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Abstract
Migraine is characterised by recurrent, episodic attacks of headache, often heralded by 

non-headache features in the premonitory and aura phases. Recent advances in genetics 

and electrophysiology have suggested factors in the aura and premonitory phases that 

may contribute to the episodicity of the disorder. My aim was to study these non

headache features using a variety of methods to gain understanding of attack initiation.

An electronic diary study showed that patients who claim they can predict an 

attack from premonitory symptoms can do so with reasonable accuracy. A subset of 

these patients was further investigated using functional imaging, electrophysiological 

and biochemical methods. Functional imaging did not demonstrate significant change of 

brain activation in the premonitory phase compared to the headache and interictal 

phases. I have helped to develop a novel electrophysiological technique, the nociceptive 

specific blink reflex, to study in vivo changes in trigeminal nociception in migraineurs 

and as a model of trigeminal nociception in healthy volunteers. A longitudinal study 

using the nociceptive blink reflex did not demonstrate a significant change in trigeminal 

nociceptive transmission interictally. A longitudinal study of NO urinary excretion 

highlighted a population difference in NO metabolism between migraineurs and 

controls but did not show any relationship with migraine attacks.

Clinical study of kindreds with hemiplegic migraine, linked to GAGNAI A 

mutations, revealed subjects with ataxic migraine, benign paroxysmal torticollis of 

infancy and progressive intellectual decline and coma. Voxel base morphometry o f a 

kindred with ataxic migraine showed cerebellar atrophy in subjects with the genotype 

but not in phenocopies. Diffusion weighted imaging of patients with persistent visual 

aura did not show any significant change.

There is clinical evidence for changes in the premonitory period, but I have not 

been able to correlate these with changes in functional imaging or trigeminal 

nociceptive transmission. The premonitory phase is most likely to be generated by 

discrete areas of the hypothalamus. Mutations in the GAGNAI A gene may lead to 

structural and functional cortical and cerebellar changes that lead to a phenotypic 

spectrum of neurological disability.
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1 Introduction

1.1 International Headache Society Classification of Migraine

Operational diagnostic criteria, i.e. diagnostic criteria by which all requirements are 

quantitatively specified, is vital for research into primary headache disorders to be able 

to study patients with a similar phenotype and for the results of that research to be 

extrapolated by the reader to similar patients. No systematic classification for headaches 

existed until 1988 when the International Headache Society (1RS 1988) published the 

first headache classification that included operational diagnostic criteria for all headache 

disorders (see appendix). This classification has been universally accepted, including by 

the World Federation of Neurology and the WHO.

All headache disorders are organised into 13 major groups. Within each group 

diagnoses are ordered into a hierarchy using up to four digits. This gives the system 

considerable practicality: a primary care physician may use the first one or two digits 

but for research purposes the third or fourth digit may be used. The terms ‘migraine 

with aura’ and ‘migraine without aura’ replaced ‘common’ and ‘classical’ migraine to 

prevent semantic ambiguity and facilitate translation into many languages.

However, the difficulty with an operational headache diagnosis is the lack of 

diagnostic laboratory investigations for primary headaches. The criteria therefore rest 

largely on the history and indirectly on the skill of the physician. Laboratory 

investigations are not necessary to exclude organic disorders in the majority of headache 

patients.

The IHS classifies headaches, not patients. Difficulties may arise from the 

coexistence of several headache disorders or the change in headaches over time.

The ideal classification system should be sensitive, specific, exhaustive (all 

headaches can be classified according to the criteria), applicable to both specialist and 

primary care settings and valid (the diagnosis reflects the underlying biological 

disorder). These tenants have largely been met by the IHS system. Although the validity 

is hard to evaluate because no gold standard exists, it is reflected by consistent 

epidemiological profiles of various headache types and remarkably consistent response 

rates to triptans, reflecting the homogeneity o f the defined group.

A revision of the current classification is currently underway, with particular 

regard to frequent primary headaches, some rare headache types such as the syndrome
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of sudden unilateral neuralgiform pain with conjunctival injection and tearing (SUNCT) 

and hemicrania continua, and paediatric migraine equivalents. In future revisions 

genetic coding o f inherited syndrome should be incorporated into the classification as 

knowledge is gained in this rapidly expanding area.

1.2 Epidemiology

Migraine is a highly prevalent disorder, occurring in all communities studied 

worldwide. Studies have shown widely varying prevalence figures for migraine the 

majority of the variation accounted for by age and sex. Migraine is most common in 

females with prevalence of active cases increasing up to 35 to 45 years and declining 

thereafter. However, even in women aged 40 to 50 years the prevalence varies as much 

as from 10 to 65% between studies (Stewart et al. 1995). It is probable that most o f this 

difference is due to case definition. Many of the earlier studies used their own case 

definitions. The introduction of the IHS criteria for migraine has been a major advance 

in standardising this, but whilst there is no biological marker for migraine, case 

definition will always rely to a certain extent on the skills of the interrogator. A study 

using the 1988 IHS criteria on 6,491 adults aged 20 - 65 years probably gives the best 

recent estimate of the true prevalence, finding a lifetime prevalence o f 33% in women 

and a 1 year prevalence of 25%. In men, the figures were 13.3% and 7.5% respectively. 

Among patients with migraine in the past year, 63.9% had migraine without aura,

17.9% had migraine with aura and 13.1% had migraine both with and without aura 

(Launeretal. 1999).

1.3 Migraine co-morbidity

The increased prevalence of other disease processes amongst patients with migraine, is 

not only a therapeutic challenge, but also gives one an insight into possible shared 

pathophysiology. These disorders include depression, epilepsy, stroke and vertigo.

Depression. The incidence of major depression is three times higher in those with 

migraine. This effect is bi-directional with migraine predicting the onset of depression 

and depression predicting the onset of migraine. In contrast, although those with other 

severe headaches also had a three fold increased incidence of depression, there was no 

increased incidence o f severe headaches in those with depression. This implies a shared 

biology between depression and migraine that is unique amongst the severe headaches 

(Breslau et al. 2000).

12



Panic disorder is also associated with migraine. However in comparison to 

depression, both migraine and other severe headache are associated with a similar odds 

ratio of panic disorder, implying that the link is not related to the biology of migraine. 

Additionally, although there is a bi-directional influence between the odds ratio for 

panic disorder and headache, the influence flows primarily from headache to panic 

disorder with a weaker influence in the reverse direction, again against a shared biology 

between migraine and panic disorder (Breslau et al. 2001).

Epilepsy. It would not seem surprising for there to be comorbidity between two 

episodic disorders both linked to changes in cortical excitability. Indeed, there is a 

relative risk of migraine of 2.4 in probands with epilepsy compared to controls and the 

association is independent of seizure type, aetiology, age at onset and family history 

(Ottman and Lipton 1994). It should be noted that IHS criteria were not employed in 

this study and many patients with epilepsy have post-ictal headaches without recalling 

the ictus. A study of the risk of migraine in relatives of those with genetic epilepsy, and 

the risk of epilepsy in relatives of those with migraine has suggested that the association 

is not a genetic one (Ottman and Lipton 1996).

Stroke. Once again the lack of precise diagnostic criteria for migraine until relatively 

recently hampered association studies between migraine and stroke. Using these criteria 

migraine is not associated with stroke except in women under age 45. Whilst the 

absolute risk of stroke in young women is low the risk of ischaemic stroke in young 

women is significantly associated with migraine, particularly with aura and substantially 

increased by use of the oral contraceptive pill (odds ratio 13.9) and in heavy smokers 

(odds ratio 10.2) (Tzourio et al. 1995).

Vertigo. Vestibular complaints ranging from true vertigo to less specific disequilibrium 

are frequent in migraineurs but probably under recognised. A study of 200 patients from 

a dizziness clinic found a significantly increased prevalence o f migraine compared to a 

control population (Neuhauser et al. 2001). This association may reflect a shared genetic 

propensity, perhaps via a calcium channelopathy, disorders often associated with 

cerebellar dysfunction, a neuronal vulnerability of the vestibular system in migraineurs, 

or that migraineurs are more sensitive to mild vestibulopathy where others are not 

because their ability to gate sensory information is generally impaired.
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1.4 Anatomy

1.4.1 Anatom y of the  trigeminal system

The sensory innervation of the pain-producing intracranial vascular structures o f the 

forebrain is by trigeminal nerve afferents whereas those below the tentorium cerebelli is 

mainly by branches of the C2 dorsal root (Wolff 1963). All three divisions of the 

trigeminal nerve contribute to innervation of the meninges, but the ipsilateral first, 

ophthalmic, division (VI) predominates. These trigeminal nerves are bipolar with one 

end terminating in the brainstem nuclei, the other on peripheral structures, the cell 

bodies lying in the trigeminal ganglion.

The central processes of trigeminal primary afferents enter the brain at the level 

o f the pons and terminate in the trigeminal brainstem nuclear complex (TNBC): the 

spinal nucleus in the medulla, the principal sensory nucleus in the pons and the 

mesencephalic nucleus in the midbrain. Anatomic and electrophysiological studies have 

demonstrated a ventrodorsal somatotopic organisation within the TNBC, with V3 

afferents terminating dorsally and V 1 afferents terminating ventrally in each 

subnucleus. Meningeal afferents that predominantly arise from V 1 have been shown 

electrophysiologically to conform to this organization, terminating preferentially in the 

ventral part of the spinal nucleus. The rostrocaudal organization is less clear with all 3 

subnuclei receiving projections from all 3 divisions of the trigeminal nerve. Whereas 

proprioception and light touch are relayed in the mesencephalic and principal nuclei 

respectively, pain and temperature sensation descends in the trigeminal tract.

Throughout its caudal course the fibres of the descending trigeminal tract give off 

collaterals to project onto neurons o f the adjacent spinal nucleus that is divided into 3 

subnuclei based on its cytoarchitecture:

1. Pars oralis that extends between the pons and the medulla and receives sensation 

from the oral mucosa.

2. Pars interpolaris that extends down to the bottom of the pyramidal decussation and 

receives dental pain.

3. Pars caudalis (trigeminal nucleus caudalis, TNC). Pain and temperature sensation, 

mediated by thin AS- and C-fibres, from the face relay via the TNC and in neurons 

o f the dorsal horns at C l and C2 (Goadsby et al. 1997), together known as the 

trigeminocervical complex (TCC).

The TNC is often referred to as the medullary dorsal horn because of anatomical and 

physiological similarities to the spinal dorsal horn. The dorsal horn is divided
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histologically into laminae: an outer marginal layer (lamina I), the substantia gelatinosa 

(lamina II), a deep magnocellular layer (laminae III and IV) and a deep lamina V. 

Nociceptive (Aô-fibre) afferents from VI project primarily to laminae I and the 

substantia gelatinosa of the TNC where they terminate with extensive arborization, and 

to a minor extent to laminae III to V. Corresponding to this distribution of nociceptive 

afferents, substance P (SP) and calcitonin gene related peptide (CGRP) fibres 

preferentially terminate in the outer laminae.

Pain neurons in the spinal trigeminal nucleus, like their counterparts in the spinal 

cord, have been classified physiologically into high-threshold (HT), low-threshold (LT) 

and wide-dynamic range (WDR) neurons.

