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Abbreviations 

FHM-1  Familial hemiplegic migraine of type 1  

FHM-2  Familial hemiplegic migraine of type 2  

FHM-3  Familial hemiplegic migraine of type 3  

NO  Nitric oxide  

GTN  Glyceryl trinitrate 

CGRP Calcitonin gene related peptide  

MA  Migraine with aura   

MO  Migraine without aura  

CSD  Cortical spreading depression  

cAMP Cyclic adenosine monophosphate  

cGMP Cyclic guanosine monophosphate  

PDE  Phosphodiesterase 

MCA  Middle cerebral artery  

STA  Superficial temporal artery  

CBF  Cerebral blood flow  

AUC  Area under the curve  

VEP  Visual evoked potentials  

IDAP  Intensity dependence of the auditory evoked 

potential  

nBR  Nociceptive blink reflex  

HV  Healthy volunteer  

VRS  Verbal rating scale 

EA2  Episodic ataxia type 2  

SCA6 Spinocerebellar ataxia type 6 

CADASIL Cerebral autosomal dominant arteriopathy with 

subcortical infarcts and leukoencephalopathy 

MELAS Myopathy, encephalopathy, lactic acidosis and 

stroke-like episodes  

SHM  Sporadic hemiplegic migraine  

 

1. INTRODUCTION AND AIMS OF THIS THESIS  

Familial hemiplegic migraine (FHM) is a rare subtype of migraine 

with transient hemiplegia during the aura phase [5]. FHM is 

dominantly inherited, and mutation screening of families with 

FHM has revealed a range of different mutations associated with 

the FHM phenotype [6]. The mutated FHM genes code for ion 

transport proteins that animal and cellular studies have associ-

ated with disturbed ion homeostasis, altered cellular excitability 

and neurotransmitter release [7]. These mechanisms might cause 

FHM, and potentially also other forms of migraine.  

 

Hypersensitivity to migraine provoking substances is a fundamen-

tal trait in patients with migraine with (MA) and without aura 

(MO).  

It could be expected that common pathophysiological mecha-

nisms, such as hypersensitivity to migraine provoking substances, 

are responsible for the clinical overlap and phenotypical similari-
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ties between FHM, MA and MO [8]. This thesis is based on works 

that examine and describe the potential influence of the FHM 

genotype on the response to known migraine provoking sub-

stances.  

• Study 1 is a controlled study on the migraine inducing effect 

of nitric oxide in patients with familial hemiplegic migraine 

and mutated CACNA1A calcium channels (FHM-1). 

• Study 2 is a controlled study on the migraine inducing effect 

of nitric oxide in patients with familial hemiplegic migraine 

and mutated 1A2 potassium-sodium pumps (FHM-2). 

• Study 3 is a controlled study on the migraine inducing effect 

of calcitonine gene related peptide (CGRP) in genotyped pa-

tients with FHM-1 and FHM2. 

• Study 4 is a controlled electrophysiological study in geno-

typed FHM-1 and FHM-2 patients, to explore the impact of 

FHM-mutations on brain electrophysiology. 

 

2. MIGRAINE PATHOPHYSIOLOGY 

Migraine is a very common, chronic neurological disorder, affect-

ing about 6% of men and 15% to 18% of women with the highest 

prevalence between the ages of 25 and 55 [9]. The public health 

burden of migraine is high because migraine attacks are associ-

ated with temporary disability and substantial impairment in 

activities [10] and severe migraine is ranked in the highest disabil-

ity class [11]. Migraine headache is related to substantial eco-

nomic loss [12] and the widespread disability produced by mi-

graine is therefore an important target for treatment [13]. To 

optimize migraine treatment, it is important to understand the 

basic migraine mechanisms.  

The basic neurobiology of migraine is considered to be a primary 

brain dysfunction, leading to activation and sensitisation in the 

trigeminovascular system [7]. The exact nature of this brain dys-

function, however, remains elusive, and a better understanding of 

the molecular migraine mechanisms is clearly needed.  

Throbbing headache is a cardinal feature of migraine. It therefore 

seems contradictory that the brain substance itself is largely not 

pain producing [14]. Within the skull, only few structures are able 

to generate nociceptive signals. These include the meninges, 

nerves and large cerebral and pial vessels [15]. The major pain 

pathway from the vessels and dura mater is first (ophthalmic) 

division of the trigeminal nerve [16]. Vasodilatation of cerebral 

vessels have been considered important in the development of 

migraine pain [17], and vasodilatator mechanisms and neuropep-

tides became therefore a focus in headache research [18] giving 

rise to the pathophysiologic concept of  vascular headaches [14]. 

Nerve fibers from the trigeminal ganglion containing vasoactive 

neuropeptides, such as calcitonin gene related peptide (CGRP), 

substance P and others [19], surround the intra cranial vessels 

and innervate the dura mater, forming the trigeminovascular 

system [20]. 

With the advancing studies on various vasodilators [21-24] and 

functional brain imaging [25, 26], it has become clear that vascu-

lar changes are not the primary cause for head pain in migraine. 

Migraine is therefore currently considered a neurovascular head-

ache [27], caused by a primary brain dysfunction, leading to acti-

vation and sensitisation in the trigeminovascular system [7] and 

the release of vasoactive neuropeptides such as CGRP [28, 29]. 

 

 
Figure 1  
The trigeminovascular system. Within the skull, pain sensitivity is largely located to 

the meningeal blood vessels innervated by sensory afferents from the ophthalmic 

division of the trigeminal nerve. During migraine attacks these afferents are activa-

ted, and input from the meningeal vessels, passes through the trigeminal ganglion 

and synapses on second order neurons in the trigeminocervical complex, adapted  

from [30]. 

 

3. IS MIGRAINE A CHANNELOPATHY? 

Between attacks, migraine patients are totally symptom-free, 

suggesting that the underlying brain dysfunction is a periodic 

event. Other episodic neurological diseases have been associated 

with changes in ion channel function, including muscle diseases 

[30, 31] and ataxia [32]. Epilepsy is another paroxysmal neuro-

logical disorder with temporary dysfunction of the cerebral cortex 

during attacks, associated with ion channel dysfunction [33]. 

These channelopathies show paroxysmal attacks precipitated by 

physiological stress or other triggers.  

The balance between excitatory and inhibitory signals on neu-

ronal excitability is quite delicate, and even relatively small altera-

tions in channel activity may tip this balance. It has been specu-

lated that abnormal cortical excitability due to dysfunctional ion 

channels may trigger migraine attacks [34].  

It seems reasonable to suspect that migraine aura, caused by 

cortical spreading depression [35, 36], is also consistent with a 

channelopathy, given the transient nature of the symptoms. 

The notion that migraine might be a channelopathy has prompted 

the search for a possible genetic basis for migraine. Due to both 

clinical and genetic heterogeneity in migraine patients, as well as 

a long list of possible environmental causes and trigger factors, no 

decisive genetic factors have yet been identified for the common 

types of migraine.  

 

4. FAMILIAL HEMIPLEGIC MIGRAINE 

In 1873, Liveing first reported the occurrence of transient weak-

ness during otherwise typical migraine episodes [37], but it was 

not until 1953 that Whitty distinguished the sporadic and familial 

forms of hemiplegic migraine [38, 39]. FHM is phenotypically 

characterized by fully reversible half-sided weakness and other 

aura symptoms preceding or accompanying a migrainous head-

ache [5].  

In most large FHM families studied, FHM is inherited in an auto-

somal dominant manner. Mutation screening of families with 

FHM has revealed a range of different mutations associated with 

the FHM phenotype.  

 

Familial hemiplegic migraine of type 1:  
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FHM type 1 (FHM-1) is associated with missense mutations in the 

CACNA1A gene on chromosome 19p13, encoding the α1A subunit 

of calcium channels [40], and at least eighteen different missense 

mutations have been identified [6]. 

 

 
Figure 2  
Secondary structure of the Cav2.1 α1 subunit and location of the familial hemiplegic 

migraine 1 mutations identified so far. In black: mutations whose functional conse-

quences have been studied in heterologous expression systems. Underlined: muta-

tions whose functional consequences have been studied also in transfected neurons 

from CaV2.1−/− mice, adapted  from [6]. 

 

This gene encodes the pore-forming α1A subunit of the Cav2.1 

(P/Q-type) voltage-gated neuronal calcium channel [40], which 

modulate release of neurotransmitters at peripheral [41] and 

central synapses [42, 43]. 

 

Familial hemiplegic migraine of type 2:  

FHM type 2 (FHM-2) is associated with mutations in the ATP1A2 

gene encoding the α2 subunit of a Na+, K+ ATPase [44, 45], and 

more than 20 mutations have been identified [6].  

 

 
Figure 3  
Secondary structure of the Na+,K+-ATPase α2 subunit and location of the familial 

hemiplegic migraine 2 mutations identified so far. In black: mutations whose func-

tional consequences have been studied in heterologous expression systems, adap-

ted  from [6]. 

 

Familial hemiplegic migraine of type 3:  

FHM type 3 (FHM-3) is associated with mutations in the SCN1A 

gene on chromosome 2q24 [46, 47]. The SCNA1 gene encodes the 

α1 subunit of the neuronal voltage-gated sodium (Nav1.1) chan-

nels.  

 
Figure 4  
The molecular structure of the voltage-gated sodium channel, with the first identi-

fied FHM-3 mutation. Adapted  from [48].  

 

Other subtypes of familial hemiplegic migraine  

In a large proportion of FHM-patients, no mutations have been 

identified until now [48, 49].  

 

FHM as a genetic migraine model  

Given the common nature of the mutated FHM genes as ion 

transport proteins, FHM and potentially also other forms of mi-

graine might be caused by impairment of ion transport. 

FHM has many clinical similarities to migraine with (MA) and 

without aura (MO) [8], and many FHM-patients have MA and/or 

MO [8, 50]. However, it has been reported that MA and MO are 

not associated with any of the known FHM mutations [51-54]. 

Nevertheless, it could be expected that common pathophysiologi-

cal mechanisms are responsible for these clinical similarities 

between FHM, MA and MO indicating shared neurobiological 

pathways.  

The identification of gene mutations and better understanding of 

gene function and its impact on disease phenotype could poten-

tially lead to the development of more targeted and better mi-

graine therapies. Genetic migraine models in both animals and 

humans are therefore important for identifying migraine triggers 

and triggering mechanisms. Genotyped FHM patients are there-

fore unique in migraine research, because they offer us the 

chance to study the interplay between genotype and phenotype 

and may be regarded as a valuable genetic migraine model [55].  

The study of the functional consequences of FHM mutations can 

thus be considered a logical step in a bottom-up approach to the 

disease. Furthermore, FHM studies might shed a light on the 

importance of the FHM genotype on the response to migraine 

provoking substances, and hopefully a better understanding of 

the molecular migraine pathology in both FHM and the common 

migraine types [56]. 

 

Animal and cellular studies: 

The functional consequence of FHM mutations in the CACNA1A, 

ATP1A2 and SCN1A genes have been examined in cellular and 

animal models, and have been found to result in a change of 

function of the ion channels [7].  

 FHM-1: Calcium channels of the P/Q-type are found 

throughout the brain and central nervous system (CNS) [57], with 

a high concentration of the α1A subunit in the cerebellum [58]. 

Immunochemical studies point toward a subcellular location 
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predominantly on the presynaptic nerve terminals, thereby sug-

gesting an important role in neurotransmitter release at many 

central synapses [42]. Other calcium channels are also found 

within the CNS and Ca2+ channels of both P/Q-, N-, and R-type 

control glutamate release. However, the Ca2+ influx through the 

P/Q-type channels trigger neurotransmitter release more effec-

tively than Ca2+ influx through N- or R-type channels, possibly 

because the P/Q-type channels are located closer to the gluta-

mate release sites [59]. FHM mutations have been found to affect 

both the biophysical properties on the single-channel level, and 

the density of functional channels in the membrane [60]. 

In human neurons, FHM-1 mutations increase single-channel 

Ca2+ influx, whereas in human cerebellar granule cells a decrease 

in the density of functional calcium channels is found in the 

membrane [61].  

The net phenotype of the FHM-1 mutations have thus been sug-

gested to be one of gain-of –function for most mutations [60] 

because the combination of a lower activation threshold and the 

increase in single-channel opening probability may lead to an 

increased Ca2+ influx into the nerve terminals. This event may 

enhance the release of the excitatory transmitter glutamate and 

thereby lower the threshold for cortical spreading depression 

(CSD) in FHM-1 patients [62].  

 FHM-2: The ATP1A2 sodium potassium pump transports 

sodium ions out of the cell while importing potassium ions. This 

sodium export provides the steep sodium gradient essential for 

the transport of glutamate and calcium and the Na+,K+-ATPase 

thus modulates the re-uptake of potassium and glutamate from 

the synaptic cleft into glial cells.  

All known FHM-2 mutations produce substitutions of conserved 

amino acids in important functional regions of the catalytic α2 

subunit of the Na+,K+-ATPase [6]. The molecular effects of the 

FHM-2 mutations range from reduction of Na+,K+-ATPase activity 

[44, 63-67], abnormally functioning channels [68], to expression 

of fully functional but kinetically changed channels [69, 70]. Al-

though the molecular effect of the mutations thus leads to a wide 

spectrum of functional changes, all mutations are associated with 

a common FHM-2 phenotype. A common denominator for all the 

tested FHM-2 mutations is the slowed or reduced activity of the 

α2 Na+,K+-ATPase, which has been termed functional haploinsuf-

ficiency [44].  

