additional tool for stratifying a bipolar
study sample. This should be applicable not only to linkage studies but also whole genome
association studies. It is hoped that this approach will facilitate the detection of underlying
mutation(s) elucidating the complex relation between migraine and bipolar disorder, and that
this approach will help unravel molecular pathways and the development of rational
treatment strategies for both disorders.
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Fig. 1.
The linkage signal on chromosome 4 is a migraine signal. BP.narrow: BPAD |,
schizoaffective, bipolar-type (SA-BP), BPAD Il. Mig.broad: Migraine self-diagnosed.

Mig.narrow: Migraine diagnosed by MD. BPmig.narrow: BPAD, schizoaffective, bipolar-
type (SA-BP), BPAD II, RUDD + Migraine diagnose by MD.
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Fig. 2.
The linkage signal on chromosome 20 is both a BPAD and migraine signal. BP.narrow:

BPAD I, schizoaffective, bipolar-type (SA-BP), BPAD II. Mig. broad: Migraine self-
diagnosed. Mig.narrow: Migraine diagnosed by MD. BPmig.narrow: BPAD, schizoaffective,
bipolar-type (SA-BP), BPAD II, RUDD + Migraine diagnose by MD.
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Table 1

The study sample: numbers by phenotype definitions.

Total number of bipolar families with at least two family members with doctor diagnosed migraine 31

Total number of individuals 201
Total number of sib-pairs 105
Number of sib-pairs with BP-Narrow (BPI + SA-BP + BPII) 98
Number of sib-pairs with BP-Broad (BP-Narrow + RUDD) 110
Number of sib-pairs with Migraine-Narrow (Migraine diagnosed by MD) 71
Number of sib-pairs with Migraine-Broad (Migraine-Narrow + self-reported migraine) 89
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Co-segregation of migraine and bipolar disorder in the study sib-pairs (n7 = 105).

Table 2

Information regarding  Only onesib

Both sibs have

diagnosisis missing has both both diagnoses
in onesb diagnoses

BP-Broad and Migraine Broad 24 50 40

BP-Broad and Migraine Narrow 45 58 23

BP-Narrow and Migraine Broad 17 49 43

BP-Narrow and Migraine Narrow 38 57 26
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Table 3

Page 24

Chromosomal regions implicated in migraine linkage studies and findings from bipolar linkage studies that are
in close proximity to these regions.

Migrainelinkage

Chromosomal regions

Bipolar linkage studies overlapping with

BPD linkage studies

Bjgrnsson et 4p16 (7)
al. (2003),
LOD:

studies (year, implicated in typical regionsimplicated in typical migraine (year, study description)
study migraine linkage studies linkage studies (chromosomes/regions
description) (study, LOD score/ (Mb), study, L OD score)
chromosomes/regions (M b))
Ligthart et al. Nyholt et al. 1023 (160) 1042 (232), Hamshere et al. (2005), LOD: Savitz et al. (2007) 9
(2008) Genome (2005), LOD: 3.54 candidate loci, 47 BPD
wide 12210 1.53 pedigrees (/7= 350).
individuals, Caucasians of Afrikaner
Dutch. and British origin
Anttila et al. Leaetal. 1g31 (205) 1g41 (212), Macgregor et al. (2004), LOD: Jamra et al. (2007)
(2008) Genome (2002), LOD: 2.77 Genome wide interaction
wide, 1675 3.36 scan, 52 BPD families, (n
individuals, =448).
Finland and . . .
Australia. Wessman et 1042 (230) 142 (247), Curtis et al. (2003), LOD: 2.0 Spanish, Bulgarian and
al. (2002), Romany.
LOD: 1.70
Gardner et al. 131 (205) 1g25-32 (207), Detera-Wadleigh et al.
(1997), LOD: (1999), LOD: 2.67
3.51
1032 (210), Turecki et al. (1995)
Anttila et al. Leaetal. 3029 (198) 3028 (193), Zandi et al. (2007), NPL: 2.4 Zandi et al. (2007)
(2006) Genome (2005), LOD: Genome wide, 98 BPD
wide, 50 families 2.28 families (7= 428).
MA, trait .
components, 3029 (196), Curtis et al. (2003), HLOD: 2.0 Goes et al. (2007) Genome
Finland (same as wide, mood-incongruent
Wessman et al., psychotic BPDs, 708 BPD
2002). families (/7= 2899).
NIMH.
3029 (197), Bailer et al. (2002), NPL: 3.74 Cassidy et al. (2007)
Genome wide, 60 BPD
families, Ireland.
3027 (191), Kelsoe et al. (2001), LOD: 2.66 Kerner et al. (2007)
Genome wide, waves 1-4
NIMH, psychotic subtype.
Lea et al. (2005) Anttila et al. 424 (101) 4921 (81), Cassidy et al. (2007), NPL: 2.33 Jones et al. (2007) Genome
Genome wide, 92 (2006), wide, 36 BPD families
families, LCA- HLOD: 4.52 with puerperal psychosis,
severe; Australia. welcome trust, UK-Irish.
Anttila et al. 4924 (99) 4025-q31 (146), Schumacher et al. (2005), Etain et al. (2006) Genome
(2006), NPL: 2.89 wide, 87 BPD 1 Sib-pairs
HLOD: 2.99 with early-AAQO. European
Collaboratory Study.
Bjornsson et 4928 (130) 4g912-q21 (70), Lambert et al. (2005), LOD:
al. (2003), 3.30
LOD: 2.05
Russo et al. (2005)  Bjgrnsson et 4921 (85) 4pl4 (40), Lambert et al. (2005), LOD: 2.17
Microsatellite al. (2003),
markers of 15q11-  LOD: 2.05
q13, 10 families,
MA, ltaly.