Second order trigeminal axons from the spinal nucleus cross the midline and 

ascend as the ventral trigeminothalamic tract mainly to the venteroposteromedial 

nucleus, the medial region of the posterior complex and the nucleus submedius of the 

thalamus. There is also a significant projection from the spinal nucleus to the 

hypothalamus and to the parabrachial nucleus (Olesen et al. 2000). Application of 

capsaicin, a highly noxious ingredient in chilli peppers, to the superior sagittal sinus 

(SSS) has shown that trigeminal neurons with a high degree of nociceptive input are 

processed in particular in the ventroposteromedial thalamus and its ventral periphery 

(Zagami and Lambert 1991). Human imaging studies have confirmed activation of the 

thalamus contralateral to pain in some primary headache syndromes (May et al. 1999).

Efferents from the TCC also reach the superior salivatory nucleus (SSN). From 

the SSN parasympathetic fibres pass via the greater petrosal component of the facial 

nerve to the sphenopalatine ganglion (SPG) (Nakai et al. 1993; Zhu et al. 1997) to 

mediate the parasympathetic features associated with trigeminally mediated pain. These 

features (meiosis, rhinorrhoea, conjunctival injection and lacrimation), although most 

commonly seen in cluster headache, may also be seen in the other trigeminal autonomic 

cephalgias, such as paroxysmal hemicrania, and in migraine. Efferent nitric oxide (NO) 

(Goadsby et al. 1996) and vasoactive intestinal polypeptide (VIP) (Goadsby and 

Macdonald 1985) containing fibres from the SPG also project back to both cerebral and 

extracerebral arteries to produce vasodilatation.

1.4.2 Cortical representation of trigeminal pain

There are two populations of cortical sensory neurons in the primary somatosensory 

area (SI), both of which encode the intensity of pain. The first has restricted 

contralateral receptive fields that may facilitate spatial localisation of a painful stimulus.
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The second has large, whole-body receptive fields that may signal the intensity o f an 

event, if  not localisation (Treede et al 1999). Functional imaging methods have been 

employed to localise other areas involved in trigeminal pain processing (May et al.

1998) including the insula and the anterior cingulate cortex (ACC).

1.4.3 Central modulation of trigeminal nociception

The existence of tonic descending inhibition of spinal and trigeminal nociception is well 

established. The supraspinal origins o f this descending antinociceptive system are 

uncertain. Some forms of chronic pain syndromes and centrally mediated hyperalgesia 

may result from insufficiency in these systems. Stimulation at many sites in the 

brainstem, thalamus and sensory cortex inhibit nociceptive responses in the dorsal horn 

and this observation is used clinically in deep brain stimulation for pain relief.

A neuronal network extending from the frontal cortex and the hypothalamus 

through the periaqueductal gray (PAG) to the rostral ventromedial medulla (RVM) and 

to the TNC is probably the most powerful descending inhibitory system on trigeminal 

nociception currently recognised (fig. 1-1).

1.4.3.1 Periaqueductal Gray

The central role of the PAG in primary headache disorders has been proposed not only 

by its functional connections with the trigeminovascular system and other brainstem 

nuclei involved in pain modulation but also by recent functional imaging studies 

showing activation of a region in the dorsal rostral midbrain, at or near the PAG, that is 

specific for migraine and not seen in other pain disorders (Weiller et al. 1995).

The PAG refers to the region of the midbrain surrounding the cerebral aqueduct. It 

extends rostrally from the level of the posterior commisure, caudally to the level o f the 

dorsal tegmental nucleus. Although the nomenclature of the various anatomical 

subdivisions has changed over time, the PAG is currently regarded to be divided into 4 

longitudinal columns: dorsomedial, dorsolateral (dlPAG), lateral (IPAG) and 

ventrolateral (vlPAG). In the midbrain these are organised into the 1/dl and the vl 

columns with, as discussed below, functional as well as histological differences. The 

PAG is involved in at least five major functions: pain processing and modulation, 

autonomic regulation, fear and anxiety, vocalisation and lordosis. These various 

functions o f the PAG are interrelated and there is significant interaction between the 

functional components of the PAG (Behbehani 1995). The PAG probably has a central 

role in co-ordinating antinociception with changes in motor activity and autonomic 

functions in response to different pain stimuli.
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Figure 1-1 Summary of circuits modulating trigeminal nociception

Reciprocal connections exists between many brainstem nuclei involved in 
modulation of trigeminal nociception. The main descending inhibitory pathway to 
the TNC is coordinated by the PAG bith directly and indirectly via the RVM . The 
cerebal cortex, hypothalamus and amygdala have desending influence on these 
structures. Only major connections are shown, bold lines indicate the strongest 
influences.
PAG periaqueductal gray 
DRN dorsal rostral nucleus 
RVM rostroventral medualla 
NTS nucleus tractus solitarius 
TNC trigeminal nucleus caudalis

insular / pre-frontal 
cortex

hypothalamusamygdala

parabrachial
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The PAG and pain: the PAG is a major component of the descending pain inhibitory 

system. Lesions of the PAG significantly diminish perception of pain. Stimulation of 

the PAG in animals produces analgesia but also profound motor side effects such as 

jumping or gnawing. PAG stimulation in humans does not give these motor effects but, 

depending on the exact site of stimulation, produces sensations of well being or 

unpleasantness (Behbehani 1995).

The role of the PAG in pain processing has been studied using artificial 

stimulation o f different PAG regions, but the mechanism by which PAG pain 

processing network is activated under natural conditions is uncertain. The main intrinsic 

circuit within the PAG is a tonically active inhibitory GABAergic network and 

inhibition o f this network is an important mechanism for activation of outputs o f the 

PAG.

Stimulation of the vl and 1/dl columns gives quite different, integrated, 

functional consequences appropriate to the type of nociceptive afferent information 

received.

Stimulation of the IPAG/dlPAG evokes an active coping strategy with either a 

confrontational, defensive behavioural response from stimulation o f the rostral PAG, or, 

from more caudal areas, a flight response behaviour, both associated with increased 

blood pressure and heart rate, vocalisation, fear and anxiety. This hypertension is due to 

a patterned increase in vascular resistance appropriate to the physiological needs o f the 

response: stimulation of caudal areas diverts blood away from visceral and extracranial 

beds to skeletal muscle, appropriate for a flight response, whereas more rostral 

stimulation decreases blood flow to skeletal muscle and viscera and increases it to 

extracranial vasculature, appropriate for a confrontational approach (Bandler et al.

2000).

In contrast, stimulation o f the vlPAG in humans evokes a passive coping 

reaction with freezing, quiescence and hyporeactivity accompanied by bradycardia and 

hypotension (Bandler et al. 2000). This vlPAG stimulation also evokes opioid-mediated 

analgesia, which has a relatively long time course and produces somnolence that may 

help support recovery during a period of immobility following injury. In contrast, the 

IPAG/dlPAG evokes non-opioid analgesia with a shorter time course, is non-sedative 

and may inhibit withdrawal reflexes that would be incompatible with active coping 

strategies.

To mediate these effects the PAG receives afferents from forebrain limbic 

structures (in particular the amygdala, insular and pre-frontal cortex) as well as from
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sensory and autonomic related structures in the brainstem, including the hypothalamus, 

and spinal cord, and indirectly mediates antinociception from these regions. The exact 

role of these afferents in pain modulation is not clear but stimulation of them also 

modifies autonomic behaviour. Descending inhibitory pathways from cortical areas with 

specific somatotopic representation may inhibit noxious stimuli from that specific body 

area. Excitatory amino acids are the most prominent neurotransmitters in the 

connections between the forebrain and the PAG, usually interacting with PAG 

intemeurons i.e. the PAG is an integrator rather than a relay station for pain processing. 

However the largest number of afferents to the PAG arise from the hypothalamus with 

each hypothalamic nucleus terminating in distinct PAG subregions. The PAG is also an 

important site in ascending pain transmission, receiving afferents from nociceptive 

neurons in the spinal cord and sending projections to the thalamus. These spinal 

afferents to the PAG have a highly site-specific distribution pattern with terminals 

focussed in the vl and dl regions and terminal density highest caudally. The dPAG is a 

major site for processing of fear and anxiety through its projections to the amygdala.

Stimulation of the PAG preferentially inhibits the response to C- and Aô-fibre 

stimulation in the dorsal horn and the TNC via direct bilateral, albeit predominantly 

ipsilateral, projections to laminae I and II (Knight and Goadsby 2001; Li et al. 1993). 

Most o f these direct descending PAG neurons from the vlPAG are serotonergic and 

send axons simultaneously to the TNC and the forebrain and may thus be involved in 

the affective context of pain. However, since these direct projections are relatively 

sparse, it is likely that the major descending trigeminal anti-nociception is indirectly 

mediated via bilateral descending opioidergic (enkephalin) projections to serotonergic 

neurons in the RVM that project onwards to the dorsal horn and TNC.

The PAG and fear: stimulation o f the d/dlPAG produces anxiety in animals 

and fear in humans. A model is proposed by which fear-inducing signals activate the 

amygdala region that projects to the vlPAG. This produces freezing and analgesia.

When the animal encounters the danger, the IP AG is activated producing a flight or 

fight response and inhibits the vlPAG to reverse the freezing and immobility.

The pharmacology of this anxiety, fear and flight network in the PAG involves 

5-HT, CCK and G ABA. Activation of different 5-HT receptor subtypes has different 

and opposing effects. However as discussed above, the GABAergic network is tonically 

active and probably plays a significant role in the processing of anxiety. CCK has a 

predominantly excitatory effect on the PAG and in humans CCK agonists produce panic 

attacks.
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The role of the PAG in autonomic regulation: the neuronal networks that 

control respiration, blood pressure and heart rate are located in the medulla, relaying via 

the NTS. However, events such as fear, anxiety and pain can significantly alter blood 

pressure and heart rate, implying involvement of higher centres in cardiovascular 

regulation. These centres include the amygdala, insular, pre-frontal cortex and most 

nuclei of the hypothalamus. The PAG has reciprocal projections to most of these areas 

and in turn projects to the medullary cardiovascular control centres. Both the vlPAG and 

the IP AG project extensively to medullary regions, including the raphe nuclei and 

adjacent paramedian reticular formation as well as the ‘vasopressor’ rostroventolateral 

medulla and ‘vasodepressor’ caudoventrolateral medulla. Interestingly the functionally 

opposite vlPAG and IP AG target the same ventral medullary regions. In contrast the 

dip AG does not project to the ventromedial or ventrolateral medulla but instead 

innervates the cuneiform nucleus from which active coping behaviour can be evoked by 

stimulation (Bandler et al. 2000).

1.4.3.2 Dorsal raphe nucleus

The DRN lies immediately beneath the PAG in the midbrain and is an important 

nucleus in pain modulation. Like the PAG, it has both direct and indirect (via the NRM) 

inhibitory, bilateral descending projections to the TNC (Li et al. 1993). The DRN 

contains pain inhibitory 5-HT and enkephalinergic neurons and GABAergic neurons 

that facilitate pain. Serotonergic fibres project not only to the spinal and medullary 

dorsal horns but also project strongly to the forebrain, where they may depress 

nociception.