 FHM-3: The mutated gene product in FHM-3, the Nav1.1 

channel is expressed in cortical neurons [71], pointing to an im-

portant role in the generation and propagation of action poten-

tials in the brain. This channel plays an important role in the 

generation and propagation of action potentials, and mutations in 

this gene have been associated with epilepsy [72, 73]. 

The molecular effects of FHM-3 mutations have been studied 

using the highly homologous SCN5A channel, showing faster 

recovery from fast inactivation at negative voltages in mutants, 

which could facilitate initiation and propagation of cortical 

spreading depression [46].  

The mutated Nav1.1 channel has been associated with a pro-

nounced but self-limiting neuronal hyper excitability but in some 

cases also to hypo excitability [74]. This behaviour has not been 

reported for the epileptogenic Na+ channel mutations, and could 

be typical of the migraine mutations. 

Others have reported that some FHM-3 mutations linked to typi-

cal FHM result in a predominantly loss-of-function phenotype, 

while other mutations that are also associated with epilepsy 

exhibit gain-of-function features [75]. 

 

A unified model of FHM mutations in migraine – the role of 

glutamate  

A possible causal relationship might exist between cortical 

spreading depression (CSD) and migraine headache. Cerebral 

blood flow (CBF) studies during hemiplegic aura shows a spread-

ing cortical hypo perfusion [76], similar to migraine with aura 

[77], which suggest that CSD is the most likely mechanism of 

hemiplegic aura [78, 79]. Experiments in rats show that CSD in 

both the cortex [80] and hippocampus [81] may activate the 

nociceptive trigeminal afferents, cause vasodilatation and possi-

bly headache via a central trigeminal parasympathetic reflex 

thereby linking migraine aura and the triggering of migraine 

headache [82]. If FHM mutations lead to an increased propensity 

to CSD, this link between mutation and migraine phenotype 

would be strengthened.  

In FHM-1 patients, the CACNA1A gain-of-function phenotype may 

increases release of glutamate and an increased susceptibility to 

CSD [62], providing a possible link between mutation and CSD. 

 

Figure 5  
Model depicting the functional roles of the proteins coded by known FHM genes 

within a glutamatergic synapse, adapted  from [83]. 

 

In-vivo studies in CACNA1A-knock-in-mouse showed decreased 

threshold for CSD and increased velocity of the CSD compared to 

the wild-type [83],  giving weight to the hypothesis that genetic 

predisposition, CSD and migraine might be linked [62]. Based on 

this it seems likely that FHM-1 patients could be more susceptible 

to aura and headache.  

The functional haploinsufficiency [44] of FHM-2 mutations may 

reduce the electrochemical Na+ gradient required to drive the 

astrocytic glutamate transporters [84], which is co-localized with 

the astro-glial α2 isotype Na+,K+-ATPase [85]. This would reduce 

the removal of glutamate and lower the threshold for cortical 

spreading depression [62]. One might therefore expect that FHM-

2 patients would show a reduced threshold for CSD and thus, 

induction of aura. The FHM-3 mutations in the SCN1A gene may 

cause an increased recovery from fast inactivation. Neurons may 

depolarize more easily facilitating CSD, as a consequence of the 

rise of extra cellular glutamate and K+ levels in the brain [86]. 

 

Do mutated FHM genes cause FHM?  

The FHM mutations are clearly associated with the FHM pheno-

type, because they co-seggregate with the affected phenotype in 

many families [48]. More mutations have been identified in sev-

eral families [87] and have not been identified in large control 

groups.  

The finding that the mutations affects highly conserved, impor-

tant, functional regions in the channel proteins [6] have 
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prompted the notion that the FHM-mutations are directly disease 

causing.  

A number of FHM mutations have been examined in both animal 

and cellular studies, and have been found to alter the function of 

the mutated channels. This may lead to disturbed ion homeosta-

sis and altered cellular excitability and neurotransmitter release 

[6, 7, 34]. These mechanisms might cause FHM, and potentially 

also other forms of migraine. To compensate for potential species 

differences, the FHM mutations should be studied in humans to 

confirm how mutations affect the disease phenotype. 

 

5. EXPERIMANTAL HEADACHE MODELS 

In vitro studies have contributed in the characterization of recep-

tors in cranial blood vessels and the identification of new possible 

antimigraine agents [88]. Animal models enable the study of 

vascular responses, neurogenic inflammation and peptide re-

lease, and thus provided leads in the search for migraine mecha-

nisms. To overcome possible species differences all results need 

to be confirmed in humans. To this end, a human in vivo model of 

experimental headache and migraine in humans, has been devel-

oped [89].  

Mechanism-based headache research has led to the identification 

of two important molecular pathways in migraine pathophysiol-

ogy; the nitric oxide - cyclic GMP [90] and the CGRP - cyclic AMP 

pathways [91]. Migraine patients are hypersensitive to activation 

of these pathways, and antagonism of these two pathways consti-

tutes effective migraine treatments [92, 93].  

 

Nitric oxide and cGMP 

 

Figure 6  
The nitric oxide - cGMP pathway, adapted  from [94] 

 

Glyceryl trinitrate (GTN), which may be regarded as a prodrug for 

nitric oxide, induces a mild to moderate headache in healthy 

subjects. Migraine patients are more sensitive to nitric oxide than 

non-migrainous subjects, and nitric oxide plays an important role 

in migraine pain [94, 95].  

Several substances capable of inducing experimental vascular 

headache do so via a common mediator which is NO or molecules 

in the cascade of intracellular reactions triggered by NO [96]. A 

good example is sildenafil (Viagra™), a selective inhibitor of 

cGMP-hydrolysing phosphodiesterase 5 (PDE5). Sildenafil acts 

exclusively by increasing cGMP and induce migraine via a cGMP-

dependent mechanism, without concomitant dilatation of the 

middle cerebral artery [97]. 

 

CGRP and cAMP 

Calcitonine-gene related peptide (CGRP) is a 37-amino acid neu-

ropeptide [98] that activates adenylyl cyclase, thereby increasing 

cyclic adenosine monophosphate (cAMP) levels [99, 100]. CGRP is 

involved in migraine pathogenesis [101], and might be released 

from the cranial circulation during migraine attacks [28, 102].   

CGRP activates adenylyl cyclase thereby increasing cAMP levels 

[99, 100]. The role of cAMP in the headache pathogenesis has 

been studied using cilostazol, an inhibitor of cAMP degradation 

and.  

This study showed that increased levels of cAMP may play a role 

in headache and migraine pathogenesis [103]. The migraine in-

ducing effect of CGRP can thus be attributed to hypersensitive to 

activation of the CGRP - cyclic AMP pathways [91].  

 

 
Figure 7  
The CGRP receptor complex is proposed to comprise a ligand binding protein (CRLR), 

an accessory protein (RAMP1), and an accessory protein for coupling to cellular 

signal transduction pathways (RCP), adapted  from [104]. 

 

6. IN VIVO FUNCTIONAL STUDIES OF FHM MUTATIONS IN PA-

TIENTS 

Materials and methods 

In the group of FHM patients where a mutated protein is found, it 

is tempting to look at genotype–phenotype correlation in order to 

understand the functional consequences of the mutations for the 

phenotype. Such studies, however, are difficult because of the 

clinical variation and the small number of mutation carriers. If, 

however, a sufficiently large number of patients could be found, 

the genotype–phenotype studies could be undertaken.   

For the studies in this thesis patients were recruited from the 

cohort identified in a Danish population based study, comprising 

147 subjects with FHM from 44 different families [104].  

The Danish cohort consists exclusively of patients with FHM-1 and 

FHM-2 mutations, and a large group without any known muta-

tions. In fact, only 14% (6/42) of FHM families in the Danish FHM 

population showed mutations in the CACNA1A or ATP1A2 genes. 

All genetic analyses were done in collaboration with deCode 

genetics on Iceland [48]. In total 33 subjects from the Danish 

cohort has a known mutation, and were thus eligible for partici-

pation in these studies. 

 Study I: The Danish cohort consisted of 20 FHM-1 patients 

with a known mutation in the CACNA1A gene according to the 

criteria of the International headache Society [5]. We recruited 8 

FHM-1 patients with R583Q and C1369Y mutations (2 M / 6 F, 

mean age 40 (range 27–57 years)) and 9 healthy controls (HV) (5 

M / 4 F, mean age 33 (range 24–49 years)). All 20 patients were 

contacted and asked to participate in the study. Ten out of 20 

patients declined participation for unspecified reasons, and two 

of the remaining 10 patients were not eligible for participation 

because of known cerebrovascular or cardiovascular disease. 

Thus, we were able to recruit 8 out of 20 patients (40 %) from the 
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Danish population-based cohort. The most frequent CACNA1A 

mutation (T666M) [105-107], was not present in any of the par-

ticipating patients, but R583Q, the second most frequent muta-

tion [108, 109] and the most prevalent Danish FHM-1 mutation 

[48] was represented. 

 Study II: The Danish cohort consisted of 13 FHM-2 patients 

with known mutations [48]. We recruited 8 FHM-2 patients with 

R202Q, R763C, V138A and L764P mutations (5 M/ 3 F, mean age 

45 (range 19–59 years)), and 9 HV (5 M / 4 F, mean age 33 (range 

24–49 years)). Seven patients were recruited from the Danish 

FHM-cohort, and one patient from the Department of Neurology, 

Misericordia Hospital, Grosseto and University of Milan, Italy. The 

Danish cohort consisted of 13 FHM-2 patients with known muta-

tions. All patients were contacted and asked to participate in the 

study. Six out of 13 declined participation due to unspecified 

reasons, and we were thus able to recruit 7 out of 13 patients (55 

%) from the Danish population-based cohort. Out of the four 

mutations in this study, three (R202Q, R763C, V138A) were re-

ported for the first time in the Danish population based cohort 

[48], and have not yet been functionally characterized. 

Participants for study III and IV were recruited among the partici-

pants from the first two studies. 

 For study III, we recruited nine FHM patients (seven FHM-1 

patients with the R583Q (5) and C1369Y (2) mutations ( 2 M / 5 F, 

mean age 39 years (range 29-56 years)), two FHM-2 patients with 

the R202Q and R763C mutations (0 M / 2 F, mean age 38 years 

(range 20-56 years)) (Table 1), and ten HV (6 M / 4 F, mean age 32 

years (range 23-42 years)). We were thus able to recruit 9 out of 

33 patients (27 %) with known mutations from the Danish popula-

tion based cohort. 

 For study IV we recruited 9 FHM patients (5 FHM1, 4 FHM2, 

mutations R583Q, C1369Y and R763C, R202Q) and 7 HV. 

 

Experimental design  

We applied similar study design for the first three studies; non-

randomized, open label, active control, parallel group. The lab 

technicians performing the measurements were blinded in re-

spect to patients and controls. We opted for this design to avoid 

the risk of loosing patients to follow up in case of cross over de-

sign. All subjects received a continuous intravenous infusion of 

0.5 μg/kg/min glyceryl trinitrate (GTN) over 20 min (study I and II) 

or 1.5 µg/min CGRP over 20 min (study III). The subjects were 

informed that the infusion might induce headache in some indi-

viduals, but the timing or the type of headache was not discussed. 

All subjects reported to the laboratory headache-free.  

All procedures were performed in a quiet room at a temperature 

of 25°C. The subjects were placed in the supine position, and a 

venous catheter (Venflon®) was inserted into an antecubital vein. 

The participant then rested for 30 min before baseline measure-

ments of blood pressure, heart rate and ECG were done and the 

infusion started, using a time and volume controlled infusion 

pump (Braun Perfusor, Melsungen, Germany). Headache inten-

sity, middle cerebral artery mean blood flow velocity (Vmean-

MCA), superficial temporal artery diameter, end-tidal partial 

pressure of CO2, adverse events and vital signs were recorded at 

T-10, and then every 10 min until 120 min after start of infusion. 

Exclusion criteria for the patients were: Any daily medication 

apart from oral contraceptives; serious somatic or psychiatric 

diseases.  

The control subjects did not have a history of migraine or any 

other type of headache (except tension type headache less than 

once a month). The intake of coffee, tea, cocoa or other methylx-

anthine containing foods or beverages was not allowed for the 

last 8 h before the start of the study to avoid a possible affection 

of the cerebral blood flow.  

All studies were approved by the Ethics Committee of the County 

of Copenhagen and undertaken in accordance with the Helsinki 

Declaration of 1964, as revised in Edinburgh in 2000. All subjects 

gave informed consent to participate in the study.  

 

Headache intensity 

Headache intensity was recorded on a verbal rating scale (VRS) 

from 0 to 10 [95]. The subjects were discharged from the hospital 

two hours after start of the infusion, and asked to complete a 

headache diary every hour until 14 h after start of the experi-

ments. The diary included headache characteristics and accom-

panying symptoms according to the International Headache Soci-

ety [5], any rescue medication taken and adverse events. Subjects 

were allowed to take rescue medication of their own choice at 

any time. 

 

Cerebral haemodynamics 

Middle cerebral artery blood flow velocity: The largest terminal 

branch of the internal carotid artery is the middle cerebral artery 

(MCA), which carries the blood supply to most of the lateral sur-

face of the cerebral hemisphere. From its origin, the MCA extends 

laterally and horizontally in the lateral cerebral fissure.  

 

 
Figure 8  
Transtemporal Doppler measurements of the middle cerebral artery (MCA), adapted  

from [112]. 