4p16 (7), Ewald et al. (1998)

J Affect Disord. Author manuscript; available in PMC 2017 October 29.

Marcheco-Teruel et al.
(2006) Genomwide, 6
generation BPD pedigree,
Cuba.
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Migrainelinkage

Chromosomal regions

Bipolar linkage studies overlapping with

BPD linkage studies

Soragna et al.
(2003) Genome
wide, 1 family,
MO, Italy.

Bjgrnsson et al.
(2003) Genome
wide, 103
families, MO,
Iceland.

Lea et al. (2002) 8
microsatelite
markers spanning
33 cM of chr.
1931, 3 + 82
families.

Wessman et al.
(2002) Genome

Carlsson et al.

(2002), LOD
5.4

Nyholt et al.
(2005), LOD:
177

Anttila et al.
(2008), LOD:
7.68 and 3.50

Anttila et al.
(2006),
HLOD: 2.2

Nyholt et al.
(2005), LOD:
2.32

Cader et al.
(2003), LOD:
5.6)

Anttila et al.
(2006),
HLOD: 2.17

6p12.2-21.1 (47)

8423 (93)

10022-23 (82-85)

10922 (80)

10922 (80)

1124 (123)

12421 (89)

studies (year, implicated in typical regionsimplicated in typical migraine (year, study description)
study migraine linkage studies linkage studies (chromosomes/regions
description) (study, LOD score/ (Mb), study, LOD score)
chromosomes/regions (M b))
Wessman et 4924 (99) 4p16 (11), Ginns et al. (1998), NPL: 4.05
al. (2002),
LOD: 4.20
4923 (99), Detera-Wadleigh et al. (1997) Tomas et al. (2006) Scan
of chr. 17 and 18, 12 BPD
families, Baleric Islands.
4p16 (7), Blackwood et al. (1996)
Nyholt et al. Nyholt et al. 5022.1 (110) Mukherjee et al. (2006)
(2005) Genome (2005), LOD: Scan of chr. 18, 211
wide, 756 twin 3.70 families with psychosis
families, LCA- (BPD or Scz.), India.
severe, Australia.
Cader et al. (2003)  Nyholt et al. 6q16 (94) 6p22 (20), Cassidy et al. (2007), NPL: 1.88 Schumacher et al. (2005)
Genomwide, 43 (2005), LOD: Genome wide, 52 BPD
families, MA, 1.22 families (7= 448).
Canada. Spanish, Bulgarian and

616.3-22.1(104-112), Dick et al. (2003),
LOD: 2.2

8021 (87), Kerner et al. (2007)
8024 (131), Jones et al. (2007), LOD: 2.03

8024 (140), Macgregor et al. (2004), LOD:
1.53

8024 (134), McQueen et al. (2005), LOD:
3.40

10023 (92), Savitz et al. (2007), NPL: 2.01

10g23 (95), Etain et al. (2006), NPL: 2.25
10g22.-23 (78 cM), Marcheco-teruel et al.

(2006), NPL: 9.91

11923, Turecki et al. (1995)

12g24 (126), Cassidy et al. (2007), 2.20.

J Affect Disord. Author manuscript; available in PMC 2017 October 29.

Romany.