1.4.3.3 Rostroventral medulla

The RVM includes the nucleus raphe magnus (NRM) and adjacent medullary reticular 

formation (the central magnocellular gigantocellular nucleus).

The major efferent outflow of the NRM is to the cerebellum, but it also has 

strong direct excitatory serotonergic projections to the inhibitory intemeurons in the 

substantia gelatinosa of the TNC. Stimulation of the NRM may produce powerful 

trigeminal antinociception by modulating both rostrally projecting thalamic relay 

neurons and the substantia gelatinosa.

1.4.3.4 Parabrachial nucleus

The parabrachial (PB) nuclei, including the Kolliker-Fuse nuclei, receive a very high- 

density nociceptive input from the outer laminae (I and outer lamina II) of the
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trigeminal spinal nucleus. These projections are bilateral, although predominately 

ipsilateral and are topographically organised. The PB area also receives a substantial 

projection from the nucleus tractus solitarius (NTS). The PB nuclei have descending 

projections bilaterally, although mainly ipsilaterally, to all subnuclei of the TNBC, and 

contribute direct antinociceptive input to the TNC (Yoshida et al. 1997). In addition the 

PB nuclei have projections to the hypothalamus, amygdala, RVM and DRN. These 

connections may be involved in pathways that mediate autonomic, affective and 

behavioural responses to pain. Stimulation of the PB alters arterial pressure and heart 

rate and can evoke antinociception. Parts of the PB nuclei also fall under the influence 

o f the PAG, except the KF nucleus, a major source of descending output to the spinal 

cord and RVM.

1.4.3.5 Nucleus tractus solitarius

The NTS is divided into two zones a rostrolateral zone concerned with taste, and a 

caudal and medial zone concerned with general, visceral sensation. The latter probably 

conveys afferent signals from the deep somatic and visceral tissues and is implicated, by 

connections with other brainstem structures, with control of feeding, respiration and 

cardiopulmonary function. Stimulation of the SSS in the cat, a model of 

trigeminovascular nociception, produces c-fos expression in the caudal part o f the 

medial NTS, probably via projections from the SSS to neurons in the outer laminae of 

the TNC and onto the NTS (Kaube et al. 1993). The NTS is involved in vomiting: 

stimulation o f the caudal and medial NTS produces retching and these subnuclei project 

to abdominal vagal afferents and the area postrema and drive the pattern generator for 

retching and vomiting, probably located in the Botzinger complex in the brainstem.

Thus the pathway from the TNC to the NTS is a plausible explanation for mediation of 

vomiting in migraine. The caudal and medial subnuclei also project to the parabrachial 

nuclei and have descending projections to the superficial laminae of the spinal dorsal 

horn, thus suggesting a feedback loop mediating antinociception at the dorsal horn.

1.4.3.6 Locus coeruleus

In the pons, the locus coeruleus (LC) sends anti-nociceptive input to the TNC. In 

addition, it also has a role in the sleep-wake cycle and control o f cerebral circulation.

Axons o f LC neurons ramify to most regions of the brain, innervating the 

hypothalamus, thalamus, cerebellum, spinal cord and brain stem sensory nuclei. In 

particular, the TNC receives a strong adrenergic mediated inhibitory, anti

nociceptive, input from the LC (Matsutani et al. 2000) and sends fibres back to the LC.
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A further putative role for the LC in migraine is through its effects on the cranial 

vasculature. Stimulation o f the LC leads to vasoconstriction of the internal carotid bed, 

mediated by a 2 adrenoceptors (Goadsby et al. 1985) and also to vasodilatation in the 

external carotid bed. This latter dilator response is conveyed via the greater superficial 

petrosal branch of the facial nerve, thorough the pterygopalatine and otic ganglia and is 

mediated by VIP (Goadsby and Macdonald 1985).

1.4.3.7 Hypothalamus

Areas o f the hypothalamus, in particular the suprachiasmatic nucleus, have been 

implicated in migraine pathophysiology by virtue of their role in modulation of 

circadian rhythms and connections with serotonergic pathways (Zurak 1997). 

Additionally, activation of cells in the anterior hypothalamus/preoptic area (AH/POA) 

can inhibit spinal processing of visceral nociceptive information and may also have 

similar inhibitory effects on spinal and trigeminal processing o f noxious somatic 

information. There are few direct projections from the AH to the spinal cord but 

neurons in the AH/POA project to other supraspinal structures involved in 

antinociception, including the dPAG and vlPAG, the PB nuclei, the NRM and RVM.

Like the PAG, this descending inhibition is always associated with one of two 

types of cardiovascular change: either a pressor or a depressor response.

Functional anatomical and electrophysiological studies have shown areas in the 

ventral anterior hypothalamus, in particular an area adjacent to the lateral area o f the 

anterior hypothalamus (LAAH) including the paraventricular nucleus and the lateral 

preoptic areas, have a visceral nociceptive input that evokes antinociception associated 

with sympathoinhibition, a depressor response and a weaker and shorter lasting 

inhibition o f reflex response and project preferentially to the vlPAG (Snowball et al. 

2000). In contrast, antinociception associated with a pressor response, 

sympathoexcitation, tachycardia and vasodilatation of hind limb vasculature and 

inhibition o f viscerosomatic reflex activity can be evoked from neurons in the LAAH 

(Lumb and Lovick 1993).

The LAAH extending rostrally into the lateral preoptic areas is the region with 

the highest proportion of cells that project to the PAG and are activated by noxious 

stimulation. Although there is a projection from the LAAH to the dPAG, double

labelling studies have shown that neurons activated by noxious stimulation of viscera in 

the anterior hypothalamus target the vl rather than the dl/1 columns of the PAG.
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There is a high incidence of viscerosomatic convergence in the LAAH and these 

cells have large somatic receptive fields suggesting that they may be at the origin o f a 

diffuse system activated by ‘whole body’ stressors. Polysynaptic pathways from the 

spinal cord that relay via the brainstem may have input to this region. Alternatively, 

there may be direct projections of the spinohypothalamic tract. These neurons are driven 

mainly by noxious stimuli and have large and often bilateral somatic receptive fields, in 

keeping with the properties of the neurons in the LAAH. This fast, monosynaptic, 

spinohypothalamic pathway may relay sensory input to the hypothalamus and trigger 

descending pathways to the vlPAG to engage in systems that co-ordinate passive coping 

strategies (Snowball et al. 2000).

1.4.3.8 On-and off-cells

Three classes of cells have been identified in the PAG and RVM that behave differently 

before a tail flick in the rodent model of pain: ‘on-cells’ are activated immediately 

before the reflex; ‘off-cells’ are inhibited, and neutral cells show no change.

Off-cells have a tonically inhibitory influence on the spinal cord nociceptive 

neurons whereas on-cells facilitate the response o f these cells to noxious stimuli. 

According to this theory, the PAG circuits that when activated produce analgesia should 

excite off-cells and inhibit on-cells in the RVM. Injection of opioids into the PAG 

activates off-cells and inhibits on-cells, but rather than activating an excitatory 

projection to RVM off-cells or inhibiting an input RVM on-cells, it is likely that 

morphine inhibits an inhibitory projection to RVM off-cells i.e. a disinhibitory 

mechanism (fig. 1-2). The opioidergic inhibition is probably mediated via presynaptic p 

receptors on GABAergic neurons, activation of which inhibits tonically active 

GABAergic intemeurons in the PAG that normally form inhibitory projections from the 

PAG to off-cells in the RVM. Thus inhibition of this tonic inhibition causes activation 

o f RVM off-cells and thus inhibition o f dorsal horn nociceptive neurons (Behbehani 

1995).

A further role for opioids in the endogenous antinociceptive system is suggested 

by the location o f opioid receptors at numerous other sites in the brain. The natural 

ligands at virtually all these brainstem sites are the family of endogenous opioids: 

dynorphins, enkephalins and p-endorphin. Mediated by these receptors, there may not 

only be indirect descending inhibition in the dorsal horn as discussed above, but also 

direct inhibition o f nociception at the brainstem level, activating presynaptic opioid 

receptors at spinobulbar projections; inhibiting ascending nociception in the brainstem
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via noradrenergic and serotonergic fibres from the LC and DRN, and direct cortical or 

thalamic inhibition.

^ inhibitory 
neuron

PAG
GABA

RVM

off cell on cell

O

TNC

Figure 1-2 Relationship of GABAergic intemeurons to on- and off-cells of the 
PAG and RVM.

The predominant intemeurons in the PAG are tonically active GABAergic 
inhibitory neurons that inhibit projections to the RVM. Opiates may act via 
presynaptic p receptors on these GABAergic cells to produce disinhibition (i.e. 
activation of off-cells) in the RVM to produce antinociception to the level of the 
dorsal horn

In addition to opioids, SP injected into the PAG also produces analgesia, 

probably via release of enkephalin.

The excitatory amino acid glutamic acid plays a significant role in activation of 

the PAG, probably acting through V-methyl-D-aspartate (NMDA) receptors rather than 

kainate or AMP A receptors. These glutaminergic neurons project to the RVM and are 

involved in direct excitation of RVM cells.

The PAG also contains serotonin-containing cell bodies and processes 

(Clements et al 1985). On- and off-cells are modulated by 5-HT] agonists (Behbani et al 

1993).

1.4.3.9 Central circuits modulating active versus passive responses to 

pain

Clinical, physiological and anatomical evidence supports the view that central control of 

nociception, autonomic function and coping strategies are closely integrated. It is well 

known that pain can provoke one of two reactions: a fight or flight response if the stress
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is escapable accompanied by sympathetic activation (including hypertension and 

tachycardia); or a passive emotional coping strategy when the stress is inescapable 

accompanied by sympathetic inhibition (including bradycardia and hypotension). These 

behavioural responses broadly correlate with pain evoked from cutaneous insults and 

from visceral/somatic insults, respectively.

Experimental evidence suggests that these patterns of behaviour stem from 

distinct parallel brainstem circuits, involving the hypothalamus, PAG and other 

structures. Pivotal to these circuits are the 1 and vl subdivisions of the PAG. As 

discussed above, stimulation of the IP AG tends to produce a fight or flight response, 

whereas activation of the vlPAG produces a quiescent, depressor response. These 

regions have both ascending and descending projections, broadly maintaining a 

columnar organisation of two parallel pain control systems (Behbehani 1995) (fig. 1-3).

Afferent influences. In addition to receiving spinal afferents the vlPAG receives direct 

input from the caudal and medial NTS, concerned with general, visceral sensation. This 

input would produce appropriate quiescent behaviour in reaction to visceral 

inflammation or haemorrhage. In contrast, the IP AG receives only sparse innervation 

from the NTS but a strong input from the outer laminae of the spinal trigeminal nucleus 

and the spinal dorsal horn conveying more cutaneous sensory information.