 

 

CBF is unchanged by GTN [110] and CGRP [111], and  a reduction 

in middle cerebral artery blood flow velocity will therefore indi-

cate a dilation of the middle cerebral artery. The mean maximal 

blood velocity in the middle cerebral artery (VmeanMCA) was 

recorded bilaterally by transcranial Doppler (TCD) with hand-held 

2MHz probes (Multidop X, DWL, Sipplingen, Germany). We used 

the transtemporal approach, whereby the middle cerebral artery 

can be visualized. 

Fixed probes were not used since they may cause discomfort and 

even headache [112]. A time-averaged mean over 4 seconds or 

approximately 4 cardiac cycles was used as final measure for each 

time point. A fixed point for measurements of Vmca was chosen 

along the MCA as the point that was as close as possible to the 

bifurcation between the MCA and the anterior cerebral artery.  
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Figure 9  
The Doppler signal of the Middle Cerebral Artery (MCA), adapted  from [115]. 

 

This fixed point was then used throughout the study in each 

subject, and every measurement was done after carefully opti-

mizing the signal from this point. The middle cerebral artery was 

chosen for measurement because of better reproducibility than 

measurements in the posterior or anterior cerebral arteries, as 

shown in previous methodological studies [113] and because the 

timeframe for the measurements only allowed measurements in 

one set of arteries during the study. Skilled technicians did all 

recordings. 

We have previously shown that it is possible to record diameter 

changes in the intracerebral vessels with magnetic resonance 

angiography [114], but we opted for the present set-up, because 

it allowed recordings from both the intra cranial and extra cranial 

arteries.  

 

Diameter of the superficial temporal artery:  

Diameter of the frontal branch of the superficial temporal artery 

(STA) was measured by a high-resolution ultrasonography unit 

(Dermascan C, Cortex Technology, Denmark: 20 MHz, bandwidth 

15 MHz) [115]. When the sound beam of the probe is directed 

perpendicular to the skin, superficially located arteries such as the 

temporal artery can be located. High amplitudes of the signal 

reflect the interfaces between blood and vessel wall. A confirma-

tion of this can be made by gently compressing, whereby the 

pulsation of the vessel is seen. This helps distinguish the artery 

from the veins. The mean of four measurements randomly distri-

buted within the shortest possible interval (within 1 minute) was 

used to ensure reliable data. 

 

Vital signs:  

Heart rate and blood pressure were measured every 10 min using 

an auto-inflatable cuff (ProPac Encore® Welch Allyn Protocol, 

Beaverton, USA). Electrocardiogram was monitored on an LCD 

screen (Cardiofax V, Nihon-Cohden, Japan) and recorded on pa-

per every 10 min.   

 

Data analysis and statistical methods 

All values are presented as mean ± SD, unless otherwise 

stated. We defined an immediate phase as the period from 0 to 

120 min after the start of infusion (0-120 min) and a delayed 

phase as the period from 2 h to 14 h after the start of infusion  (2 

h –14 h). 

 

 
Figure 10  
Ultrasound picture, with B-mode presentation of the frontal branch of the temporal 

artery, with the lumen visible as the black area (lower part) and the luminal diame-

ter visualized as the peak to peak distance on A-mode (upper part), adapted  from 

[117]. 

 

Baseline was defined as 10 min before the start of infusion of 

each dose (- 10 min).  The area under the curve (AUC) was used as 

summary measure for analyzing differences between the groups 

and was calculated according to the trapezium rule [116]. The 

primary endpoints were differences in incidence of migraine and 

migraine-like headache and in the AUC for headache score 

(AUCheadache 0-120 min and AUCheadache 2 h-14 h), Vmean-

MCA (AUCVmeanMCA), STA (AUCSTA) between groups. 

Calculation of sample size was based on the detection of a differ-

ence between the proportion of patients and controls reporting 

GTN and CGRP induced migraine or migraine-like headache attack 

during the delayed phase, at 5% significance with 80% power. For 

study I and II, we assumed that GTN would induce a migraine or 

migraine-like headache in approximately 80 % of FHM-1 patients 

as reported previously in common types of migraine [95, 117] and 

migraine like headache in less than 10 % of healthy controls [118, 

119]. We estimated that 8 subjects should be included in each 

group [120].   

For study III, we assumed that CGRP would induce a migraine or 

migraine like headache attack in at least 50 % of FHM patients as 

reported previously in common types of migraine [101] and mi-

graine-like headache in less than 10 % of healthy controls [121]. 

We estimated that 9 subjects should be included in each group 

[120].   
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Figure 11  
A typical experiment  in progress: The handheld probes are from the Doppler 

machine, and the ultrasound equipment for the measurements of the superficial 

temporal artery is mounted on the mechanical arm.  

 

Electrophysiological characterization of FHM-patients 

In the common forms of migraine, migraine with (MA) and 

without aura (MO), the brain and brain stem are characterized 

interictally by habituation deficits in the form of amplitude de-

crease of evoked responses or reflexes during repeated stimula-

tion. This has been reported for visual, auditory, somatosensory 

and nociceptive evoked cortical potentials [122], and for the 

nociception-specific blink reflex (nBR) [123, 124]. The nociceptive 

blink reflex (nBR) is mediated by brainstem neurons [125], and 

lack of habituation of the this reflex is a reproducible abnormality 

found in migraineurs between attacks in evoked potential studies 

[126] and also in healthy volunteers with a family history of mi-

graine [124]. Deficient nBR habituation might thus be a trait-

marker for the genetic predisposition to typical migraine. If ab-

normal neuronal activity is associated with the FHM genotype, 

electrophysiological recordings could visualize this. We therefore 

studied the habituation of cortical and subcortical evoked re-

sponses in FHM patients [4]. 

 

7. RESULTS 

 

Nitric oxide and FHM-1 (Paper I) 

Nitric oxide is an effective and reproducible trigger of headache 

[127] and migraine in migraine patients [117]. We therefore used 

the GTN migraine provocation model to explore the functional 

consequences of the R583Q and C1369Y gene mutations in FHM-

1 patients. Activation of the NO - cGMP pathway failed to induce 

migraine aura or migraine headache in patients with FHM-1. This 

finding is in sharp contrast to results in migraine patients with and 

without aura, where GTN induces migraine in 50-80 % of patients 

[117, 119, 128].  

 

 

GTN failed to induce a migraine aura  

Cortical spreading depression (CSD), discovered by Leão [129], 

has been linked to migraine aura pathogenesis in both observa-

tional [130], animal [35] and human studies [36, 131, 132]. Cere-

bral blood flow (CBF) studies during hemiplegic aura showed a 

spreading cortical hypo perfusion [76], similar to migraine with 

aura [77], which suggest that CSD is the most likely mechanism of 

hemiplegic aura [78, 79]. It still remains unresolved why migraine 

patients are more susceptible to CSD. In the case of FHM, animal 

studies of CACNA1A knock-in mice showed increased susceptibil-

ity to CSD [83]. It has been proposed that CACNA1A mutations 

leads to increased release of glutamate, and an increased suscep-

tibility to CSD [62].  

The molecular mechanisms for the initiation and propagation of 

CSD are not fully understood. However, animal studies reported 

that CSD is associated with the release of nitric oxide [133, 134], 

and nitric oxide has also been linked to the modulation of the 

calcium entry through P/Q type calcium channels [135], and the 

transduction between neuronal activity and increased CBF after 

CSD [136]. Furthermore, Read and colleagues  showed that GTN 

stimulates the release of nitric oxide in response to CSD [134] and 

CSD increases the levels of cGMP in the cortex and brain stem 

[137]. These findings suggest that the NO-cGMP pathway could 

be importantly involved in the pathogenesis of migraine aura. The 

i.v. GTN model was used by Christiansen et Al. [119] in a study 

attempting to trigger migraine aura in 12 patients with pure 

migraine with aura, i.e. without any co-existing migraine without 

aura. The study showed that 50 % of the patients developed 

migraine headache but none of the patients developed migraine 

aura. In another study of 21 patients with migraine with aura, 

intravenously GTN induced reproducible aura in one patient 

[117], and in a study of 22 patients, sublingually applied GTN 

induced aura in 3 patients [138].  

Collectively these data suggest that GTN may be able to induce 

aura in some migraine patients, although with a relatively low 

rate of aura induction. The genotype of FHM-1 may be associated 

with a decreased CSD threshold and it could therefore be ex-

pected that GTN might be able to induce aura in some of the 

FHM-1 patients. GTN failed, however, to induce migraine aura in 

this population-based cohort of Danish FHM-1 patents with the 

R5583Q and C1369Y mutations [48]. Thus, based on our data, it 

appears that activation of the NO-cGMP pathway does not trigger 

aura in FHM-1 patients.   

 

GTN failed to induce migraine headache  

Experimental studies in migraineurs have demonstrated that the 

NO-cGMP pathway plays an important role in triggering [94, 95, 

97, 117, 119, 139] and maintaining [92] migraine headache. Inter-

estingly, the study by Christiansen et al. [119] showed that al-

though GTN failed to induce aura, most MA patients developed 

migraine headache. This indicates that the NO-cGMP neurobio-

logical pathway is involved in triggering migraine headache in 

patients with MA. FHM-1 and MA patients share clinical features 

such as non-hemiplegic aura symptoms, a similar headache phase 

and similar associated symptoms [8]. We therefore hypothesized 

that GTN-infusion would induce a migraine headache in most 

FHM-1 patients. The present study showed, however, that GTN 

failed to trigger more migraine headache in FHM-1 patients than 

in healthy controls, and the reported pain intensity was not sig-

nificantly different between the groups. This is in sharp contrast 

to earlier findings where GTN caused more episodes of migraine 

and migraine-like headache in migraine patients than in controls 

[117, 128] . 
 

Table 1: Number of patients and controls reporting headache and mi-

graine headache 

 

 FHM-1 Controls P 

Immediate 

headache 

(0-120 min) 

 

7 3 0.05 
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Delayed heada-

che 

(2-h-14h) 

 

5 2 0.15 

Migraine accor-

ding to ICHD 

 
1 0 0.47 

Groups compared with Fisher's exact test. 

GTN have also been reported to induce a more pronounced 

headache response in migraine patients than in healthy controls 

[94, 119].  

 

Figure 12  

Individual and median headache scores on a verbal rating scale (VRS) during imme-

diate (0-120 min) and delayed phases (2-14 h) after start of the GTN infusion in 8 

patients with FHM-1 and 9 controls. Thick lines in figure are median pain scores, 

from [1]. 

 

The present results therefore suggest that the R583Q / C1369Y 

mutations do not cause hypersensitivity to GTN and consequently 

seem to affect neurobiological pathways other than those in MA 

and MO. Two out of 8 FHM-1 patients had both FHM-1 and MA 

and only one of these, with the R583Q mutation, developed 

delayed headache fulfilling the criteria for migraine without aura. 

This is similar to the placebo rate of migraine induction in a study, 

where 1 out of 10 MO patients developed a migraine attack after 

placebo [95]. Interestingly, family members (n=5) of this patient 

with the same mutation but without known co-existing common 

types of migraine did not develop migraine. In the light of these 

surprising findings, one might suggest that neurobiological path-

ways of co-existing migraine with aura are sometimes distinct 

from pathways involved in FHM-1.     

       

 
Figure 13  
Individual and mean flow velocities in the middle cerebral arteries (VMCA) assessed 

by transcranial Doppler ultrasonography. There were no differences between patients 

and controls following glyceryl trinitrate (GTN) infusion during the immediate phase 

(0–120 min) (P = 0.115). Thick lines in figure show mean values. 

 

In line with previous studies on migraine patients [94], the FHM-1 

patients developed more immediate headache (0-2 h) than con-

trols. Arterial dilatation may cause headache [140], and GTN 

infusion causes a more pronounced dilation of extra- and in-

tracerebral arteries in migraine patients than in controls [141]. 

We found changes in the diameter of the STA, and a decrease in 

the VmeanMCA comparable to earlier studies using the same 

dose of GTN [142], but we did not detect any differences in 

VmeanMCA, or the diameter of the STA between FHM-1 and 

controls. This could indicate that FHM-1 may not share the arte-

rial hypersensitivity to NO that has been suggested for MO pa-

tients [141]. It also shows that the difference in immediate head-

ache between FHM-1 and controls is unlikely to be caused by 

vasodilatation.  

 

Figure 14  

Individual and mean diameters of the superficial temporal artery (STA) assessed by 

high-resolution ultrasonography. During the immediate phase (AUC 0-120min), 

measurements of the diameter of STA showed no difference between patients (red) 

and controls (blue) (P = 0.71). Thick lines in figure show mean values. 

 

 

Surprisingly few controls developed headache, compared to our 

earlier studies using the NO-cGMP model. The incidence of im-
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mediate headache in the control group, however, is similar to a 

large study by Sances et Al. [138]. Studies on the R593Q-mutation 

also examined in the present study [143] showed that FHM mu-

tated human CaV2.1 channels display an increased open probabil-

ity, thus allowing FHM-1 channels to carry larger Ca2+ fluxes than 

in the wild type [61]. Animal studies on knock-out rats for the 

Cav2.1 calcium channel, indicate that the P/Q-type calcium chan-

nels may have a pronociceptive role in inflammatory and neuro-

pathic pain states [144]. Based on these data, it would be plausi-

ble to suggest that the more pronounced immediate headache in 

the FHM-patients may be due to the pronociceptive effect of the 

gain-of-function phenotype known from the R539Q-mutation.  

These results suggest that FHM-1 patients do not show hypersen-

sitivity of the NO-cGMP pathway, as characteristically seen in MO 

and MA. Furthermore, pathophysiological pathways underlying 

migraine headache in FHM-1 may be different from the common 

types of migraine (MA and MO). Our material does not allow a 

separate evaluation of each mutation. Further studies are war-

ranted to examine this, and explore whether FHM-2 also differ 

from the common types of migraine. 