Hamshere et al. (2005)
Genome wide, 24 BPD-
SCZ pedigrees (7= 68).
White from United
Kingdom or Ireland.

Lambert et al. (2005)
Genome wide, 135 ASP
families, Ireland and UK.

McQueen et al. (2005) 11
BPD genomewide linkage
scans, 1067 families, North
America, Europe, Israel.

Kealey et al. (2005) 13
markers spanning 14q, 49
BPD families, Ireland.

Lin et al. (2005) Genome
wide, AAO, wave 1-2,
NIMH.

Macgregor et al. (2004)
Genomwide, extended
BPD sample (7= 229).

Middleton et al. (2004)
Genome wide, 25 BPD
families (7= 233).
Portuguese

Fallin et al. (2004)
Genome wide, 41 BPD
Ashkenazi Jewish
pedigrees.

Dick et al. (2003) Genome
wide, 245 BPD families,
NIMH wave 3.
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Migrainelinkage
studies (year,
study
description)

Chromosomal regions
implicated in typical
migraine linkage studies
(study, LOD score/

Bipolar linkage studies overlapping with
regionsimplicated in typical migraine
linkage studies (chromosomes/regions
(Mb), study, LOD score)

BPD linkage studies
(year, study description)

wide, 50 families,
MA, Finland

Carlsson et al.
(2002) Genome
wide, 1 family,
MA, MO, Sweden

Jones et al. (2001)
Six chromosome
19p13 markers, 16
families, MA,
USA.

Nyholt et al.
(2000) 16
microsatellite
Xog21-qter
chromosome
markers, 2
families, MA/MO
Australian.

Nyholt et al.
(1998a) 28
microsatellite X
chromosome

markers, 3

chromosomes/regions (M b))
Nyholt et al. 13g21 (54)
(2005), LOD:

1.63

Soragna et al.
(2003), LOD:

5.25

Anttila et al.
(2006),
HLOD: 2.14

Russo et al.
(2005), Max
LOD: 6.54.

Cader et al.

(2003), LOD:

2.22

Anttila et al.
(2006),
HLOD: 4.65

14421.2-022.3 (44-56)

15q14 (32)

15q12-13 (23-27)

16p12 (26)

17p13 (9)

1224 (124), Curtis et al. (2003), HLOD: 2.8

12424 (125), Ewald et al. (2002), LOD: 3.42

1221 (89), Morissette et al. (1999), NPL:
3.92

13¢21-33 (92), Goes et al. (2007), LOD: 2.73

1332 (97), Detera-Wadleigh et al. (1999),
MLOD: 3.5

13031 (95), Kelsoe et al. (2001), LOD: 2.4
14024 (69), Cassidy et al. (2007), NPL: 3.27

14921 (51 cM), Marcheco-Teruel et al.
(2006), NPL: 3.54
14022 (54), Kealey et al. (2005), NPL: 2.72

1513 (25), Edenberg et al. (1997), MOD:
2.37

16p13 (4), Savitz et al. (2007), NPL: 1.84

16p13 (6), Jones, LOD: 4.07
16p13 (12), Mclnnis et al. (2003), NPL: 3.3

16p12 (26), Ekholm et al. (2003), Zmax: 2.5
16p13 (13), Dick et al. (2002), LOD 2.8
16p13 (13), Edenberg et al. (1997)
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Curtis et al. (2003)
Genomwide, 7 BPD
pedigrees (/7= 146). 2
British and 5 Icelandic
families

Mclinnis et al. (2003)
Genome wide, 153 BPD
pedigrees (/7= 909).
NIMH, 90% European
American Ancestry

Ewald et al. (2003) 1 BPD
family, homozygous by
descent, Denmark

Willour et al. (2003) Scan
chr. 4,7,9, 18, 19, 20, 21.
56 BPD families, NIMH.

Ekholm et al. (2003)
Genome wide, 41 BPD
families, Finland.

Ekholm et al. (2002)
Genome wide, 41 BPD
families, Finland.

Bailer et al. (2002)
Genomwide
microsatellites, 5
schizophrenia and 3 BPD
families, Austria.

Ewald et al. (2002)
Genome wide, 2 BPD
families, Denmark

Dick et al. (2002),
chromosomes 3, 5, 15, 16,
17, and 22, 56 families,
NIMH

Cichon et al. (2001) 75
BPD families

Kelsoe et al. (2001)
Genome wide,
microsatellite, 20 BPD
families, North American.