Whereas the spinal and spinal trigeminal afferents to the IP AG are 

somatotopographically organised the vlPAG inputs are not. Thus cutaneous input from 

the face or forelimbs targets the rostral IP AG, whereas cutaneous pain from the lower 

part o f the body projects mainly to the caudal IP AG. Stimulation of the rostral IP AG 

increases extracranial blood flow compatible with a threat response, perhaps 

functionally beneficial if  an animal is confronted by danger with pain conveyed from 

the face or forelimbs, whereas stimulation of the caudal IP AG increases skeletal blood 

flow, triggering a flight response, functionally appropriate if the danger is behind the 

animal with perhaps pain input from the hindlimbs. The depressor response of the 

vlPAG does not need this degree of somatotopic representation.

Descending influences. The orbital and medial preffontal cortex (OMPFC) is thought 

to have developed to produce the capacity of higher mammals to cope emotionally w ith 

different situations. There is a strikingly similar input from the OMPFC to regions of 

the PAG and hypothalamus that are reciprocally connected to one another. The vlPAG 

and the lateral hypothalamus receive input from identical preffontal areas and are
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Figure 1-3 Proposed circuits 
mediating nociceptive 
behaviour

A schematic representation of 
three proposed circuits is 
represented. Major influences are 
shown in bold, weak influences in 
broken lines. The fight or flight 
response to pain is predominately 
initiated by the TNC and 
medullary dorsal horn and 
involves the IPAG. In contrast, the 
quiescent pain response is mainly 
initiated by brainstem input from 
the NTS to the vlPAG. A third 
circuit may exist whose 
predominant input is descending 
control from the hypothalamus 
and cortex in response to stress. 
(Adapted from Bernard and 
Handler 1998)
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connected to each other. So too the reciprocally connected IPAG and dorsal 

hypothalamus mainly receive prefrontal cortical afferents from the anterior cingulate 

cortex (ACC). A third network from the medial wall o f the OMPFC has projections 

mainly to the dlPAG (which does not have a direct spinal input) and the reciprocally 

connected ventromedial hypothalamic nucleus. Thus although there are functional 

connections between the LAAH and the 1/dlPAG that mediate antinociception, this 

circuit may be more important in the integration of the total response to pain (Bernard 

and Handler 1998). It is likely that projections from specific regions in the amygdala 

and PB nuclei also participate in these networks (Handler et al. 2000; Bernard and 

Handler 1998). In the same way that the IPAG has a major input from the spinal dorsal 

horn and only a sparse innervation form the NTS, so too does the dorsolateral and 

lateral crescent (1er) of the PH and furthermore the IPAG projects back to these PH 

nuclei. Stimulation of the IcrPB nucleus evokes a pressor and tachycardie response, in 

keeping with its relationship with the IPAG. The IcrPB nucleus has interconnections 

with the lateral capsular division of the amygdala and the dorsomedial nucleus of the 

hypothalamus. In contrast, projections from the NTS (and the spinal cord) target the 

vlPAG, the central lateral and external lateral PH (receiving in turn projections back 

from the vlPAG) which has interconnections with amygdaloid central nucleus and the 

lateral and preoptic areas of the hypothalamus. These projections from the lateral and 

preoptic area of the hypothalamus may be activated by stress to modulate pain 

processing. Activation of the rostral centrolateral PH nuclei produces a depressor 

response, in keeping with the function of the vlPAG.

A third circuit involves the dlPAG and the superior lateral (si) PH nucleus, an 

area intensively activated by noxious stimuli. Both of these regions have little direct 

spinal or NTS input but do have an intense projection from the medial prefrontal cortex. 

The slPB nucleus is the sole PH target of the dlPAG. The dlPAG has no descending 

projections to the ventral medulla but the slPB nucleus sends dense projections to the 

ventromedial and retrochiasmatic hypothalamic areas, and in turn the VMH projects 

back to the dlPAG. This circuit may be involved in aversive or emotionally coupled 

changes in feeding behaviour and may, via its connections with the medial prefrontal 

cortex, be part of a circuit that triggers active coping mechanisms in response to 

psychological (cortically mediated) rather than physical stress.

There are still many unresolved issues with regard to PAG function. How the 

PAG analgesic system is activated under natural conditions remains to be determined. 

The cellular integration of the systems within the PAG is not clear. The pharmacology
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of the many different neurotransmitters and receptor types requires further study before 

drugs can be targeted to modulate the systems.

1.5 Pathophysiology

1.5.1 A m igrainous brain

1.5.1.1 Genetic Predisposition to Migraine

That migraine has a genetic basis is widely presumed but difficult to substantiate due to 

its high prevalence, variable symptoms and variable age on onset. Migraine is generally 

viewed as a multifactorial, polygenetic disease.

Monozygotic twins with migraine with aura have probandwise concordance in 

40% of cases compared to 28% in dizygotic twins. The pairwise concordance rate in 

this study (the proportion of concordance amongst all pairs affected and a better 

measure o f the genetic influence on concordance) was significantly higher in MZ than 

DZ twins (28% vs. 18%) (Gervil et al. 1999). This demonstrates a significant genetic 

factor in migraine without aura, similar in magnitude for that of type II diabetes 

(Poulsen et al. 1999). However it also suggests a multifactorial aetiology with non- 

genetic components and demonstration of susceptibility genes may be difficult in most 

cases in the general population. Conversely many patients with migraine deny a family 

history o f such, (although a family history may be obtained from first-degree relatives in 

50% of those denying one (Russell et al. 1996)). Although the multifactorial model has 

not yet been validated for migraine there are some notable exceptions, such as familial 

hemiplegic migraine (FHM), that conform to simple Mendelian inheritance (Kors et al.

1999).

1.5.1.1.1 Calcium channelopathies

Calcium influx through voltage-gated calcium channels (VGCC) mediates an extensive 

array of neuronal processes, including neurotransmitter release, neuronal excitability, 

signal transduction through second-messenger systems and gene expression. These 

channels are divided according to their physiological properties into three that require 

low voltage for activation (T-type Ca^^ channels), and five (L-, N-, P/Q- and R-type 

Ca^^ channels) requiring high voltage for activation, subdivided on their sensitivity to 

drugs and toxins. P- and Q-type channels are splice variants o f the same gene. The P/Q- 

type Ca^^ channels are responsible for the depolarisation-dependent presynaptic Ca^^
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entry in many central neurons. A new nomenclature has suggested channels mediating 

P/Q-type Câ "̂  currents be known as Cav2.1 (Table 1-1).

V G C C Ca^^ current Subtype Former name
Cayl L-type C ayl.l Otis

Cay 1.2 otic
Cay 1.3 OtiD

Cay 1.4 OtiF

Cav2 P/Q-type Cay2.1 OtiA

N-type Cay2.2 OtlB

R-type Cay2.3 OtlE

Cay3 T-type Cay3.1 OtlG

Cay3.2 OtlH

Cay3.3 Ot|i

Table 1-1 Nomenclature of the voltage gated calcium channels

VGCCs are heteromeric, comprising 4 subunits: the pore-forming a i subunit and 

the auxiliary a 2 Ô, p and y subunits (fig. 1-4). To date, molecular cloning has revealed at 

least 10 genes encoding ai, 3 encoding ajd,  4 encoding p and 5 encoding y subunits.

The a i subunit is the major transmembrane component of the receptor, acting as 

the ion-conducting and voltage-sensing unit o f the channel (fig. 1-5). This pore-forming 

subunit is analogous to the a  subunit of the skeletal muscle voltage-gated calcium 

channel gene in structure. It consists of 4 repeated domains (I-IV) each composed of 6  

trans-membrane segments (S1-S6). These domains determine functions such as ion 

selectivity, voltage dependence of channel gating, kinetics and pharmacological 

properties. For instance, the positively charged S4 helix represents the voltage sensor 

and the P-loop (S5-S6 linker) lines the inner part of the ionic pore. Alternative splicing 

within these sites can have drastic effects on the functional properties o f the channel and 

allows the different receptor subtypes to adapt to different physiological roles. The 

ai2.1 (formerly the aia) subunit (Ertel et al. 2000) is the splice variant in the Cav2.1 

channel. Two C-terminal splice variants, Cav2.1a and Cav2.1b, of ai2.1 have been 

cloned. These are identical until the C-terminal, where the Cav2.1b has a stop-codon, 

resulting in absence o f the final 151 amino acids.

The functional role of the a 2 0  component is yet to be determined.
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extracellular

in trac e llu la r

Figure 1-4 The voltage gated calcium channel

(courtesy of Sigma Laboratories)

VGCCs are heteromeres of a pore-forming a i subunit, the major transmembrane 
component of the receptor, and auxiliary aiô , (3 and y subunits. The functional 
role of the a 2Ô component is yet to be determined, p and y subunits interact to 
modulate the function o f the a i and thus channel activation.

P-loop
Domain

Extracellular

Intracellular

Figure 1-5 The a i subunit of the voltage gated calcium channel C

The a i subunit acts as the ion-conducting and voltage-sensing unit of 
the channel. It is analogous to the a  subunit of the skeletal muscle 
voltage-gated calcium channel gene in structure. It consists of 4 
repeated domains (I-IV) each composed of 6  trans-membrane 
segments (S1-S6). These domains determine functions such as ion 
selectivity, voltage dependence of channel gating, kinetics and 
pharmacological properties. For instance, the positively charged S4 
helix represents the voltage sensor and the P-loop (S5-S6 linker) 
lines the inner part o f the ionic pore.
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The a i  subunit interacts with one of 4 p  ( P i  - 4 )  subunits. The p  subunit is mainly 

cytoplasmic but may be tightly associated to the membrane or other subunits. The p  

subunit is known to have a role in regulation and modulation o f expression o f the a i 

subunit, a i/p  interaction represents a major determinant of variability in channel 

properties by modulation of current amplitude, voltage dependence and kinetics of 

activation and inactivation, p i ,  p g ,  and P 4  subunits induce hyperpolarizing shifts in 

the activation and inactivation properties o f the channels and accelerate voltage- and 

Ca^^-dependent inactivation (Restituito et al. 2000). In contrast, p2 a results in slower 

inactivation compared with channels composed of the other subunits. The p  subunits 

also appear to participate in the membrane trafficking of the a i subunit.

All p  subunits are expressed in the brain, with regional differences in the level of 

expression. The p4 subunit is the most highly expressed in the cerebellum and is the 

subunit with the highest binding affinity for the a i 2 . 1  subunit interaction domain. 

Inactivation o f the P4  subunit in the lethargic mouse mutant results in ataxia, focal 

motor abnormalities and absence epilepsy. Recently, a missense mutation has been 

identified in the P4 subunit human gene CACNB4 on chromosome 2q22-23 in two 

unrelated families; one with generalised epilepsy and praxis induced seizures and one 

with episodic ataxia. The clinical features of the second family closely resembles those 

with EA-2, including interictal truncal ataxia and nystagmus and response to 

acetazolamide. The variable phenotypic expression in the two families, one with ataxia 

and one with seizures, emphasises that other environmental and genetic variations 

modify the expression of this gene. It is suggested that this mutation decreases the 

inactivation time of the co-expressed a i subunit (Escayg et al. 2000). Additionally, it 

has recently been shovm in Xenopus oocytes that co-expression of the p4  subunit with 

the different ai2.1 splice variants Cay2.1a and Cay2.1b results in substantially different 

biophysical properties including voltage dependence of activation and inactivation and 

kinetics o f inactivation (Sandoz et al. 2001).