 

Nitric oxide and FHM-2 (Paper II) 

Clinically, the migraine features of FHM-1 and FHM-2 are not 

different, but the mutated genes may lead to different functional 

consequences. It is, therefore, possible that the sensitivity to 

migraine trigger GTN may be different between patients with 

FHM-1 and FHM-2. We therefore used the GTN migraine provoca-

tion model to explore the functional consequences of the R202Q, 

R763C, V138A and L764P gene mutations in FHM-2 patients.  

A common denominator for all tested FHM-2 mutations is a 

slowed or reduced activity of the α2 Na+,K+-ATPase, which has 

been termed functional haploinsufficiency [44]. Reduced activity 

of the Na+,K+-ATPase may reduce the removal of glutamate and 

lower the threshold for cortical spreading depression (CSD) [62]. 

Pharmacological inactivation of the Na+K+-ATPase (similar to the 

effects of FHM-2 mutations) causes CSD-like depolarization [145] 

and stimulation of the NO - cGMP pathway has been shown to 

inhibit Na+K+-ATPase activity [146, 147]. FHM-2 patients might 

therefore show a reduced threshold for CSD and migraine. 

 

Migraine aura 

Activation of the NO - cGMP pathway failed to induce more mi-

graine aura in FHM-2 patients than in healthy volunteers, which is 

similar to patients with migraine with typical aura where GTN 

rarely [117] or never [119] induces aura. One patient reported 

hemiplegic aura and migraine headache. This patient reported 

that she was going through a difficult period of her life and we 

can therefore not entirely rule out the possibility, that the re-

ported attack was in fact a spontaneous one. Another possibility 

is that this particular mutation is associated with hypersensitivity 

of the NO- cGMP pathway. To clarify whether the hemiplegic aura 

could be triggered again, we could have repeated the GTN-

infusion as previously described in migraine with typical aura 

[117], but decided against it because the strain of inducing a 

hemiplegic attack is considerable. 

 

Migraine headache  

It is well established that MA and MO patients share a common 

hypersensitivity to activation of the NO - cyclic GMP pathway [94, 

95, 117, 138]. We would therefore expect a robust headache 

response after GTN in FHM-2, because spontaneous migraine 

headache in FHM is similar to MA and MO [5, 8].  

Surprisingly, we found no differences in the prevalence of mi-

graine attacks fulfilling the IHS criteria between FHM-2 and con-

trols (table 2). GTN infusion induced migraine in only 25 % of 

FHM-2 patients, which is much lower than what is seen in both 

MO and MA.  
 

Table 2: Number of patients and controls reporting headache and mi-

graine headache 

 

 FHM-2 Controls P 

Immediate 

headache (0-120 

min) 

 

4 3 0.65 

 

Delayed headache 

(2-h-14h) 

 

5 2 0.15 

Migraine accor-

ding to ICHD 

 

2 0 0.21 

Groups compared with Fisher's exact test. 

This finding is in sharp contrast to previous findings in patients 

with common types of migraine. We found no differences in area 

under the headache curve and vascular variables between FHM-2 

and controls. The FHM-2 group did, however, report a biphasic 

headache response after GTN infusion (figure 14). Moreover, the 

median peak headache intensity was higher in patients than in 

controls during the immediate and the delayed phases. Although 

the delayed response has occasionally been reported in healthy 

volunteers after GTN [148], we can not rule out that FHM-2 pa-

tients may be more sensitive to the GTN provocation than healthy 

volunteers.   

 

Figure 15  

Headache scores on a verbal rating scale (VRS) during immediate (0–120 min) and 

delayed phases (2–14 h) after start of the glyceryl trinitrate (GTN) infusion in eight 

patients with familial hemiplegic migraine type 2 (FHM-2) and nine controls. Thick 

lines in figure are median pain scores, adapted from [2]. 

 

 

Six patients had migraine co morbidity of MO (two) and MA 

(four). This co-occurrence could be a determinant for NO-

hypersensitivity, but to study this would require two groups of 

patients; one with known mutations and co-existing MA or MO 

versus “pure” FHM-2 patients. Such a study would be highly 

relevant, but difficult to set up due to the rarity of these patients. 
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Figure 16  
Mean flow velocities in the middle cerebral arteries (VMCA) measured by transcra-

nial Doppler ultrasonography following glyceryl trinitrate (GTN infusion. There were 

no differences between FHM-2 patients (filled squares) and controls (squares) 

following GTN infusion during the immediate phase (0–120 min) (P = 0.77). Thick 

lines in figure show mean values. 

 

 

Figure 17  

Diameter of the superficial temporal artery (STA) measured by high-resolution 

ultrasonography. During the immediate phase (AUC0-120 min) there was no differ-

ence in the diameter of STA between  patients (filled squares) and controls (squares) 

(P = 0.53). Thick lines in figure show mean values. 

 

 

In summary, FHM-2 patients the R202Q, R763C, V138A and L764P 

gene mutations do not develop migraine attacks after GTN, but 

we can exclude a small hypersensitivity to NO in FHM-2 patients 

with co-occurring MO and MA, but this effect is probably too 

small to be clinical relevant. 

 

Implications 

If FHM-2 patients are less sensitive to nitric oxide, it has implica-

tions for our understanding of the headache mechanisms and 

raises the question whether FHM-2 is distinct from the common 

types of migraine. The present study therefore raises the ques-

tion whether the ATP1A2 mutations are causative in the migraine 

pathogenesis. Pathophysiological pathways underlying migraine 

headache in FHM-2 patients may thus be different from the 

pathways in patients with the common types of migraine.  

There might, however, be other pathways of importance for the 

FHM phenotype, such as the well-known migraine triggering 

CGRP-cAMP pathway, known from MO-patients [101], which has 

never been examined in FHM patients. 

 

CGRP and FHM (Paper III) 

Calcitonin gene-related peptide (CGRP) is a neuropeptide [98] 

that is present in structures relevant to migraine and its release 

dilates cephalic arteries [28, 29, 149-151]. Strong evidence of the 

involvement of CGRP in migraine was provided in a study where 

infusion of CGRP caused migraine or migraine-like headache in 

migraine sufferers [101] and a mild headache in healthy controls 

[121]. Even more importantly, CGRP-receptor antagonism has 

documented efficacy in the treatment of migraine attacks [152]. 

An orally available CGRP antagonist have been tested in random-

ized clinical trials and have been found both safe and efficient [93, 

153].             

The mechanisms underlying the migraine inducing effects of 

CGRP are still not known in detail, but the phenotype might be 

linked to the FHM mutations. Clarifying the functional conse-

quences of FHM mutations by examining the sensitivity to known 

migraine provoking substances such as CGRP in a human experi-

mental headache model, might improve our understanding of the 

FHM phenotype.  

          We therefore hypothesised that CACNA1A and ATP1A2 

mutations in a group of genotyped FHM patients would be asso-

ciated with hypersensitivity to GGRP, similar to that observed in 

patients with MO [101]. This would indicate shared migraine 

mechanisms in FHM and MO and a potentially important role for 

CGRP-antagonists in the management of FHM-patients.  

Surprisingly, the main outcome of the study was that CGRP infu-

sion failed to induce more auras or more migraine-like headache 

in FHM patients than in healthy controls.     

 

CGRP did not induce migraine aura 

Migraine aura is likely to be the symptom of CSD [78], and a 

model has been proposed that links FHM mutations with a pro-

pensity to CSD [62]. Animal studies have established a link be-

tween FHM-1 mutations and increased susceptibility to CSD [83], 

but why migraine patients are more susceptible to CSD remains 

unresolved.  

The present study examines the relationship between the FHM 

genotype, which may be associated with a reduced threshold for 

CSD and CGRP. The ability of CGRP to induce CSD is unknown, but 

this is a likely possibility since infusion of the neuropeptide endo-

thelin-1 is able to cause CSD [154], probably via stimulation of  

phospholipase C [155]. CGRP acts in part via the same mechanism 

[156].  We found that CGRP is not able to trigger migraine aura in 

FHM patients and CGRP is probably not critically important in the 

aura pathogenesis in FHM.   

 

CGRP is not an effective trigger of migraine headache in FHM 

patients 

CGRP is important for pain signals in neurogenic inflammation 

[157] which has been linked to migraine pathogenesis [158]. 

Sensitivity to CGRP may be a determinant of the nociceptive 

threshold because nociceptor function depends on the sensitivity 

to CGRP [159].           

Patients with migraine without aura are hypersensitive to CGRP 

because infusion of CGRP causes migraine or migraine-like head-

ache in these patients [101]. A robust migraine response in FHM 

patients after CGRP would therefore indicate common migraine 

mechanism in FHM and MO. 
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Table 3 : Number of patients and controls reporting headache and 

migraine headache 

 

 FHM Controls P 

 

Immediate 

headache  

(0-120 min) 

 

5 7 0.65 

 

Delayed heada-

che 

(2-h-14h) 

 

3 5 0.65 

 

Migraine accor-

ding to ICHD or 

migraine-like 

headache 

 

2 1 0.58 

Groups compared with Fisher's exact test. 

We found no difference in the prevalence of migraine attacks 

fulfilling the IHS criteria for migraine with or without aura be-

tween FHM patients and controls (Table 3).  

 

Figure 18  
Headache scores on a verbal rating scale (VRS) during immediate (0-120 minutes), 

and delayed phases (2-14 h) after start of the CGRP infusion in 9 patients with FHM 

and 10 controls. Thick lines in figure are median pain scores, adapted from [3]. 

 

 

CGRP in a slightly larger dose (2 µg/min) induced delayed head-

ache in 9 out of 9 MO patients [101] against only 3 out of 9 pa-

tients in our study, but also severe hypotension in 2 out of 12 

patients which prompted us to use the lower dose of 1.5 µg/min 

that caused immediate headache in 50 % of healthy volunteers 

[121].  

We found marked vascular effects of CGRP, but no differences in 

the vascular variables between FHM and controls could be found.  

 

Figure 19  
Mean flow velocities in the middle cerebral arteries (VMeanMCA) measured by 

transcranial doppler ultrasonography following CGRP infusion. There were no 

differences between FHM patients (filled squares) and controls (squares) following 

CGRP infusion during the immediate phase (0-120 min) (P = 0.73). Thick lines in 

figure are mean values. 

 

 

 Animal studies have demonstrated that CGRP-induced vasodila-

tation is insufficient to activate nociceptors [160], but we know 

from other studies that migraine patients have an arterial hyper-

sensitivity to other migraine triggers [141].  

 

Figure 20  
Diameter of the superficial temporal artery, measured by high-resolution ultraso-

nography. The AUCSTA was larger in the controls, (squares) than in the FHM group, 

(filled squares) during the immediate phase (P = 0.035) Thick lines in figure show 

mean values. 

 

 

This seems not to be the case for FHM patients, a finding cor-

roborated by the larger AUCSTA in the control group. Therefore, 

we suggest that it is unlikely that FHM patients share the hyper-

sensitivity to CGRP with migraine without aura.  

 

Clinical significance of present findings 

The phenotypical similarities and the great clinical overlap be-

tween FHM and common types of migraine [48] suggest common 

neurobiological pathways. We show here that the FHM genotype 

does not confer hypersensitivity to the known migraine trigger 

CGRP because activation of the CGRP - cyclic AMP pathways failed 

to induce more migraine aura or migraine headache in FHM pa-



 DANISH MEDICAL BULLETIN   13 

tients than in healthy volunteers. We therefore suggest that 

neurobiological pathways responsible for migraine headache in 

MO and MA patients may be distinct from pathways responsible 

for migraine headache in FHM patients. Based on our results it 

seems unlikely that the new CGRP-antagonists would be effective 

in the management of FHM patients.  

 

Electrophysiology and FHM (paper IV) 

In the common forms of migraine, MA and MO, the brain and 

brain stem are characterized interictally by habituation deficits in 

the form of amplitude decrease of evoked responses or reflexes 

during repeated stimulation. This has been reported for visual, 

auditory, somatosensory and nociceptive evoked cortical poten-

tials [122], and for the nociception-specific blink reflex (nBR) [123, 

124]. The habituation deficit of the nBR and visual evoked poten-

tials are correlated in the same patients which suggests a com-

mon underlying mechanism [126]. It has been debated whether 

this mechanism is neuronal hyper excitability [161, 162]. If neu-

ronal hyper excitability were indeed the molecular pathology and 

possible source of migraine, it would be highly interesting to 

study the habituation of cortical and subcortical evoked re-

sponses in FHM patients, where the genotype has been linked to 

neuronal hyper excitability.   

 

Methods 

To optimize recruitment, we used portable devices to record 

most subjects with their agreement at their own homes. Within 

the same week, 9 out of 16 subjects were thus examined at their 

home, and the remaining patients at the clinical neurophysiology 

laboratory of Glostrup Hospital. The investigators who performed 

the electrophysiological recordings and analyses were blinded to 

diagnosis.  

All patients and healthy volunteers underwent a study of pattern-

reversal visual evoked potentials (VEP) auditory evoked cortical 

potentials (AEP) and nociception-specific blink reflexes (nBR) in a 

semi-randomized order starting with either VEP or AEP.  

For the VEP recordings, habituation was calculated as the per-

centage change of N1-P1 amplitude between the 1st and 6th 

block of averaging, for the AEP, habituation was calculated as the 

percentage N1-P2 amplitude change between 1st and 4th blocks 

and habituation of the R2 blink reflex was defined as the percent-

age change of the R2 AUC between the 1st and the 5th block of 

recordings.  