Radhakrishna et al. (2001),
Genome wide, 1 large
Turkish pedigree
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Migrainelinkage

Chromosomal regions

Bipolar linkage studies overlapping with

BPD linkage studies

studies (year, implicated in typical regionsimplicated in typical migraine (year, study description)
study migraine linkage studies linkage studies (chromosomes/regions
description) (study, LOD score/ (Mb), study, LOD score)
chromosomes/regions (M b))
families, MA/MO, Detera-Wadleigh et al.
Australian. (1999) Genome wide, 22
BPD pedigrees (/7= 365).
Amish?
Nyholt et al. Anttila et al. 18012 (25) 18p11 (10), Detera-Wadleight et al. (1999), Morissette et al. (1999)
(1998b) 16 (2006), LOD: 2.32 Genome wide, 1 large
microsatellite HLOD: 3.29 BPD pedigree (n=114),
Chromosome 19 Quebec, Canada.
markers, 2
pedigrees,
MA/MO,
Australia.
Leaetal. 18p11 (11) 18g12 (23), Tomas et al. (2006) Mclnnis et al. (1999)
(2005), LOD: Genome wide, NIMH.
2.32, Wave 1-2.
Wessman et 18q12 (25) 18p11 (13), Mukherjee et al. (2006), LOD: Ginns et al. (1998)
al. (2002), 2.02 Genome wide, 25 BPD
LOD: 2.32 families, Old Order Amish.
Bjgrnsson et 18q12 (25) 18p11 (10), Lin et al. (2005), LOD: 2.83 Ewald et al. (1998) 16
al. (2003), DNA markers 4pter-4p12,
LOD: 1.50 2 BPD families, Denmark.
Bjgrnsson et 18p11 (13)
al. (2003),
LOD: 1.57
Gardner et al. Nyholt et al. 19p13 (17) 19p13.2 (12), Hamshere et al. (2005), LOD: Detera-Wadleight et al.
(1997) (1998b), 1.85 (1997) Scan chr. 4, 7, 9,
Microsatellite loci MLOD: 2.07 18, 19, 20, 21. 97 BPD
chromosome 19, 1 families, NIMH
family, FHM,
USA (German/
native American)
Jones et al. 19p13 (6-7) 19p13, Polymeropoulos and Schaffer (1996)
(2001), LOD:
4.79
Wessman et 19p13 (6)
al. (2002),
LOD: 1.70
Ligthart et al. 20p11 (16) 20p12(12) Detera-Wadleight (p<0.05) Edenberg et al. (1997)
(2008), LOD: Genomic scan, chr.
1.85 3,5,15,16,17,22, 97 BPD
families, NIMH.
Bjornsson et 20913 (41) 20p12 (10), Willour et al. (2003), LOD: 2.38 Blackwood et al. (1996)
al. (2003), Genom search (193
LOD =1.60 markers), 11 BPD families,
Scotland.
20p11.2-q11.2 (10-48), Radhakrishna et al.
(2001) LOD:4.34
Anttila et al. Xp21 (29) X(q24-26 (128), Ekholm et al. (2002), LOD: Turecki et al. (1995) Case-
(2006), 2.78 control, 10 BPD vs. 10
HLOD: 1.92 CTR. Brazil.
Nyholt et al. Xq24-28 (148) Xq24-27 (130), Pekkarinen et al. (1995), Pekkarinen et al. (1995), 1
(1998a), NPL: LOD: 3.54 BPD pedigree, Finland.
2.87
Nyholt et al. Xq24-28 (119-133) Xp22, Mclnnis et al. (1999), LOD: 2.3
(2000), LOD:
2.38
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Identified genes in Familial Hemiplegic Migraine (FHM) and overlapping Bipolar Linkage studies.

Table 4

Studies (author, year)

Identified genes (FHM type) Bipolar linkage studies (author, year, LOD/NPL)

De Fusco et al. (2003)?
Dichgans et al. (2005)

Ophoff et al. (1996)13

1923 (158), ATP1A2, FHM 2 1023 (158), Fallin et al. (2004), NPL: 2.46

2g24 (166), SCN1A, FHM 3 2022-24 (146-167), Jamra et al. (2007)
2024 (159-184): Zandi et al. (2007), NPL: 2.54.
222 (145), Middleton et al. (2004), NPL: 3.09
2g21-33 (172), Cichon et al. (2001), LOD: 2.05.

19p13 (13), CACNAIA, FMH 1 19p13.2 (12), Hamshere et al. (2005), LOD: 1.85
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