There are 5 y subunits (71-5). These are membrane associated glycoproteins and are 

tightly associated regulatory subunits of the channel (Campbell et al. 1988). Mutations of 

the 7 2  subunit are found in the stargazer mutant mouse that has a similar seizure 

phenotype to the tottering and leaner mice. No human 7  subunit mutations have yet been 

described. The intrinsic effects of the 7  subunits on the a i are to accelerate channel 

inactivation. However the overall effect of 7  subunits depends also on the specific p
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expressed. In other words the P and y subunits interact to modulate the function of the a i 

and thus channel activation (Rousset et al. 2001).

The Cav2.1 channel is abundantly expressed on presynaptic nerve terminals to 

modulate neurotransmitter release, including monoamines, including 5-HT, 

catecholamines, excitatory amino acids, CGRP and SP. 5-HT dysfunction is implicated 

in the pathogenesis migraine. In both humans and rats, a \2 .1 is widely expressed in the 

brain but with particularly high levels in cerebellar Purkinje and granule cells that may 

account for the high prevalence of cerebellar atrophy and ataxia in those with 

CACNAl A mutations. The channel is present on both axons and dendrites, suggesting 

that it has pre- and post synaptic roles in modulating cell to cell communication.

Allelic mutations of the a \2 .1 subunit of the brain Cay2.1 channel gene 

(CACNAl A) on chromosome 19pl3.1 (Ophoff et al. 1996) have been associated with a 

wide spectrum of both episodic and chronic progressive neurological disorders in both 

humans and mice (fig. 1-6). In humans these include spinocerebellar atrophy type 6  

(SCA6 ) (Zhuchenko et al. 1997), episodic ataxia type 2 (EA-2) (Denier et al. 1999; 

Ducros et al. 1999; Ophoff et al. 1996; Terwindt et al. 1998), early progressive ataxia 

(Yue et al. 1997) and familial hemiplegic migraine (FHM).

Domain
Extracellular

Intracellular

□ □
A
☆

□

FHM OT6 6 6 M □  FFîM + Cerebellar Ataxia 
EA-2 AFAM/EA-2
Progressive Ataxia 
Spinocerebellar Ataxia Type 6 / EA-2 
Mutant mice

Figure 1-6 FHM and EA-2 mutations on the CACNAIA gene

The commonest mutations are shown. 6  CACNAIA mutations giving pure FHM 
and 8  with ataxia have been described to date. The close proximity between 
FHM, EA-2 and the SCA6  mutation is notable.

FHM familial hemiplegic migraine 
F AM familial ataxic migraine
EA-2 episodic ataxia type 2
SCA6  spinocerebellar atrophy type 6  

(adapted from Kors et al 1999)
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Mice models of the CACNAIA mutations have been given names that reflect 

the associated symptoms: tottering, rolling Nagoya, rocker (Zwingman et al. 2001) and 

leaner mice, all of which are episodic disorders of variable degrees o f cerebellar 

involvement. The rocker mouse has normal gross cerebellar morphology but the 

cerebellar cortex has a reduction of branching in the Purkinje cell dendritic arbor. The 

rocker mouse mutation, Cacnalt/^'^’ is located close to that for the tottering and leaner 

mice (Cacnala‘̂  and Cacnala*^'^° formerly tg and tgla respectively) (Zwingman et al. 

2 0 0 1 ) and is a missense mutation resulting in a single nucleotide substitution.

The tottering and its more severely affected allele, leaner, mice are characterised 

by ataxia, epilepsy and a paroxysmal movement disorder. These mice have reduced 

release of the excitatory amino acid glutamate in the thalamus and cortex, a raised 

threshold for cortical spreading depression (CSD) and increased spontaneous release of 

ACh at the neuromuscular junction (Ayata et al. 2000). The C acnald^  and Cacnala^^'^° 

mutations are located within the same extracellular S5-S6 linker domain II as that of the 

human T6 6 6 M mutation, associated with FHM with ataxia. Cacnala^^ results in a 

missense mutation whereas Cacnala‘̂ '̂  ̂results in a truncating mutation. The 

phenotypic manifestations of the prolonged aura o f FHM, as discussed further below, 

are thought to relate to an increased susceptibility to CSD. It seems at odds that the 

neocortex o f mice mutants has an increased resistance to CSD if  the severity of the 

human CACNAIA phenotype is related to a decreased resistance to cortical spreading ' 

depolarisation. It is theoretically possible that all FHM mutations result in excitability 

effects opposite to those found from the Cacnald^ and Cacnald^'^^ mutations, but other 

human electrophysiological studies have suggested an interictal decrease in cortical 

excitability in FHM (van der Kamp et al. 1997). Whilst an extrapolation between the 

mouse data and the human phenotype must be viewed with caution, altered levels of 

neurotransmitter release may contribute to the pathophysiology o f the neurological 

deficit and altered the CSD phenotype in FHM. The pathophysiological consequences 

of the Cacnala‘̂  and Cacnala^^'^^ mutants may represent compensatory mechanisms in 

response to the physiological consequences of Cay2.1 channel mutations. Cacnala^^ and 

Cacnala^^'^^ mutant mice have also given an insight into a possible mechanism for the 

cerebellar atrophy seen in some FHM cases and in these mice. Both mice mutants have 

markedly reduced Purkinje cell Ca^^ conductance, leading to reduced intracellular 

calcium. Insufficient Ca^^ influx may lead to shrinkage and apoptosis of Purkinje cells 

and ultimately to cerebellar atrophy (Wakamori et al. 1998).
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Despite elucidating some questions surrounding these mutations, animal models 

have raised other questions. Mice completely lacking the a\2A  subunit have a complete 

elimination of the P-type current in Purkinje and cerebellar granule cells. However, the 

mice are bom alive, albeit with rapidly progressive neurological deficits characterised 

by dystonia, ataxia and cerebellar involvement before dying at 3-4 weeks (Jun et al.

1999), surprising in view of the fact that the CACNAIA mutation is present on all 

neurons throughout the body and entirely responsible for the Cay2.1 current in neurons 

(Hoffman 2001).

1.5.1.1.2 Familial hemiplegic migraine

FHM is an autosomal dominant disorder of migraine with prolonged aura, the clinical 

features o f which are discussed later, approximately 50% of families linked to 

CACNAIA mutations.

FHM is typically caused by missense mutations (substitution, rather than 

deletion of 1 of the 1600 amino acids that comprise the gene) in CACNAIA. These 

were identified in a number of families with FHM by Ophoff et al (Ophoff et al. 1996). 

To date six CACNAIA mutations giving pure FHM and 8  with ataxia have been 

identified the most common being T6 6 6 M.

The CACNAIA mutations result in a change of function and have been shown 

to alter inactivation of the VGCC, and in some models they also change the level of 

expression of the channel.

Introduction of the first four known FHM mutations, including theT6 6 6 M 

mutation, into Xenopus oocytes showed that 3 of the 4, located at the putative channel 

pore, alter inactivation gating, with different mutations giving different time courses of 

inactivation (Kraus et al. 1998). The same 4 missense mutations have been studied in 

human embryonic kidney cells using single-channel and whole-cell patch-clamp 

recordings. This showed that the mutations altered not only the open probability but also 

the density of the channels, with different mutations increasing or decreasing the density 

and conductance, implying that the FHM mutations can lead to both gain and loss of 

fimction Cay2.1 channels. The two mutations studied that are associated with cerebellar 

ataxia (T6 6 6 M and H815L) were associated with decreased conductance, the T6 6 6 M 

mutation additionally causing decreased density of the channel, implying a link between 

the ataxia phenotype and loss-of-function mechanisms (haploinsufficiency). This is 

supported by the severe ataxia phenotype in the leaner mutant mouse, which has a 

reduced P-type current in Purkinje cells. Strikingly, the change in conductance caused
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by two of the mutations was only observed intermittently and was not observed in some 

patches. This may give a theoretical basis to the clinical phenotype of these mutations as 

episodic neurological disorders (Hans et al. 1999).

Dysfunction of Cay2.1 may also have a role in the more common forms of 

migraine. Sib pair analysis has shown increased allelic sharing in the CACNAIA region 

on chromosome 19pl3 suggesting that Cay2.1 mutations may be involved in more 

prevalent forms of migraine, in particular with aura (Nyholt et al. 2000; Terwindt et al. 

2001). Subclinical cerebellar impairment has been documented in migraine with and 

without aura (Sandor et al. 2001). Single-fibre EMG studies of migraineurs have shown 

abnormalities of neuromuscular transmission in 14 (of 44) patients with aura but in none 

of the controls and only 3 (of 18) patients with migraine without aura. The majority of 

the subjects with EMG abnormalities had prolonged aura with sensorimotor and 

cerebellar features (Ambrosini et al. 2001). Many factors may influence NMJ 

transmission and both N- and P/Q-type calcium currents are involved in ACh release. 

But since N-type channel blockers have no influence on NMJ transmission it seems 

plausible that a subclinical Cay2.1 abnormality may be present at the NMJ of patients 

with aura, even without a classical history of FHM.

1.5.1.1.3 Episodic Ataxia Type 2

EA-2 is an autosomal dominant disorder that presents in late childhood or adolescence 

characterised by intermittent attacks of midline cerebellar ataxia, interictal nystagmus 

and in about 50% of families migraine (-like) attacks with headache and nausea. The 

attacks last between minutes and hours, can be provoked by stress, alcohol, exercise or 

fatigue. Some patients may also develop mild progressive cerebellar ataxia with gait 

unsteadiness, limb ataxia and dysarthria (Kramer et al. 1995). Neuroimaging often 

demonstrates cerebellar atrophy. Fortunately, most patients respond to acetazolamide 

therapy although the precise mechanism is still unclear.

Unlike the missense mutations in FHM, EA-2 is typically caused by truncating 

mutations produced by splice and frame shift mutations from base pair deletions within 

CACNAIA. However, the genotype-phenotype relationship in EA-2 patients is not 

always straightforward. For example, a trinucleotide deletion resulting in an amino acid 

deletion and missense mutation was observed in a sporadic case exhibiting typical EA-2 

features (Denier et al. 1999); only 75% of patients exhibit the classic phenotype with 

asymptomatic carriers in some families and recurrent diplopia as the only manifestation 

in others; the EA-2 phenotype has been reported with an underlying trinucleotide
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expansion characteristic of SCA6  (Jodice et al. 1997); a missense mutation in one 

family manifested as EA-2 in 2 members but as a severe progressive cerebellar ataxia in 

6  others (Yue et al. 1997); three different missense mutations were detected in three 

families with EA-2 including one mutation carrier who only had migraine, and some 

patients in an EA-2 family with a truncating mutation had hemiplegia during their 

attacks.

Phosphorus magnetic resonance spectroscopy (^^P-MRS) has shown an 

increased pH in the cerebellum and cortex interictally in EA-2 patients. This could be 

explained by an increased intracellular Câ "̂  load from the mutant channel being 

extruded through ATP driven pumps and via bi-directional Na^/Ca^^-exchange 

transporter systems (Sappey-Marinier et al. 1999). However, this theory is at odds with 

the evidence for intracellular hypocalcaemia in the mouse model discussed above.