 

Results 

Visual Evoked Potentials (VEP): The difference in habituation was 

significant between healthy subjects and the total group of pa-

tients (median HV=5.02%, median FHM= -16.61%), (P=0.025). 

 

Auditory evoked potentials (AEP): Intensity dependence slopes 

(IDAP) calculated on global and block averages, though slightly 

steeper in patients, were not significantly different between FHM 

and control subjects, or within the two FHM genotypes. 

 

Figure 21  
The amplitude changes (µV) (mean ± standard error of the mean) of the N1-P1 

component of visual evoked potentials over 6 sequential blocks of 100 averages. 

 

 

Figure 22  
The AEP amplitudes (mean ± standard error of the mean) at the 4 increasing intensi-

ties of stimulation. There is only a slight difference in the amplitude-intensity func-

tion slopes (shown in µV/10 dB) between the groups. 

 

 

Nociception-specific blink reflexes (nBR): Mean perception 

thresholds tended to be higher in FHM subjects than in healthy 

volunteers (P=0.088) and mean pain thresholds were significantly 

higher in the FHM group than in the control group (P = 0.039).  

The mean area under the curve (AUC) of the 1st block of nBR 

averages did not differ significantly between groups of subjects, 

nor did nBR latencies, but over the subsequent blocks of 5 re-

sponses, the decrease, i.e. habituation, of the nBR AUC was 

markedly more pronounced in both FHM groups than in the 

control group.  

The amplitude change in the 5th block relative to the 1st block 

was on average –18.0% in controls (median –12.86%), compared 

to -51.7% in FHM-1 (median –64.32%, P = 0.15) and –54.8% in 

FHM-2 subjects (median=-51.17%, P = 0.02). 
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Figure 23  

The areas under the curve (AUC: µsec x msec) (mean ± standard error of the mean) 

in the 5 blocks of averages in the subject groups. The habituation is more pro-

nounced in FHM patients than in healthy subjects (HV).   

 

Comments  

If neuronal hyper excitability was the culprit for the interictal 

habituation deficit of evoked responses in the common forms of 

migraine, and if the latter and familial hemiplegic migraine (FHM) 

belonged to the same pathophysiological spectrum, one would 

expect that FHM patients might present at least some of the 

electrophysiological abnormalities found in migraine 

with/without aura [122]. The results presented here provide little 

support for this hypothesis. 

Contrary to the common forms of migraine, FHM is not character-

ized by a deficient, but rather by an increased habituation in 

cortical/brain stem evoked activities. Although these results need 

to be confirmed, our results suggest that the pathophysiology 

differs between FHM, MO and MA. 

 

8. THE SIGNIFICANCE OF THE PRESENT RESULTS. 

 

FHM and common types of migraine – do they share a common 

pathway? 

Cortical spreading depression (CSD) is the probable pathophysi-

ological mechanism behind migraine aura, in both MA [36] and 

FHM [78, 79]. Even though animal studies have linked FHM-1 

mutations to an increased susceptibility to CSD [83], our results 

show that known migraine inducing substances were not able to 

induce migraine aura in FHM patients. This is similar to what is 

found in MA patients [119]. The aura mechanisms in MA and FHM 

are thus probably very similar.  

With regard to headache mechanisms, our results fail to confirm 

earlier results from MO and MA: FHM-1 or FHM-2 mutations do 

not confer hypersensitivity to activation of the NO-cGMP path-

way, as characteristically seen in both MO and MA patients. 

Based on our data from paper III, we also suggest that the FHM 

genotype is probably not very important for the hypersensitivity 

to the migraine provoking peptide, CGRP, because activation of 

the CGRP - cyclic AMP pathways failed to induce more migraine 

headache in FHM patients than in healthy volunteers. Hypersensi-

tivity to these migraine-provoking substances is a very fundamen-

tal trait of the common types of migraine.  

Based on the present results, we suggest that neurobiological 

pathways responsible for triggering migraine headache in FHM-1 

and FHM-2 patients might be distinct from MO and MA. 

This has implications for our understanding of the headache 

mechanisms and questions whether FHM patients share neuro-

biological background with MO and MA. Any generalisation of 

results from FHM to the typical migraines must, therefore, be 

considered controversial.  

 

Genotype – phenotype correlation? 

FHM has been considered a monogenic disease but for specific 

mutations, and even among individuals with the same primary 

genetic lesion, great clinical variability is found [107]. This could 

indicate additional genetic complexity in FHM, possibly caused by 

the high prevalence of polymorphisms in migraine phenotype 

modifying genes [163]. 

CACNA1A missense mutations have been associated with FHM-1 

and nonsense or splice site mutations with episodic ataxia type 2 

(EA2). These disorders may thus be seen as allelic disorders [40]. 

Spinocerebellar ataxia type 6 (SCA6), a dominant cerebellar de-

generative disorder, is caused by CAG repeat expansions in 

CACNA1A [164].  

Missense point mutations in CACNA1A, which typically cause 

episodic conditions, may also cause progressive cerebellar syn-

drome indistinguishable from SCA6 [165], which in turn may have 

episodic features as seen in EA2 and FHM [166]. Interestingly, 

patients with distinct mutations in CACNA1A may show overlap-

ping clinical features [167] which suggest that EA2, FHM, and 

SCA6 might represent a clinical continuum [168, 169].  

Some FHM-2 mutations are associated solely with FHM-2 [68] 

while others also involves epilepsy as part of its phenotypic spec-

trum [170, 171] and also the FHM-3 mutations have been associ-

ated with epilepsy [72]. 

A simple genotype-phenotype correlation for FHM has not re-

vealed much and may be too simplistic [172]. The mutated genes 

may be necessary but not sufficient to cause the FHM phenotype. 

This could point towards a new concept of the importance of the 

FHM genes. It is thus possible that FHM should be considered 

more like a syndromic form of migraine, similar to the migraine 

features observed in other neurological conditions like cerebral 

autosomal dominant arteriopathy with subcortical infarcts and 

leukoencephalopathy (CADASIL) [173] and myopathy, encephalo-

pathy, lactic acidosis and stroke-like episodes (MELAS). Severe 

prolonged migrainous symptoms may be a characteristic feature 

of MELAS [174] and in CADASIL, migraine with aura is a very fre-

quent symptom[175]. In one CADASIL family, typical FHM attacks 

have been described [176].  

It could therefore be speculated that the FHM phenotype, in 

analogy with these conditions, might be considered secondary to 

genetic changes per se, rather as a consequence of functional 

effects of the mutations [177]. As a corollary it could be noted 

that attacks of hemiplegic migraine may be seen in otherwise 

migraine-free cystic fibrosis patients (with mutated CFTR chloride 

channels) during cough episodes [178]. 

 

Treatment of FHM patients 

FHM is a severe condition, with alarming aura symptoms but the 

best acute migraine treatment, the triptans [179], are currently 

contraindicated in FHM-patients [180] even though they are 

probably effective also in FHM [181]. Mechanism-based headache 

research has identified important migraine triggers and thereby 

opened a new avenue for migraine treatment, because antago-

nism to these triggers constitutes effective migraine treatments 

[92, 152]. The new CGRP-antagonists have no vascular effects 

that could limit their use in FHM patients [182], and could poten-
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tially be a major breakthrough in the management of FHM pa-

tients.  

Based on the works in this thesis, we suggest that FHM patients 

do not share pathophysiological pathways with MO and MA 

patients, because FHM patients are not hypersensitive to GTN 

and CGRP. It thus seems unlikely that antagonists to CGRP and NO 

would be effective in the management of FHM patients. Proper 

randomized controlled trials with these compounds are needed, 

to prove or disprove this prediction. 

 

Methodological considerations 

The more common types of migraine are not associated with any 

of the known FHM mutations [51-54], but non-penetrant muta-

tion in some families may lead to healthy gene carriers. That 

could confuse the picture and might be interpreted as an in-

volvement of the mutations in the more common forms of mi-

graine [183]. The mutations in our patient material were not 

100% penetrant, as healthy gene carriers were found in some of 

the families [48]. 

The most frequent FHM-1 mutation, the T666M mutation [105], 

was not represented in this study, but since there is a high clinical 

heterogeneity within [184] and between families with the T666M 

mutation [105], the results from our FHM-1 studies may be valid 

for the whole FHM-1 population.  

Bearing in mind the nature of the experiments, the conclusion in 

this thesis should be interpreted with some caution for a number 

of reasons.  

The studies were carried out on a limited number of subjects and 

without placebo arm. Given that FHM is a very rare disease with 

prevalence of approximately 0.006 % [185], and the number of 

well defined mutation carriers is even smaller [48], we decided to 

apply a group comparison design to avoid the risk of drop-outs in 

a cross-over design.  

It could be argued that the induced migraine-like headache is not 

specific for migraine mechanisms. Thus, both GTN and CGRP may 

induce neurovascular headache in healthy subjects [121, 127]. 

Other vasoactive substances also induce headache in healthy 

subjects [88, 89]. Nevertheless these studies [94, 101] clearly 

demonstrated that migraineurs are more sensitive than controls 

in terms of headache or migraine induction. Thus, the absence of 

robust headache or migraine-induction in patients with FHM 

indicates that FHM patients do not share the hypersensitivity to 

migraine-inducing substances known from MO and MA patients.  

Compared with the general population, FHM probands have a 

significantly increased risk of MA, which suggests that the genetic 

abnormality causing FHM may also cause attacks with the symp-

tomatology of MA [50]. It could therefore be argued that it is 

more relevant to compare hypersensitivity to known migraine 

triggers between FHM and MA. In the GTN model of migraine, 

MA patients [119] exhibit similar or slightly smaller hypersensitiv-

ity than MO patients [95, 117]. CGRP causes migraine and mi-

graine-like headache in MO [101], but the effect of CGRP in MA 

patients has not yet been studied. 

As we hypothesised that FHM may be seen as a part of the mi-

graine spectrum [186, 187], we would expect a similar response 

to known migraine triggers across subtypes.  

Despite these limitations, our experiments were carried out on a 

group of genetically well-defined patients, which strengthens the 

results and suggests that the FHM genotype does not confer 

hypersensitivity to known migraine triggers.  

Can the results be dismissed because of a too low dosage of the 

provoking substances? 

The vascular effects observed in study I and II are similar to data 

from earlier works [110, 127, 141]  suggesting that GTN was 

indeed present in relevant doses in the subjects.  

During a migraine attack, CGRP in external jugular venous blood 

has been found increased 2-2.5 times compared with normal 

controls [28]. A recent study could however not confirm this 

finding [102]. In a study on healthy volunteers, infusion of 1.5 

µg/min of h-αCGRP, (similar to the dose in study III),  increased 

the plasma concentration approximately 3 to 4 times [121]. 

 

Future studies 

Our material does not allow a separate evaluation of each muta-

tion. It is therefore possible that some mutations could be associ-

ated with increased sensitivity to GTN and/or CGRP. Larger stud-

ies are needed to clarify this. 

In a large proportion of FHM-patients, no mutations have been 

identified until now [48, 49]. These patients display a typical 

phenotype but without any associated mutations. This raises the 

question whether this group might share pathophysiological 

mechanisms with FHM or with the common types of migraine.  

Another way of dissecting migraine mechanisms could be to study 

subjects with sporadic hemiplegic migraine (SHM), a condition 

clinically indistinguishable from FHM, but without any affected 

family members [188]. The FHM mutations are rarely found in 

subjects with SHM [108, 189], but the similar  hemiplegic pheno-

type suggests that FHM and SHM are pathophysiologically related 

[186].   

 

CONCLUSION 

The aims of the present thesis were to test the hypothesis that 

FHM mutations might be associated with hypersensitivity to 

known migraine provoking substances and, thereby, share patho-

physiological pathways with the common types of migraine, but 

our results disprove this hypothesis. 

Thus, FHM seems very different from MO and MA, both geneti-

cally and pathophysiologically. The fact that FHM genes regulate 

ion homeostasis cannot be extrapolated to MO and MA, and our 

results do not support the assumption that all migraines are 

channelopathies or ionopathies.  

 

SUMMARY  

Familial hemiplegic migraine (FHM) is a rare, dominantly inherited 

subtype of migraine with aura, where hemiplegia occurs during 

the aura phase. Mutation screening of families with FHM has 

revealed a range of different mutations. The mutated FHM genes 

code for ion transport proteins. Animal and cellular studies have 

associated the mutated FHM genes with disturbed ion homeosta-

sis, altered cellular excitability and altered neurotransmitter 

release. Abnormal cortical excitability due to dysfunctional ion-

channels might facilitate cortical spreading depression (CSD) and 

thereby migraine aura and migraine headache. Genotyped FHM 

patients offer us the chance to study the interplay between 

genotype and phenotype and may be regarded as a genetic mi-

graine model. FHM studies might open for a better understanding 

of the molecular migraine pathology, and potentially help to 

unravel the pathogenesis of the more common migraine forms. 

We have therefore studied genotyped FHM patients to under-

stand the effect of genotype on the response to migraine provok-

ing substances.  

We show here that two known migraine triggers failed to induce 

more migraine aura or migraine headache in FHM-patients than 

in healthy controls, thus indicating that the FHM genotype does 

not confer hypersensitivity to these migraine triggers. This has 
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implications for our understanding of the headache mechanisms 

and raises the question whether FHM share neurobiological back-

ground with the common types of migraine. The aims of the 

present thesis were to test the hypothesis that FHM mutations 

might be associated with hypersensitivity to known migraine 

triggers and, thereby, share pathophysiological pathways with the 

common types of migraine, but our results disprove this hypothe-

sis. 