1.5.1.1.4 Spinocerebellar Atrophy Type 6

SCA6  is the most common form of dominant late-onset pure cerebellar ataxia. 

Typically, onset is in the fifth decade with slow progression, with retained mobility for 

up to 20 years. Signs include nystagmus, dysarthria and limb ataxia, but pyramidal signs 

are not as prominent as they are in other groups. Neuroimaging reveals cerebellar 

atrophy. Pathological specimens not only demonstrate loss of Purkinje and granule cells 

within the cerebellum but also atrophy of the dentate nucleus and inferior olive. In 1997, 

an expanded trinucleotide repeat sequence was identified within CACNAIA in families 

with SCA6 . This trinucleotide sequence comprises a variable number of CAG- 

nucleotide repeats and is translated into a polyglutamine tract and may exert a toxic gain 

o f function: abnormal protein deposition occurs within the cytoplasm of affected cells 

and this may lead to cell degeneration (Ishikawa et al. 1999).

1.5.1.1.5 Dopamine receptors

Clinical and pharmacological evidence points towards altered dopaminergic 

transmission playing a role in migraine. A susceptibility to migraine with aura is 

modified by DRD2 N col alleles. Further evidence for a role for the dopamine receptor 

DRD2 was found in a study of 50 families of patients with migraine without aura in an 

isolated Sardinian population. There was no association between the genes for DRD2, 

DRD3 or DRD4 receptors and migraine except for a significant association between 

DRD2 and a subgroup of migraineurs with ‘dopaminergic’ symptoms of nausea and 

yawning (Del Zompo et al. 1998), implying that there may be a genetic susceptibility to 

dopamine hypersensitivity, at least in a sub-group of patients. Another study has
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described an increased density of DRD3, DRD4 and DRD5 receptors on peripheral 

blood lymphocytes in untreated migraine patients compared to controls (Barbanti et al. 

1998; Barbanti et al. 2000), but the relevance of these findings to central mechanisms of 

pain control remain to be determined.

1.5.1.1.6 Notch 3

Also located on chromosome 19pl3.1 is the locus for the Notch 3 mutation, associated 

with cerebral autosomal dominant arteriopathy with subcortical infarcts and 

leukoencephalopathy (CADASIL). This is a rare but probably underdiagnosed illness 

characterised by migraine, white matter hyperintensity foci on brain MRI, early stroke, 

and subcortical dementia due to diffuse leukoencephalopathy (Verin et al. 1995). 

Migraine with aura is present in 20-30% of affected subjects. The aura is predominately 

visual or sensory but the frequency of brainstem symptoms, hemiplegia and prolonged 

aura is noticeably high. At least 25 different mutations of the Notch 3 gene have been 

identified in 90% of CADASIL patients. These are highly stereotyped missense 

mutations leading to an odd number o f cysteine residues within one o f the epidermal 

growth factor-like repeats of the Notch 3 extracellular domain (Joutel et al. 1997). One 

of these missense mutations has been reported in a family with prolonged visual, 

sensory, motor and aphasie aura, associated with white matter abnormalities on MRI 

(Ceroni et al. 2000). A splice-site mutation has also been described in a family with a 

slightly unusual presentation of migraine with aura in 6  subjects and dementia in one 

subject (Joutel et al. 2000).

1.5.1.1.7 Mitochondrial genes

Migraine and migraine stroke are recognised features of mitochondrial 

encephalopmyopathies including mitochondrial encephalomyopathy, lactic acidosis and 

stroke-like (MELAS) syndrome and Lebers hereditary optic neuropathy (Lichtenberg et 

al. 2000). Altered respiratory chain enzymatic activity and abnormal spectroscopy of 

energy metabolism have suggested that a dysfunction of mitochondrial oxidative 

metabolism could underlie the common migraine types too (Montagna et al. 1996). 

However, a maternal cytoplasmic inheritance pattern for migraine has not been 

supported by segregation analysis. Additionally, most searches for mitochondrial DNA 

(mtDNA) mutations in migraine, even in families with a maternal inheritance pattern, 

have proved negative and several positive findings have subsequently been disproved. 

However these studies are complicated by the degree of mtDNA heteroplasy. For 

instance, mutations may be only present in muscle or CNS but not blood. Although
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these mutation are rare, a more common role for mitochondrial dysfunction causing an 

imbalance between mitochondrial ATP production and energy demand playing a role in 

migraine is suggested by ^’P-MRS. This technique has shown altered energy 

metabolism in the brain of patients with migraine and cluster headache (Montagna et al. 

1996; Montagna et al. 1997).

1.5.1.1.8 Neurovascular genes

Families have been described with autosomal dominant vascular retinopathy associated 

with migraine and Raynaud’s phenomenon and others with a similar phenotype of 

cerebroretinal vasculopathy and hereditary endotheliopathy with retinopathy, 

nephropathy and stroke. Genetic analysis of these families maps the mutation to the 

same 3-cM interval on chromosome 3p21.1, suggesting a common locus but as yet no 

gene has been identified (Ophoff et al. 2001).

1.5.1.1.9 Endothelin type A receptor gene

The marked elevation of endothelin levels, a potent vasoconstrictor, ictally in migraine 

has led to the investigation of the endothelin receptors. A significant association has 

been found between the endothelin type A receptor gene and migraine (Tzourio et al. 

2001).

1.5.1.1.10 Xq24-28 linked gene

The strongly maternal inheritance pattern of migraine has prompted investigation of the 

X chromosome. Evidence has been found for an X-linked genetic component for 

familial typical migraine in two large Australian pedigrees with a proposed locus on 

chromosome Xq24-28 (Nyholt et al. 2000).

1.5.1.1.11 Insulin receptor gene

A single nucleotide polymorphism, close to that for the CACNAIA mutation on 

chromosome 19, in the insulin receptor gene has been found to have a significant 

association with migraine with aura in a North American population. These results have 

so far not been replicated in other populations (McCarthy et al. 2001).

1.5.1.1.12 Prothrombotic factors

A few studies have investigated the prevalence o f prothrombotic genetic factors, such as 

factor V Leiden, protein S and C deficiencies, von Willebrand antigen (Tietjen et al. 

2001) and antithrombin 3 in migraineurs but no definite conclusions can be reached 

because of the small sample sizes, methodological differences and conflicting results.
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Moreover, congenital thrombophilia, such as anticardiolipin positivity (Tietjen et al.

1998), is not conclusively linked to an increased risk o f cerebral infarction in 

migraineurs. It must be remembered that these are essentially venous risk factors and no 

increase in venous thromboembolic disease has been demonstrated in migraineurs 

(Crassard et al. 2001).

1.5.1.1.13 Other genes

The gene for nitric oxide synthase (NOS), which controls the synthesis of nitric oxide, 

implicated in the pathogenesis of migraine, has been investigated as a candidate gene 

for migraine in 91 affected individuals. Their results did not support a role for the gene 

for either endothelial (eNOS) or inducible NOS (iNOS) in migraine (Griffiths et al. 

1997; Lea et al. 2001).

Despite the central role o f serotonergic receptors in migraine, linkage and 

association analysis of 5 -HT2 a/2 C receptor subtypes has not shown any positive 

correlation with migraine (Buchwalder et al. 1996; Nyholt et al 1996). Similarly, the 

genetic variants of 5-HTib and if do not seen to influence the clinical response to 

sumatriptan (VanDenBrink et al. 1998). There has been one positive study of linkage 

between migraine with and without aura with different 5-HT transporter gene alleles 

(Ogilvie et al. 1998), but these findings have not substantiated by others.

1.5.1.2 Environmental predisposition

Genetic factors do not account for an individual’s entire tendency to migraine and there 

is undoubtedly modification by environmental factors. Furthermore, the increasing 

prevalence of migraine up to the age of 20-30 and the decline from middle age implies 

additional environmental factors modulating gene expression.

Together, these genetic and environmental factors may set a threshold at which 

an individual’s brain will have a migraine. Everyone may have an isolated migraine at 

some point in their life, but it is the repeated occurrence, indicating a lower than normal 

threshold, that make a migraineur. By far the most important predisposing factor in the 

internal environment is female hormones. The male: female ratio of migraine is 

approximately equal before puberty, whereas after puberty females suffer from migraine 

three times more commonly than men do. Other, as yet undefined, environmental 

predisposing factors undoubtedly exist.

On the background of this predisposition, triggering factors, from the internal 

and external environment exert their effect. The association between the menstrual cycle

and migraine is well known. Attacks of migraine without aura are more likely to occur 2
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days before the onset of menses and on the first 2  days of menses and menstrual 

associated migraines are slightly more painful on the first 2 days of menses. The rapid 

drop in oestrogen just prior to menstruation is probably responsible for triggering 

migraine. There does not appear to be any consistent relationship between ovulation and 

migraine (Stewart et al. 2000). Patients also report an increased attack frequency at 

times o f stress, or during the Tet down’ period after stress. The mechanism for this is 

uncertain but most probably is mediated through the prefrontal

cortex/hypothalamic/PAG axis. It may be considered that migraineurs lack an ability to 

cope with physiological change and any alteration to normal levels o f stress, food, sleep 

or exercise may trigger a migraine.

1.5.2 Physiological and  biochem ical abnorm alities outside a ttacks

Not only is there a change in state of the brain during an attack but also interictal 

abnormalities in trait. For example, there is experimental evidence for dysfunction in the 

visual system including cortical hypersensitivity (Chronicle and Mulleners 1996;

McColl and Wilkinson 2000) probably mainly in migraine with aura (Wray et al. 1995). 

These changes seem independent of migraine duration and frequency indicating they are 

not due to damage from repeated attacks (Shepherd 2000) but rather an in-built 

predisposition. Interictal cerebellar dysfunction has been suggested even in non- 

hemiplegic forms of migraine, but particularly MA (Sandor et al. 2001).

1.5.2.1 Serotonin and migraine

It is simplistic to explain the complexity o f migraine symptoms on dysfunction o f one 

neurotransmitter system. Individual changes should be seen as part of complex 

biochemical abnormalities. With this in mind there is good evidence to suggest that 5- 

hydroxytrypatmine (5-HT or serotonin) is important in some aspects of migraine 

pathophysiology with reference to:

1. changes in overall 5-HT metabolism

2. accumulating evidence for abnormal processing in central 5-HT mediated responses 

during and between attacks

3. effective anti-migraine drugs that target specific populations o f 5-HT receptors.

It has been suggested that migraine may be a consequence of chronic, centrally 

mediated hypofunction of serotonergic neurotransmission.

Serotonin acts via a family of serotonin receptors, which has received

considerable attention in recent years. These receptors are currently classified from 5-

HTi to 5 -HT7 , with 5-HTI additionally subclassified into a, b, d, e and f subtypes. These
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receptors have markedly different functions and the effect o f serotonin in any system 

will depend on the relative concentration of different receptors in a given tissue.

1.5.2.1.1 Changes in serotonin metabolism

5-HT was originally implicated in the pathophysiology of migraine when it was found 

that urinary excretion of 5-HT metabolites increased during migraine attacks (Sicuteri et 

al. 1961). This observation has proved not to be consistently reproducible, in contrast to 

the finding of an increase in plasma 5-HT level coinciding with a rapid drop in platelet 

5-HT levels during the onset of migraine attacks (Anthony et al. 1967).

Because of their high 5-HT content, platelets have been the subject of long

standing interest in migraine. Although there may be a tendency towards increased 

platelet aggregation in migraine, results are inconsistent and platelet aggregation 

depends on many other variables than 5-HT including stress or cigarette smoking 

(Crassard et al. 2001). Between attacks, migraine patients have consistently lower 5-HT 

and 5-HI A A levels in (platelet free) plasma than do controls. During attacks, plasma 5- 

HT levels double interictal levels, reaching control levels. This increase may be partly 

due to 5-HT release from platelets, but the main contribution is probably from altered 

systemic 5-HT turnover, including dysfunction in the brain. This turnover is enhanced 

between attacks, but reduced during an attack, probably due to a transient decrease in 

enzymatic degradation.

These observations have suggested that migraine is a disorder o f chronically low 

serotonin with attacks triggered by a sudden increase in 5-HT release.

Further suggestions that migraine is a low serotonergic syndrome come from 

several lines of evidence. Depression is also considered a low serotonergic syndrome 

and has a high comorbidity with migraine. More convincing evidence comes from 

neurophysiological studies, described in more detail below, that have shown the 

amplitude o f auditory evoked potential to be inversely related to central serotonergic 

transmission, with migraineurs having a marked increase in amplitude between attacks, 

in support o f low serotonergic transmission (Hegerl and Juckel 1993).

A background o f chronically low availability of 5-HT could result in 

sensitisation o f some, or all, 5-HT receptors in migraineurs. Indeed the proposed 

mechanism of action of many prophylactic drugs as 5 -HT2 antagonists would lend 

support to this. Observations in favour of 5-HT release triggering migraine include 

drugs such as reserpine (Lance 1991) that release 5-HT from neurons and platelet,s and 

some 5-HT re-uptake inhibitors are able to trigger migraine. However, the receptors that
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may induce migraine (5 -HT2 b) are not the same as those that relieve migraine (5-HT, 

family). Furthermore, there is no evidence that genetic variation in 5-HT receptor 

subtypes explains either the susceptibility to migraine or response to triptans, as 

discussed above.

1.5.2.1.2 Abnormal central serotonergic processing

It is unlikely that changes in circulating 5-HT alone can explain all the facets o f a 

migraine attack and it is speculative whether pharmacological manipulations with 5-HT 

agonists and 5-HT releasing agents bear any relationship to spontaneous migraine 

attacks. The hypothesis o f brainstem activation in an area compatible with the 

serotonergic DRN suggests that this structure becomes active and releases 5-HT during 

migraine. The DRN has projections to the cerebral cortex, brainstem sites and also to 

the cranial vasculature. This, together with the known interactions between the 5-HT, 

dopaminergic and noradrenergic systems in the brain, suggests that dysfunction of the 

5-HT system is likely to have repercussions much further afield than those expected on 

the basis o f 5-HT neurotransmission alone.

Serotonergic neurons in the DRN are involved in the regulation o f multiple 

physiological functions such as stress, pain, appetite, mood and sleep, some of which 

are altered during migraine. These neurons can also change their firing pattern in 

response to stressful stimuli, perhaps suggesting that one mechanism by which stress 

triggers migraine be via increased discharge of 5-HT from the DRN. Additionally, the 

close relationship of the firing pattern of DRN 5-HT neurons and the sleep wake cycle, 

being reduced during REM sleep (Portas et al. 2000), may explain why sleep is used by 

over 50% of sufferers as an adjunctive treatment.

However, generation of headache in migraine requires activation of pain- 

sensitive trigeminovascular fibres releasing vasodilator substances. Whether this can be 

achieved by a change in the firing rate of DRN neurons is speculative. Although there 

are no direct anatomical connections between raphe neurons and meningeal blood 

vessels, there is indirect central serotonergic innervation of pial arteries and arterioles. 

Such fibres seem to have a central origin emanating from the median and dorsal raphe 

nuclei and may have a role in both normal regulation of cerebral circulation and in 

pathological conditions (Edvinsson et al 1983). Additionally, lesions of the DRN induce 

supersensitivity to 5-HT in isolated cerebral arteries, compatible with supersensitivity of 

craniovascular receptors of chronic migraine sufferers with chronic low 5-HT levels.
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During stress, an increased DRN firing rate could activate the sensitive 5 -HT2 b 

receptors and lead to activation of a pain generating process.

Amongst other locations, 5-HT is synthesised in nerve terminals innervating the 

cranial and cerebral vasculature. On the cranial vessels, 5-HT acts through the 5-H T ib  

receptor to mediate arterial constriction and arteriovenous anastomotic constriction, and 

5-HT? to mediate arteriolar dilatation. There is some evidence of such haemodynamic 

changes occurring in the headache phase of migraine (Olesen et al. 2000).

1.5.2.1.3 5-HT]b/ id agonists and migraine

The presence on trigeminal neurons of 5-HT receptor subtypes not found on sensory 

neurons in the rest of the somatosensory system may have implications for specific 

migraine action of the triptans. These drugs act primarily act on 5-HT ib and id subtypes, 

with some having more variable activity on 5-HT]a , i e  and i f  (Goadsby 2000).

It has been known for many years that intravenous 5-HT aborts reserpine- 

induced (Anthony et al. 1967) and spontaneous headache (Kimball et al. 1960). Triptans 

are highly effective in treating migraine, with a more selective mode of action on the 

cranial vasculature than 5-HT (Ferrari 1998). An understanding of their mode o f action 

may give better insight into the pathogenesis of migraine. There are three possible 

mechanisms of action of triptans in migraine:

1. Vasoconstriction: whether or not 5-HT plays a pathological role in migraine at the 

neurovascular junction, all triptans undoubtedly have potent activity in constricting 

large cerebral and pial vessels (in addition to the saphenous vein). However they 

have no effect on resting cerebral blood flow. The differential action o f triptans on 

the cranial rather that the coronary circulation reflects the distribution of 5-H T ib  

receptors. An important mechanism of action of 5-H T ib /id  agonists is possibly 

through closure of cranial arteriovenous shunts, but the extent to which this 

contributes to the antimigraine action is uncertain.

2. Peripheral inhibition of trigeminal afferents: triptans have been shown to inhibit 

experimental plasma protein extravasation (PPE) at cranial vessels. This is unlikely 

to be the main mode of action of triptans because PPE has yet to be convincingly 

demonstrated in human migraine and one such triptan, avitriptan, whilst having 

comparable efficacy to sumatriptan for migraine, is 30 times less potent at 

inhibiting neurogenic inflammation. Despite the lack of evidence for PPE, 

neuropeptides, notably CGRP, released from trigeminal nerve terminals in migraine 

are blocked by sumatriptan. Similarly in the animal model of superior sagittal sinus
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stimulation, triptans attenuate release of CGRP (Buzzi et al. 1991; Knight et al

1999).

3. Central inhibition of trigeminal afferents: SSS stimulation in experimental animals 

activates the caudal part of the TNC and Cl/2 dorsal horn. Specific triptan binding 

sites have been demonstrated in the TNC of experimental animals (Pascual et al. 

1996) and SSS induced activity of these cells can be inhibited by some triptans 

(Goadsby and Hoskin 1998; Hoskin et al. 1996). Similarly, durai vasodilatation 

produced by CGRP, which may occur during migraine, causes sensitisation of 

central trigeminal neurons and this effect is blocked by a 5-H T ib /id  agonist 

(Cumberbatch et al. 1999). A difficulty with this argument is that sumatriptan does 

not inhibit the activity of these cells unless the blood brain barrier (BBB) is 

disrupted. There is mounting circumstantial evidence for reversible BBB disruption 

in migraine and other stressful situations (Friedman et al. 1996; Alvarezcermeno et 

al. 1986; Harper et al. 1977), but not during aura, which could explain the lack of 

activity of triptans during aura.

If one of these sites of action is more important for the action of triptans this may have 

important implications for the design of triptans with improved receptor (and 

anatomical) selectivity, and further our understanding o f the role of the serotonergic 

system in generation, maintenance and termination of migraine.

1.5.2.2 Magnesium and excitatory amino acids

Glutamate and aspartate are two important excitatory amino acids in the central nervous 

system. Their action on NMDA subtype receptors plays a key role in initiation, 

propagation and duration of CSD.

Migraineurs may have substantially higher plasma levels of glutamate and 

aspartate interictally than do controls, rising further during attacks, highest in those with 

aura, perhaps due to a defect in erythrocyte re-uptake. There may be a similar re-uptake 

defect at the neuronal/glial cell level, which may create a higher local neuronal 

concentration of excitatory amino acids that may predispose the individual to CSD and 

thus aura.

Since Mg^^ gates and blocks the excitatory NMDA glutamatergic receptors, a 

reduction in Mg^^ may contribute to cortical hyperexcitability, for instance contributing 

to triggering of aura. ^*P-MRS has enabled indirect measurement of brain Mĝ "*" and has 

shown a significantly reduced intracellular Mg^^ during migraine headache. Serum 

Mg^^ is also reduced during and between attacks, but there is no consistent difference
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between migraine with and without aura. However, these differences are small and 

variable.

Alterations in may be of more importance if one takes into account 

variability in brain oxidative capacity. As discussed above, an imbalance between 

mitochondrial ATP production and energy demand may play a role in migraine. Mĝ "̂  is 

essential for mitochondrial membrane stability and coupling of oxidative 

phosphorylation. It has been shown that brain free [Mg^^] is low in patients with deficits 

of oxidative phosphorylation due to mtDNA defects and this is improved by treatment 

with Coenzyme Qio. There is a trend for an inverse correlation between the level o f free 

energy released by ATP hydrolysis and cytosolic [Mg^^] and the severity o f clinical 

phenotype, free energy and Mĝ "̂  being lowest in migraine stroke and the highest in 

patients with migraine without aura. Thus the lowest Mg^^ levels produce the greatest 

cortical hyperexcitability and the most profound aura. Mg^^ is a large ion and does not 

cross plasma membranes, and large amounts of Mĝ "̂  are stored intracellularly and can 

be released readily in response to re-equilibrate any systemic loss. Thus it is unlikely 

that hypomagnesaemia causes the reduction of brain free cytosolic Mĝ "̂  and that this 

causes the energy deficit. Instead, it is more likely that reduced Mg^^ in tissues with 

mitochondrial dysfunction is secondary to the energy deficit (Lodi et al. 2001).

However, when the cytosolic Mĝ "̂  has been reduced, this may then increase the 

susceptibility to CSD and further reduce mitochondrial membrane stability.

That reduced cytosolic Mg^^ is a bystander effect of energy deficit rather than 

the initiating event is supported by the trials of magnesium for the treatment of migraine 

without aura that have only shown equivocal results (Pfaffenrath et al. 1996; Corbo et al 

2001). Whether or not higher doses for migraine with prolonged aura will show a 

greater therapeutic advantage remains to be seen.