Thus, FHM seems very different from MO and MA, both geneti-

cally and pathophysiologically. The fact that FHM genes regulate 

ion homeostasis cannot be extrapolated to the common types of 

migraine.  

 

Acknowledgement 

I would like to thank all participating FHM patients – I hope this 

work will inspire and spark further works and discussions on FHM 

pathogenesis, diagnosis and treatment.  

The work for the thesis was supported by grants from the Univer-

sity of Copenhagen, the A.P. Møller Foundation for advancement 

of medical science, the Cool Sorption Foundation, The Danish 

Medical Association Research Fund, Danish Headache Society, 

Ms. Else Torp and Flemming Jensen Foundation, Ms. Lily Benthine 

Lund Foundation, Jacob Madsen and Olga Madsen Foundation, 

The Lundbeck Foundation through the Centre for Neurovascular 

Signalling (LUCENS) and the European Community - EUROHEAD 

(LSHM-CT-2004-504837). A special note of appreciation from my 

entire family to Desirée and Niels Ydes Fond, for allowing us time 

in their writers retreat at the Côte d'Azur.   

 
 

REFERENCES 
 

1. Hansen JM, Thomsen L, Olesen J, Ashina M. Familial hemi-

plegic migraine type 1 shows no hypersensitivity to nitric ox-

ide. Cephalalgia. 2008;28:496-505 

2. Hansen JM, Thomsen L, Marconi R et al. Familial hemiplegic 

migraine type 2 does not share hypersensitivity to nitric ox-

ide with common types of migraine. Cephalalgia. 

2008;28:367-375 

3. Hansen JM, Thomsen L, Olesen J, Ashina M. Calcitonin gene-

related peptide does not cause the familial hemiplegic mi-

graine phenotype. Neurology. 2008;71:841-847 

4. Hansen JM., Bolla M., Magis D. et al. Habituation of evoked 

responses is greater in patients with familial hemiplegic mi-

graine than in controls: a contrast with the common forms of 

migraine. European Journal of Neurology - IN PRESS. 2010 

5. IHS. The International Classification of Headache Disorders: 

2nd edition. Cephalalgia. 2004;24 Suppl 1:9-160 

6. Pietrobon D. Familial hemiplegic migraine. Neurotherapeu-

tics. 2007;4:274-284 

7. Pietrobon D. Migraine: new molecular mechanisms. Neuro-

scientist. 2005;11:373-386 

8. Thomsen LL, Eriksen MK, Roemer SF et al. A population-

based study of familial hemiplegic migraine suggests revised 

diagnostic criteria. Brain. 2002;125:1379-1391 

9. Lipton RB, Stewart WF. Prevalence and impact of migraine. 

Neurol Clin. 1997;15:1-13 

10. Lipton RB, Stewart WF, Diamond S et al. Prevalence and 

burden of migraine in the United States: data from the 

American Migraine Study II. Headache. 2001;41:646-657 

11. Menken M, Munsat TL, Toole JF. The global burden of dis-

ease study: implications for neurology. Arch Neurol. 

2000;57:418-420 

12. Pop PH, Gierveld CM, Karis HA, Tiedink HG. Epidemiological 

aspects of headache in a workplace setting and the impact 

on the economic loss. Eur J Neurol. 2002;9:171-174 

13. Lipton RB, Stewart WF, Scher AI. Epidemiology and economic 

impact of migraine. Curr Med Res Opin. 2001;17 Suppl 1:s4-

12 

14. Wolff H. Headache and other head pain. New York: Oxford 

University Press, 1963 

15. Cutrer M. Pain-sensitive cranial structures: chemical anat-

omy. In: Silberstein S, Lipton, RB., Dalessio, DJ., ed. Wolff’s 

Headache and Other Head Pain. 7 th. ed. New York: Oxford 

University Press, 2001:57-72 

16. Cushing H. The sensory distribution of the fifth cranial nerve. 

Bull Johns Hopk Hosp. 1904;XV:213–232 

17. Ray B, Wolff H. Experimental studies on headache. Pain 

sensitive structures of the head and their significance in 

headache. Arch Surg. 1940;41:813–856 

18. Moskowitz MA, Reinhard JF, Jr., Romero J et al. Neurotrans-

mitters and the fifth cranial nerve: is there a relation to the 

headache phase of migraine? Lancet. 1979;2:883-885 

19. Edvinsson L, Goadsby PJ. Neuropeptides in the cerebral 

circulation: relevance to headache. Cephalalgia. 

1995;15:272-276 

20. Liu-Chen LY, Mayberg MR, Moskowitz MA. Immunohisto-

chemical evidence for a substance P-containing trigemino-

vascular pathway to pial arteries in cats. Brain Res. 

1983;268:162-166 

21. Hansen JM, Sitarz J, Birk S et al. Vasoactive intestinal poly-

peptide evokes only a minimal headache in healthy volun-

teers. Cephalalgia. 2006;26:992-1003 

22. Rahmann A, Wienecke T, Hansen JM et al. Vasoactive intes-

tinal peptide causes marked cephalic vasodilation, but does 

not induce migraine. Cephalalgia. 2008;28:226-236 

23. Lassen LH, Jacobsen VB, Haderslev PA et al. Involvement of 

calcitonin gene-related peptide in migraine: regional cerebral 

blood flow and blood flow velocity in migraine patients. J 

Headache Pain. 2008;9:151-157 

24. Schoonman GG, van der Grond J, Kortmann C et al. Migraine 

headache is not associated with cerebral or meningeal vaso-

dilatation--a 3T magnetic resonance angiography study. 

Brain. 2008;131:2192-2200 

25. Weiller C, May A, Limmroth V et al. Brain stem activation in 

spontaneous human migraine attacks. Nat Med. 1995;1:658-

660 

26. Afridi SK, Giffin NJ, Kaube H et al. A positron emission tomo-

graphic study in spontaneous migraine. Arch Neurol. 

2005;62:1270-1275 

27. May A, Goadsby PJ. The trigeminovascular system in hu-

mans: pathophysiologic implications for primary headache 

syndromes of the neural influences on the cerebral circula-

tion. J Cereb Blood Flow Metab. 1999;19:115-127 

28. Goadsby PJ, Edvinsson L, Ekman R. Vasoactive peptide re-

lease in the extracerebral circulation of humans during mi-

graine headache. Ann Neurol. 1990;28:183-187 

29. Goadsby PJ, Edvinsson L, Ekman R. Release of vasoactive 

peptides in the extracerebral circulation of humans and the 

cat during activation of the trigeminovascular system. Ann 

Neurol. 1988;23:193-196 

30. Ebers GC, George AL, Barchi RL et al. Paramyotonia con-

genita and hyperkalemic periodic paralysis are linked to the 

adult muscle sodium channel gene. Ann Neurol. 

1991;30:810-816 



 DANISH MEDICAL BULLETIN   17 

31. Fontaine B, Khurana TS, Hoffman EP et al. Hyperkalemic 

periodic paralysis and the adult muscle sodium channel al-

pha-subunit gene. Science. 1990;250:1000-1002 

32. Browne DL, Gancher ST, Nutt JG et al. Episodic 

ataxia/myokymia syndrome is associated with point muta-

tions in the human potassium channel gene, KCNA1. Nat 

Genet. 1994;8:136-140 

33. Steinlein OK, Mulley JC, Propping P et al. A missense muta-

tion in the neuronal nicotinic acetylcholine receptor alpha 4 

subunit is associated with autosomal dominant nocturnal 

frontal lobe epilepsy. Nat Genet. 1995;11:201-203 

34. Pietrobon D. Calcium channels and channelopathies of the 

central nervous system. Mol Neurobiol. 2002;25:31-50 

35. Lauritzen M. Pathophysiology of the migraine aura. The 

spreading depression theory. Brain. 1994;117 ( Pt 1):199-210 

36. Hadjikhani N, Sanchez Del Rio M, Wu O et al. Mechanisms of 

migraine aura revealed by functional MRI in human visual 

cortex. Proc Natl Acad Sci U S A. 2001;98:4687-4692 

37. Liveing E. On megrim, sick headache, and some allied disor-

ders: a contribution to the pathology of nerve storms. Lon-

don: Churchill, 1873 

38. Whitty CW. Familial hemiplegic migraine. J Neurol Neurosurg 

Psychiatry. 1953;16:172-177 

39. Blau JN, Whitty CW. Familial hemiplegic migraine. Lancet. 

1955;269:1115-1116 

40. Ophoff RA, Terwindt GM, Vergouwe MN et al. Familial hemi-

plegic migraine and episodic ataxia type-2 are caused by mu-

tations in the Ca2+ channel gene CACNL1A4. Cell. 

1996;87:543-552 

41. Uchitel OD, Protti DA, Sanchez V et al. P-type voltage-

dependent calcium channel mediates presynaptic calcium in-

flux and transmitter release in mammalian synapses. Proc 

Natl Acad Sci U S A. 1992;89:3330-3333 

42. Westenbroek RE, Sakurai T, Elliott EM et al. Immunochemical 

identification and subcellular distribution of the alpha 1A 

subunits of brain calcium channels. J Neurosci. 

1995;15:6403-6418 

43. Mintz IM, Sabatini BL, Regehr WG. Calcium control of trans-

mitter release at a cerebellar synapse. Neuron. 1995;15:675-

688 

44. De Fusco M, Marconi R, Silvestri L et al. Haploinsufficiency of 

ATP1A2 encoding the Na+/K+ pump alpha2 subunit associ-

ated with familial hemiplegic migraine type 2. Nat Genet. 

2003;33:192-196 

45. Marconi R, De Fusco M, Aridon P et al. Familial hemiplegic 

migraine type 2 is linked to 0.9Mb region on chromosome 

1q23. Ann Neurol. 2003;53:376-381 

46. Dichgans M, Freilinger T, Eckstein G et al. Mutation in the 

neuronal voltage-gated sodium channel SCN1A in familial 

hemiplegic migraine. Lancet. 2005;366:371-377 

47. Vanmolkot KR, Babini E, de Vries B et al. The novel p.L1649Q 

mutation in the SCN1A epilepsy gene is associated with fa-

milial hemiplegic migraine: genetic and functional studies. 

Hum Mutat. 2007;28:522 

48. Thomsen LL, Kirchmann M, Bjornsson A et al. The genetic 

spectrum of a population-based sample of familial hemiple-

gic migraine. Brain. 2007;130:346-356 

49. Ducros A, Joutel A, Vahedi K et al. Mapping of a second locus 

for familial hemiplegic migraine to 1q21-q23 and evidence of 

further heterogeneity. Ann Neurol. 1997;42:885-890 

50. Thomsen LL, Olesen J, Russell MB. Increased risk of migraine 

with typical aura in probands with familial hemiplegic mi-

graine and their relatives. Eur J Neurol. 2003;10:421-427 

51. Kirchmann M, Thomsen LL, Olesen J. The CACNA1A and 

ATP1A2 genes are not involved in dominantly inherited mi-

graine with aura. Am J Med Genet B Neuropsychiatr Genet. 

2006;141:250-256 

52. Netzer C, Todt U, Heinze A et al. Haplotype-based systematic 

association studies of ATP1A2 in migraine with aura. Am J 

Med Genet B Neuropsychiatr Genet. 2006;141:257-260 

53. Jen JC, Kim GW, Dudding KA, Baloh RW. No mutations in 

CACNA1A and ATP1A2 in probands with common types of 

migraine. Arch Neurol. 2004;61:926-928 

54. Wieser T, Mueller C, Evers S et al. Absence of known familial 

hemiplegic migraine (FHM) mutations in the CACNA1A gene 

in patients with common migraine: implications for genetic 

testing. Clin Chem Lab Med. 2003;41:272-275 

55. van de Ven RC, Kaja S, Plomp JJ et al. Genetic models of 

migraine. Arch Neurol. 2007;64:643-646 

56. Terwindt GM, Ophoff RA, Haan J et al. Migraine, ataxia and 

epilepsy: a challenging spectrum of genetically determined 

calcium channelopathies. Dutch Migraine Genetics Research 

Group. Eur J Hum Genet. 1998;6:297-307 

57. Hillman D, Chen S, Aung TT et al. Localization of P-type cal-

cium channels in the central nervous system. Proc Natl Acad 

Sci U S A. 1991;88:7076-7080 

58. Starr TV, Prystay W, Snutch TP. Primary structure of a cal-

cium channel that is highly expressed in the rat cerebellum. 

Proc Natl Acad Sci U S A. 1991;88:5621-5625 

59. Wu LG, Westenbroek RE, Borst JG et al. Calcium channel 

types with distinct presynaptic localization couple differen-

tially to transmitter release in single calyx-type synapses. J 

Neurosci. 1999;19:726-736 

60. Hans M, Luvisetto S, Williams ME et al. Functional conse-

quences of mutations in the human alpha1A calcium channel 

subunit linked to familial hemiplegic migraine. J Neurosci. 

1999;19:1610-1619 

61. Tottene A, Fellin T, Pagnutti S et al. Familial hemiplegic mi-

graine mutations increase Ca(2+) influx through single hu-

man CaV2.1 channels and decrease maximal CaV2.1 current 

density in neurons. Proc Natl Acad Sci U S A. 2002;99:13284-

13289 

62. Moskowitz MA, Bolay H, Dalkara T. Deciphering migraine 

mechanisms: clues from familial hemiplegic migraine geno-

types. Ann Neurol. 2004;55:276-280 

63. Koenderink JB, Zifarelli G, Qiu LY et al. Na,K-ATPase muta-

tions in familial hemiplegic migraine lead to functional inac-

tivation. Biochim Biophys Acta. 2005;1669:61-68 

64. Capendeguy O, Horisberger JD. Functional effects of Na+,K+-

ATPase gene mutations linked to familial hemiplegic mi-

graine. Neuromolecular Med. 2004;6:105-116 

65. Vanmolkot KR, Stroink H, Koenderink JB et al. Severe epi-

sodic neurological deficits and permanent mental retarda-

tion in a child with a novel FHM2 ATP1A2 mutation. Ann 

Neurol. 2006;59:310-314 

66. Jen JC, Klein A, Boltshauser E et al. Prolonged hemiplegic 

episodes in children due to mutations in ATP1A2. J Neurol 

Neurosurg Psychiatry. 2007;78:523-526 

67. Bassi MT, Bresolin N, Tonelli A et al. A novel mutation in the 

ATP1A2 gene causes alternating hemiplegia of childhood. J 

Med Genet. 2004;41:621-628 

68. Vanmolkot KR, Kors EE, Turk U et al. Two de novo mutations 

in the Na,K-ATPase gene ATP1A2 associated with pure famil-

ial hemiplegic migraine. Eur J Hum Genet. 2006;14:555-560 

69. Segall L, Mezzetti A, Scanzano R et al. Alterations in the 

alpha2 isoform of Na,K-ATPase associated with familial 



 DANISH MEDICAL BULLETIN   18 

hemiplegic migraine type 2. Proc Natl Acad Sci U S A. 

2005;102:11106-11111 

70. Segall L, Scanzano R, Kaunisto MA et al. Kinetic alterations 

due to a missense mutation in the Na,K-ATPase alpha2 sub-

unit cause familial hemiplegic migraine type 2. J Biol Chem. 

2004;279:43692-43696 

71. Whitaker WR, Clare JJ, Powell AJ et al. Distribution of volt-

age-gated sodium channel alpha-subunit and beta-subunit 

mRNAs in human hippocampal formation, cortex, and cere-

bellum. J Comp Neurol. 2000;422:123-139 

72. Escayg A, MacDonald BT, Meisler MH et al. Mutations of 

SCN1A, encoding a neuronal sodium channel, in two families 

with GEFS+2. Nat Genet. 2000;24:343-345 

73. Meisler MH, Kearney JA. Sodium channel mutations in epi-

lepsy and other neurological disorders. J Clin Invest. 

2005;115:2010-2017 

74. Cestele S, Scalmani P, Rusconi R et al. Self-limited hyperex-

citability: functional effect of a familial hemiplegic migraine 

mutation of the Nav1.1 (SCN1A) Na+ channel. J Neurosci. 

2008;28:7273-7283 

75. Kahlig KM, Rhodes TH, Pusch M et al. Divergent sodium 

channel defects in familial hemiplegic migraine. Proc Natl 

Acad Sci U S A. 2008;105:9799-9804 

76. Friberg L, Olsen TS, Roland PE, Lassen NA. Focal ischaemia 

caused by instability of cerebrovascular tone during attacks 

of hemiplegic migraine. A regional cerebral blood flow study. 

Brain. 1987;110 ( Pt 4):917-934 

77. Sanchez del Rio M, Bakker D, Wu O et al. Perfusion weighted 

imaging during migraine: spontaneous visual aura and head-

ache. Cephalalgia. 1999;19:701-707 

78. Olesen J, Larsen B, Lauritzen M. Focal hyperemia followed by 

spreading oligemia and impaired activation of rCBF in classic 

migraine. Ann Neurol. 1981;9:344-352 

79. Lauritzen M, Olesen J. Regional cerebral blood flow during 

migraine attacks by Xenon-133 inhalation and emission to-

mography. Brain. 1984;107 ( Pt 2):447-461 

80. Moskowitz MA, Nozaki K, Kraig RP. Neocortical spreading 

depression provokes the expression of c-fos protein-like im-

munoreactivity within trigeminal nucleus caudalis via 

trigeminovascular mechanisms. J Neurosci. 1993;13:1167-

1177 

81. Kunkler PE, Kraig RP. Hippocampal spreading depression 

bilaterally activates the caudal trigeminal nucleus in rodents. 

Hippocampus. 2003;13:835-844 

82. Bolay H, Reuter U, Dunn AK et al. Intrinsic brain activity 

triggers trigeminal meningeal afferents in a migraine model. 

Nat Med. 2002;8:136-142 

83. van den Maagdenberg AM, Pietrobon D, Pizzorusso T et al. A 

Cacna1a knockin migraine mouse model with increased sus-

ceptibility to cortical spreading depression. Neuron. 

2004;41:701-710 

84. Abe K, Saito H. Involvement of Na+-K+ pump in L-glutamate 

clearance by cultured rat cortical astrocytes. Biol Pharm Bull. 

2000;23:1051-1054 

85. Cholet N, Pellerin L, Magistretti PJ, Hamel E. Similar peri-

synaptic glial localization for the Na+,K+-ATPase alpha 2 sub-

unit and the glutamate transporters GLAST and GLT-1 in the 

rat somatosensory cortex. Cereb Cortex. 2002;12:515-525 

86. Wessman M, Terwindt GM, Kaunisto MA et al. Migraine: a 

complex genetic disorder. Lancet Neurol. 2007;6:521-532 

87. Wessman M, Kaunisto MA, Kallela M, Palotie A. The molecu-

lar genetics of migraine. Ann Med. 2004;36:462-473 

88. Arulmani U, Gupta S, Maassenvandenbrink A et al. Experi-

mental migraine models and their relevance in migraine 

therapy. Cephalalgia. 2006;26:642-659 

89. Iversen HK. Human migraine models. Cephalalgia. 

2001;21:781-785 

90. Olesen J, Thomsen LL, Lassen LH, Olesen IJ. The nitric oxide 

hypothesis of migraine and other vascular headaches. 

Cephalalgia. 1995;15:94-100 

91. Edvinsson L, Fredholm BB, Hamel E et al. Perivascular pep-

tides relax cerebral arteries concomitant with stimulation of 

cyclic adenosine monophosphate accumulation or release of 

an endothelium-derived relaxing factor in the cat. Neurosci 

Lett. 1985;58:213-217 

92. Lassen LH, Ashina M, Christiansen I et al. Nitric oxide syn-

thase inhibition in migraine. Lancet. 1997;349:401-402 

93. Ho TW, Ferrari MD, Dodick DW et al. Efficacy and tolerability 

of MK-0974 (telcagepant), a new oral antagonist of calcitonin 

gene-related peptide receptor, compared with zolmitriptan 

for acute migraine: a randomised, placebo-controlled, paral-

lel-treatment trial. Lancet. 2008;372:2115-2123 

94. Olesen J, Iversen HK, Thomsen LL. Nitric oxide supersensitiv-

ity: a possible molecular mechanism of migraine pain. Neu-

roreport. 1993;4:1027-1030 

95. Thomsen LL KC, Iversen HK, Olesen J. A nitric oxide donor 

(nitroglycerin) triggers genuine migraine attacks. European 

Journal of Neurology. 1994;1:73-80 

96. Iversen HK, Olesen J. Nitroglycerin-induced headache is not 

dependent on histamine release: support for a direct no-

ciceptive action of nitric oxide. Cephalalgia. 1994;14:437-442 

97. Kruuse C, Thomsen LL, Birk S, Olesen J. Migraine can be 

induced by sildenafil without changes in middle cerebral ar-

tery diameter. Brain. 2003;126:241-247 

98. Rosenfeld MG, Mermod JJ, Amara SG et al. Production of a 

novel neuropeptide encoded by the calcitonin gene via tis-

sue-specific RNA processing. Nature. 1983;304:129-135 

99. Jansen I, Mortensen A, Edvinsson L. Characterization of 

calcitonin gene-related peptide receptors in human cerebral 

vessels. Vasomotor responses and cAMP accumulation. Ann 

N Y Acad Sci. 1992;657:435-440 

100. Jansen-Olesen I, Mortensen A, Edvinsson L. Calcitonin gene-

related peptide is released from capsaicin-sensitive nerve fi-

bres and induces vasodilatation of human cerebral arteries 

concomitant with activation of adenylyl cyclase. Cephalalgia. 

1996;16:310-316 

101. Lassen LH, Haderslev PA, Jacobsen VB et al. CGRP may play a 

causative role in migraine. Cephalalgia. 2002;22:54-61 

102. Tvedskov JF, Lipka K, Ashina M et al. No increase of calcitonin 

gene-related peptide in jugular blood during migraine. Ann 

Neurol. 2005;58:561-568 

103. Birk S, Kruuse C, Petersen KA et al. The headache-inducing 

effect of cilostazol in human volunteers. Cephalalgia. 

2006;26:1304-1309 

104. Lykke Thomsen L, Kirchmann Eriksen M, Faerch Romer S et 

al. An epidemiological survey of hemiplegic migraine. Cepha-

lalgia. 2002;22:361-375 

105. Kors EE, Haan J, Giffin NJ et al. Expanding the phenotypic 

spectrum of the CACNA1A gene T666M mutation: a descrip-

tion of 5 families with familial hemiplegic migraine. Arch 

Neurol. 2003;60:684-688 

106. Ducros A, Denier C, Joutel A et al. Recurrence of the T666M 

calcium channel CACNA1A gene mutation in familial hemi-

plegic migraine with progressive cerebellar ataxia. Am J Hum 

Genet. 1999;64:89-98 



 DANISH MEDICAL BULLETIN   19 

107. Ducros A, Denier C, Joutel A et al. The clinical spectrum of 

familial hemiplegic migraine associated with mutations in a 

neuronal calcium channel. N Engl J Med. 2001;345:17-24 

108. Terwindt G, Kors E, Haan J et al. Mutation analysis of the 

CACNA1A calcium channel subunit gene in 27 patients with 

sporadic hemiplegic migraine. Arch Neurol. 2002;59:1016-

1018 

109. Battistini S, Stenirri S, Piatti M et al. A new CACNA1A gene 

mutation in acetazolamide-responsive familial hemiplegic 

migraine and ataxia. Neurology. 1999;53:38-43 

110. Iversen HK, Holm S, Friberg L, Tfelt-Hansen P. Intracranial 

hemodynamics during intravenous infusion of glyceryl trini-

trate. J Headache Pain. 2008;9:177-180 

111. Lassen LH, Jacobsen VB, Haderslev PA et al. Involvement of 

calcitonin gene-related peptide in migraine: regional cerebral 

blood flow and blood flow velocity in migraine patients. J 

Headache Pain. 2008 

112. Thomsen LL AM, Iversen HK, Olesen J, ed. Middle cerebral 

artery blood flow velocity increases during experimental 

pressure pain in the head. New York: Raven Press, 1995 

113. Thomsen LL, Iversen HK. Experimental and biological varia-

tion of three-dimensional transcranial Doppler measure-

ments. J Appl Physiol. 1993;75:2805-2810 

114. Hansen J, Pedersen D, Larsen VA et al. Magnetic resonance 

angiography shows dilatation of the middle cerebral artery 

after infusion of glyceryl trinitrate in healthy volunteers. 

Cephalalgia. 2007;27:118-127 

115. Iversen HK, Nielsen TH, Olesen J, Tfelt-Hansen P. Arterial 

responses during migraine headache. Lancet. 1990;336:837-

839 

116. Matthews JN, Altman DG, Campbell MJ, Royston P. Analysis 

of serial measurements in medical research. Bmj. 

1990;300:230-235 

117. Afridi SK, Kaube H, Goadsby PJ. Glyceryl trinitrate triggers 

premonitory symptoms in migraineurs. Pain. 2004;110:675-

680 

118. Afridi SK, Matharu MS, Lee L et al. A PET study exploring the 

laterality of brainstem activation in migraine using glyceryl 

trinitrate. Brain. 2005;128:932-939 

119. Christiansen I, Thomsen LL, Daugaard D et al. Glyceryl trini-

trate induces attacks of migraine without aura in sufferers of 

migraine with aura. Cephalalgia. 1999;19:660-667; discussion 

626 

120. Altman DG. Statistics in practice. London: British Medical 

Journal, 1982:6-8 

121. Petersen KA, Lassen LH, Birk S et al. BIBN4096BS antagonizes 

human alpha-calcitonin gene related peptide-induced head-

ache and extracerebral artery dilatation. Clin Pharmacol 

Ther. 2005;77:202-213 

122. Schoenen J, Ambrosini A, Sandor PS, Maertens de Noordhout 

A. Evoked potentials and transcranial magnetic stimulation in 

migraine: published data and viewpoint on their pathophysi-

ologic significance. Clin Neurophysiol. 2003;114:955-972 

123. Katsarava Z, Giffin N, Diener HC, Kaube H. Abnormal habitua-

tion of 'nociceptive' blink reflex in migraine--evidence for in-

creased excitability of trigeminal nociception. Cephalalgia. 

2003;23:814-819 

124. Di Clemente L, Coppola G, Magis D et al. Interictal habitua-

tion deficit of the nociceptive blink reflex: an endopheno-

typic marker for presymptomatic migraine? Brain. 

2007;130:765-770 

125. Esteban A. A neurophysiological approach to brainstem 

reflexes. Blink reflex. Neurophysiol Clin. 1999;29:7-38 

126. Di Clemente L, Coppola G, Magis D et al. Nociceptive blink 

reflex and visual evoked potential habituations are corre-

lated in migraine. Headache. 2005;45:1388-1393 

127. Iversen HK, Olesen J, Tfelt-Hansen P. Intravenous nitroglyc-

erin as an experimental model of vascular headache. Basic 

characteristics. Pain. 1989;38:17-24 

128. Bellantonio P, Micieli G, Buzzi MG et al. Haemodynamic 

correlates of early and delayed responses to sublingual ad-

ministration of isosorbide dinitrate in migraine patients: a 

transcranial Doppler study. Cephalalgia. 1997;17:183-187 

129. Leao AAP. Spreading depression of activity in the cerebral 

cortex. J Neurophysiol. 1944;7:359-390 

130. Milner PM. Note on a possible correspondence between the 

scotomas of migraine and spreading depression of Leao. 

Electroencephalogr Clin Neurophysiol Suppl. 1958;10:705 

131. Lauritzen M, Skyhoj Olsen T, Lassen NA, Paulson OB. Changes 

in regional cerebral blood flow during the course of classic 

migraine attacks. Ann Neurol. 1983;13:633-641 

132. Olesen J, Friberg L, Olsen TS et al. Timing and topography of 

cerebral blood flow, aura, and headache during migraine at-

tacks. Ann Neurol. 1990;28:791-798 

133. Fabricius M, Akgoren N, Lauritzen M. Arginine-nitric oxide 

pathway and cerebrovascular regulation in cortical spreading 

depression. Am J Physiol. 1995;269:H23-29 

134. Read SJ, Smith MI, Hunter AJ, Parsons AA. Enhanced nitric 

oxide release during cortical spreading depression following 

infusion of glyceryl trinitrate in the anaesthetized cat. Cepha-

lalgia. 1997;17:159-165 

135. Petzold GC, Scheibe F, Braun JS et al. Nitric oxide modulates 

calcium entry through P/Q-type calcium channels and N-

methyl-d-aspartate receptors in rat cortical neurons. Brain 

Res. 2005;1063:9-14 

136. Akgoren N, Fabricius M, Lauritzen M. Importance of nitric 

oxide for local increases of blood flow in rat cerebellar cortex 

during electrical stimulation. Proc Natl Acad Sci U S A. 

1994;91:5903-5907 

137. Read SJ, Hirst WD, Upton N, Parsons AA. Cortical spreading 

depression produces increased cGMP levels in cortex and 

brain stem that is inhibited by tonabersat (SB-220453) but 

not sumatriptan. Brain Res. 2001;891:69-77 

138. Sances G, Tassorelli C, Pucci E et al. Reliability of the nitro-

glycerin provocative test in the diagnosis of neurovascular 

headaches. Cephalalgia. 2004;24:110-119 

139. Kruuse C, Lassen LH, Iversen HK et al. Dipyridamole may 

induce migraine in patients with migraine without aura. 

Cephalalgia. 2006;26:925-933 

140. Nichols FT, 3rd, Mawad M, Mohr JP et al. Focal headache 

during balloon inflation in the internal carotid and middle 

cerebral arteries. Stroke. 1990;21:555-559 

141. Thomsen LL, Iversen HK, Brinck TA, Olesen J. Arterial super-

sensitivity to nitric oxide (nitroglycerin) in migraine sufferers. 

Cephalalgia. 1993;13:395-399; discussion 376 

142. Iversen HK, Olesen J. Headache induced by a nitric oxide 

donor (nitroglycerin) responds to sumatriptan. A human 

model for development of migraine drugs. Cephalalgia. 

1996;16:412-418 

143. Kraus RL, Sinnegger MJ, Koschak A et al. Three new familial 

hemiplegic migraine mutants affect P/Q-type Ca(2+) channel 

kinetics. J Biol Chem. 2000;275:9239-9243 

144. Luvisetto S, Marinelli S, Panasiti MS et al. Pain sensitivity in 

mice lacking the Ca(v)2.1alpha(1) subunit of P/Q-type Ca(2+) 

channels. Neuroscience. 2006;142:823-832 



 DANISH MEDICAL BULLETIN   20 

145. Balestrino M, Young J, Aitken P. Block of (Na+,K+)ATPase 

with ouabain induces spreading depression-like depolariza-

tion in hippocampal slices. Brain Res. 1999;838:37-44 

146. Ellis DZ, Nathanson JA, Sweadner KJ. Carbachol inhibits 

Na(+)-K(+)-ATPase activity in choroid plexus via stimulation 

of the NO/cGMP pathway. Am J Physiol Cell Physiol. 

2000;279:C1685-1693 

147. Sato T, Kamata Y, Irifune M, Nishikawa T. Inhibition of puri-

fied (Na+,K+)-ATPase activity from porcine cerebral cortex by 

NO generating drugs. Brain Res. 1995;704:117-120 

148. Ashina M, Bendtsen L, Jensen R, Olesen J. Nitric oxide-

induced headache in patients with chronic tension-type 

headache. Brain. 2000;123 ( Pt 9):1830-1837 

149. Arulmani U, Maassenvandenbrink A, Villalon CM, Saxena PR. 

Calcitonin gene-related peptide and its role in migraine 

pathophysiology. Eur J Pharmacol. 2004;500:315-330 

150. Storer RJ, Akerman S, Goadsby PJ. Calcitonin gene-related 

peptide (CGRP) modulates nociceptive trigeminovascular 

transmission in the cat. Br J Pharmacol. 2004;142:1171-1181 

151. Petersen KA, Nilsson E, Olesen J, Edvinsson L. Presence and 

function of the calcitonin gene-related peptide receptor on 

rat pial arteries investigated in vitro and in vivo. Cephalalgia. 

2005;25:424-432 

152. Olesen J, Diener HC, Husstedt IW et al. Calcitonin gene-

related peptide receptor antagonist BIBN 4096 BS for the 

acute treatment of migraine. N Engl J Med. 2004;350:1104-

1110 

153. Ho TW, Mannix LK, Fan X et al. Randomized controlled trial 

of an oral CGRP receptor antagonist, MK-0974, in acute 

treatment of migraine. Neurology. 2008;70:1304-1312 

154. Dreier JP, Kleeberg J, Petzold G et al. Endothelin-1 potently 

induces Leao's cortical spreading depression in vivo in the 

rat: a model for an endothelial trigger of migrainous aura? 

Brain. 2002;125:102-112 

155. Kleeberg J, Petzold GC, Major S et al. ET-1 induces cortical 

spreading depression via activation of the ETA recep-

tor/phospholipase C pathway in vivo. Am J Physiol Heart Circ 

Physiol. 2004;286:H1339-1346 

156. Drissi H, Lasmoles F, Le Mellay V et al. Activation of phos-

pholipase C-beta1 via Galphaq/11 during calcium mobiliza-

tion by calcitonin gene-related peptide. J Biol Chem. 

1998;273:20168-20174 

157. Salmon AM, Damaj MI, Marubio LM et al. Altered neu-

roadaptation in opiate dependence and neurogenic inflam-

matory nociception in alpha CGRP-deficient mice. Nat Neu-

rosci. 2001;4:357-358 

158. Dalkara T, Zervas NT, Moskowitz MA. From spreading de-

pression to the trigeminovascular system. Neurol Sci. 

2006;27 Suppl 2:S86-90 

159. Mogil JS, Miermeister F, Seifert F et al. Variable sensitivity to 

noxious heat is mediated by differential expression of the 

CGRP gene. Proc Natl Acad Sci U S A. 2005;102:12938-12943 

160. Levy D, Burstein R, Strassman AM. Calcitonin gene-related 

peptide does not excite or sensitize meningeal nociceptors: 

implications for the pathophysiology of migraine. Ann Neu-

rol. 2005;58:698-705 

161. Aurora SK, Ahmad BK, Welch KM et al. Transcranial magnetic 

stimulation confirms hyperexcitability of occipital cortex in 

migraine. Neurology. 1998;50:1111-1114 

162. Bohotin V, Fumal A, Vandenheede M et al. Effects of repeti-

tive transcranial magnetic stimulation on visual evoked po-

tentials in migraine. Brain. 2002;125:912-922 

163. Estevez M, Gardner KL. Update on the genetics of migraine. 

Hum Genet. 2004;114:225-235 

164. Zhuchenko O, Bailey J, Bonnen P et al. Autosomal dominant 

cerebellar ataxia (SCA6) associated with small polyglutamine 

expansions in the alpha 1A-voltage-dependent calcium 

channel. Nat Genet. 1997;15:62-69 

165. Yue Q, Jen JC, Nelson SF, Baloh RW. Progressive ataxia due to 

a missense mutation in a calcium-channel gene. Am J Hum 

Genet. 1997;61:1078-1087 

166. Geschwind DH, Perlman S, Figueroa KP et al. Spinocerebellar 

ataxia type 6. Frequency of the mutation and genotype-

phenotype correlations. Neurology. 1997;49:1247-1251 

167. Jen JC, Yue Q, Karrim J et al. Spinocerebellar ataxia type 6 

with positional vertigo and acetazolamide responsive epi-

sodic ataxia. J Neurol Neurosurg Psychiatry. 1998;65:565-568 

168. Jen J, Yue Q, Nelson SF et al. A novel nonsense mutation in 

CACNA1A causes episodic ataxia and hemiplegia. Neurology. 

1999;53:34-37 

169. Alonso I, Barros J, Tuna A et al. Phenotypes of spinocerebel-

lar ataxia type 6 and familial hemiplegic migraine caused by a 

unique CACNA1A missense mutation in patients from a large 

family. Arch Neurol. 2003;60:610-614 

170. Vanmolkot KR, Kors EE, Hottenga JJ et al. Novel mutations in 

the Na+, K+-ATPase pump gene ATP1A2 associated with fa-

milial hemiplegic migraine and benign familial infantile con-

vulsions. Ann Neurol. 2003;54:360-366 

171. Deprez L WS, Peeters K, Deconinck T, Claeys KG, Claes LR, 

Suls A, Van Dyck T, Palmini A, Matthijs G, Van Paesschen W, 

De Jonghe P. Epilepsy as part of the phenotype associated 

with ATP1A2 mutations. Epilepsia. 2008;49:500-508 

172. Denier C, Ducros A, Durr A et al. Missense CACNA1A muta-

tion causing episodic ataxia type 2. Arch Neurol. 

2001;58:292-295 

173. Guidetti D, Casali B, Mazzei RL, Dotti MT. Cerebral autosomal 

dominant arteriopathy with subcortical infarcts and leukoen-

cephalopathy. Clin Exp Hypertens. 2006;28:271-277 

174. Montagna P, Gallassi R, Medori R et al. MELAS syndrome: 

characteristic migrainous and epileptic features and mater-

nal transmission. Neurology. 1988;38:751-754 

175. Dichgans M, Mayer M, Uttner I et al. The phenotypic spec-

trum of CADASIL: clinical findings in 102 cases. Ann Neurol. 

1998;44:731-739 

176. Hutchinson M, O'Riordan J, Javed M et al. Familial hemiplegic 

migraine and autosomal dominant arteriopathy with leu-

koencephalopathy (CADASIL). Ann Neurol. 1995;38:817-824 

177. Montagna P. The primary headaches: genetics, epigenetics 

and a behavioural genetic model. J Headache Pain. 

2008;9:57-69 

178. Rao DS, Infeld MD, Stern RC, Chelimsky TC. Cough-induced 

hemiplegic migraine with impaired consciousness in cystic fi-

brosis. Pediatr Pulmonol. 2006;41:171-176 

179. Goadsby PJ, Lipton RB, Ferrari MD. Migraine--current under-

standing and treatment. N Engl J Med. 2002;346:257-270 

180. Klapper J, Mathew N, Nett R. Triptans in the treatment of 

basilar migraine and migraine with prolonged aura. Head-

ache. 2001;41:981-984 

181. Artto V, Nissila M, Wessman M et al. Treatment of hemiple-

gic migraine with triptans. Eur J Neurol. 2007;14:1053-1056 

182. Petersen KA, Birk S, Lassen LH et al. The CGRP-antagonist, 

BIBN4096BS does not affect cerebral or systemic haemody-

namics in healthy volunteers. Cephalalgia. 2005;25:139-147 



 DANISH MEDICAL BULLETIN   21 

183. Todt U, Dichgans M, Jurkat-Rott K et al. Rare missense vari-

ants in ATP1A2 in families with clustering of common forms 

of migraine. Hum Mutat. 2005;26:315-321 

184. Wada T, Kobayashi N, Takahashi Y et al. Wide clinical vari-

ability in a family with a CACNA1A T666m mutation: hemi-

plegic migraine, coma, and progressive ataxia. Pediatr Neu-

rol. 2002;26:47-50 

185. Thomsen LL KEM, Faerch Romer S,  Andersen I,  Ostergaard 

E,  Keiding N, Olesen J,  Russell MB. An epidemiological sur-

vey of hemiplegic migraine. Cephalalgia. 2002;Vol. 22:361–

375 

186. de Vries B, Freilinger T, Vanmolkot KR et al. Systematic 

analysis of three FHM genes in 39 sporadic patients with 

hemiplegic migraine. Neurology. 2007;69:2170-2176 

187. Carrera P, Stenirri S, Ferrari M, Battistini S. Familial 

hemiplegic migraine: a ion channel disorder. Brain Res Bull. 

2001;56:239-241 

188. Thomsen LL, Ostergaard E, Olesen J, Russell MB. Evidence for 

a separate type of migraine with aura: sporadic hemiplegic 

migraine. Neurology. 2003;60:595-601 

189. Thomsen LL, Oestergaard E, Bjornsson A et al. Screen for 

CACNA1A and ATP1A2 mutations in sporadic hemiplegic mi-

graine patients. Cephalalgia. 2008;28:914-921 

 

  

 