1.5.2.3 Opioids and endogenous pain control mechanism

Data on plasma levels of opioids, particularly p-endorphin, in migraine is conflicting. 

The general picture is of migraineurs having low plasma and high platelet methionine- 

enkephalin levels during attack free periods compared with controls. Naturally 

occurring morphine-like substances have been reported to be reduced during migraine 

with aura (Anselmi et al. 1980), but interestingly plasma and platelet met-enkephalin 

levels increase during headache in both migraine with and without aura (Mosnaim et al. 

1985). However, the extent to which blood and CSF levels reflect central opioid 

function remains uncertain. The peptides do not cross the BBB to a significant extent
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and it is uncertain how much naturally occurring opioids are effective against vascular 

headache mechanisms. Nevertheless it is possible that endogenous pain control 

mechanisms, probably including the opioid system, may be partly defective in 

migraineurs.

1.5.2.4 Dopaminergic transmission

The observations suggesting yawning to be one o f the most specific premonitory 

symptoms for migraine suggest evidence for the role of dopamine in the 

pathophysiology of migraine. Yawning has been found to be an indicator of sensitivity 

to pre-emptive treatment with the dopamine antagonist domperidone. Additionally, 

apomorphine, a dopamine agonist, can induce yawning with greater frequency in 

migraineurs than controls (Cerbo et al. 1997).

1.5.2.5 Neurophysiological changes

Changes in cortical electrophysiology in migraine with and without aura have been 

known for some years. Most studies have confirmed a dysfunction of cortical 

information processing between migraine attacks, possibly reflecting abnormal 

excitability, that plays a role in migraine pathogenesis.

EEC

The only abnormality consistently reported interictally in headache patients versus 

controls is a prominent photic driving response at high flash stimulation rates above 2 0  

Hz. Golla and Winter (Golla and Winter 1959) found that 96% of patients with 

‘classical’ migraine had a ‘H-type’ following response on EEG. A generation on, these 

studies have been repeated using IHS criteria, finding the H response in 8 6 % of 

migraineurs with or without aura (Chorlton and Kane 2000). Photic stimulation has also 

been reported to decrease the phosphocreatinine/phosphate ratio, increase lactate and 

increase the pH of the visual cortex as measured by ^^P-MRS, implying altered brain 

metabolism with photic stimulation (Sappey-Marinier et al. 1992). Interpretation of 

studies of EEG in migraine must be considered in the light of the high proportion of 

normal EEG variants.

Evoked potentials

Early work on evoked potentials and contingent negative variation (CNV) in 

migraineurs produced discrepant results regarding the amplitude and latency between 

attacks.
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Visual symptoms are common in migraine but are not confined to attacks. 

Hypersensitivity to environmental light and grating patterns o f definite spatial frequency 

has been demonstrated interictally. This hypersensitivity may be related to the faster 

low-level visual processing (e.g. edge finding, organising texture and colour), but not 

high-level processing (performed in the superior parietal and inferior temporal cortices 

e.g. identification of objects) in migraineurs (Wray et al. 1995).

A previous study of pattern reversal VEPs (PRVEPs) suggested that migraineurs 

with visual aura have a significantly longer P I00 latency than control subjects (Mariani 

et al. 1990), whereas another study showed no difference in P I00 latency between 

migraineurs (with and without aura) and controls, except in a subgroup o f patients with 

headache consistently localised to one side who had a significantly shorter P I 0 0  on the 

affected side compared to contralaterally (Tsounis et al. 1993).

However most, particularly more recent, studies of flash VEPs and PRVEPS 

have found an increased interictal evoked potential amplitude in migraine with aura 

(Diener et al. 1989; Shibata et al. 1998; Shibata et al. 1997). No difference from normal 

PI 0 0  latency was shown in a study of migraine patients with and without aura except 

significantly higher P I 0 0  amplitude on the contralateral side to the aura compared to the 

ipsilateral side and controls, particularly when studied within 10 days of an attack. The 

asymmetry correlated significantly with the duration of the illness (Shibata et al. 1998). 

Prolonged VEP latencies and increased P I00 amplitude interictally in both migraine 

with and without aura were confirmed by a larger study (Khalil et al. 2000).

In contrast to the studies suggesting increased evoked potential amplitudes and 

thus cortical hyperexcitability, low amplitude VEPs have also been found in migraine 

patients interictally when low stimulus intensities are used, suggesting a low 

preactivation level of sensory cortices caused by a hypofunctioning state setting 

subcortical pathway (Afra et al. 1998). This would be in agreement with transcranial 

magnetic stimulation (TMS) results also suggesting reduced interictal cortical 

excitability (Afra et al. 1998).

Part of the discrepancy in all these studies may be accounted for by 

methodological differences of the contrast, spatial and temporal frequency of the 

patterns used in the VEPs.

Lack of habituation of VEPs may depend on chequerboard pattern size.

Although N2 VEP response latency is significantly delayed in MA subjects when 

presented with small checks (high spatial frequency), no deficiency of habituation in 

migraineurs could be determined, in contrast to previous studies perhaps using different
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stimulation parameters. This suggests an imbalance of the two parallel visual processing 

pathways, the contour-processing ‘X ’ system and the luminance processing ‘ Y’ system 

and an interictal Y predominance may increase sensitivity to visual stimuli (Oelkers et 

al. 1999).

Visual information is conducted by two parallel pathways (‘Y ’ movement- 

luminance and ‘X ’ contrast-contour processing pathways) which may be differentially 

affected in migraine and can be investigated by pattern reversal VEPs. Migraineurs 

(with and without aura) have longer latencies of the N2 VEP component (150 ms) only 

when small check sizes are presented i.e. high spatial frequency, but not with large 

checks. Large patterns are mainly processed by the ‘ Y ’ system whilst small sizes are 

also processed by the ‘X ’ contrast-contour visual processing system. The N2 VEP 

component is mainly attributed to the Y system in contrast to the P I, attributed to the X 

system. Thus there may be an imbalance of the X (input mainly from the fovea via the 

parvocellular pathway) and Y systems (input mainly from the retinal periphery via the 

magnocellular pathway) interictally in migraineurs. Interictal Y (luminance pathway) 

predominance may increase sensitivity to visual stimuli (Oelkers et al. 1999).

Studies on AEPs are inconclusive. In migraineurs the amplitude o f the potential 

is dependent on the intensity of the auditory stimulus and this may be inversely related 

to levels of central serotonergic activity (Hegerl and Juckel 1993). The high intensity 

dependence o f AEPs implies hypofunctioning of the serotonergic system in migraine 

between attacks (Schoenen 1998). However the high inter- and intraindividual 

variability of the intensity dependence of the auditory evoked potentials (IDAP) reduces 

the diagnostic usefulness of this technique.

Interictal CNV amplitude is on average increased in migraine without aura, but 

not migraine with aura, compared to controls.

Despite discrepancies in amplitudes and latencies o f VEP responses, a more 

consistent finding is a lack of habituation (or even potentiation) of evoked potential 

responses in the pain free interval. High VEP amplitudes found interictally may be a 

consequence of this deficient habituation and interictal fluctuations in habituation may 

explain a variation in amplitude response between studies. The interictal deficient 

habituation is found for different sensory modalities and experimental paradigms not 

only PRVEPSs: IDAPs (Wang et al. 1996); event related potentials such as auditory 

event related potentials evoked in an ‘oddball’ paradigm and CNV (Maertens de 

Noordhout et al. 1986).
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When PRVEPs are given at a rate of 3.1 Hz for 2 minutes the major difference 

between migraineurs and controls is a potentiation o f the response with time in 

migraineurs with and without aura, by more than 30%, as opposed to habituation in the 

control subjects, rather than any difference in amplitude of grand averaging (Schoenen 

et al. 1995). This technique in healthy controls produces an initial rise of lactate in the 

occipital cortex that decreases with habituation of the VEP after 10-12 minutes of 

stimulation, suggesting that habituation normally protects the visual cortex against over 

stimulation. In contrast, when migraineurs are stimulated with PRVEPs for 15 minutes 

there is no habituation of the VEP amplitude (Afra et al. 1998). A large interictal study 

of migraine with and without aura found a strong negative correlation between initial 

VEP and IDAP amplitudes and amplitude increase during continuous stimulation. This 

supports the argument that response potentiation in migraine is due to reduced 

preactivation level o f the sensory cortices (Afra et al. 2000). The same authors found 

further evidence for cortical hypoexcitability from 2 other studies. Patients with 

migraine with aura had no change in VEPs measured through coloured glasses in 

contrast to healthy volunteers who had increased VEPs with red glasses, in line with 

other reports o f increased cortical excitability with red light (Afra et al. 2000). 

Migraineurs have reduced gating of the middle-latency auditory evoked potentials 

(AEP), possibly due to hypofunctioning monoaminergic subcortico-cortical pathways 

that are also thought to be the mechanism of the habituation deficit (Ambrosini et al. 

2001).

Habituation may reflect an adaptive mechanism, a protective feature of cortical 

information processing, protecting the cortex against sensory overload in normal 

individuals, while migraineurs are unable to adjust their information processing to 

environmental demands. Lack of habituation might favour metabolic instability 

including lactate accumulation in sensory cortices during sustained activation and 

contribute to the generation of CSD. The significant reduction in interictal 

mitochondrial energy reserve in the occipital cortex, as measured by the 

phosphorylation potential with ^’P-MRS (Montagna et al. 1994) may predispose the 

brain to metabolic shifts such as increased lactate levels, demonstrated interictally in the 

occipital cortex (Wantanabe et al. 1996). Since glial cells have greater capacity than 

neurons to counteract these metabolic shifts and maintain homeostasis for neuronal 

functioning, the visual cortex, with a high neuron/glia ratio, may be particularly prone to 

such metabolic shifts.
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Whether these changes in cortical information processing are genetically 

predetermined or develop as a consequence of repeated attacks is still open to debate. 

VEP habituation and IDAP are more similar between parents and their children than 

between unrelated adults and children, arguing in favour o f a genetic factor (Sandor et 

al. 2000). The same authors have also found no intraindividual correlation between 

IDAPs and VEPs implying that physiological, perhaps genetic, mechanisms regulating 

the two differ (Afra et al. 2000). Evidence against a simple genetic influence on IDAP is 

suggested by a study showing no correlation between the augmentation slope in 

migraineurs and first-degree relatives (Siniatchkin et al. 2000).

Because of the suggestion of olfactory disturbance in migraine, olfactory and 

trigeminal event-related potentials have been investigated in the interictal period. 

Trigeminal hyperexcitability (increased amplitude and reduced latency) but olfactory 

hypoexcitability was found with this novel approach (Grosser et al. 2000).

Event-related potentials

CNV is an event-related slow brain potential characterised by a negative deflection on 

the scalp recording during the period between a warning stimulus and a response 

stimulus i.e. the CNV reflects expectation and preparation o f an event. When the 

separation between the two stimuli is greater than 2  seconds, an early and a late 

component to the CNV can be differentiated.

Some recent studies have supported the interictal deficient habituation o f CNV 

in migraineurs (Siniatchkin et al. 2000), although not the increased amplitude, while 

others have not confirmed the change in habituation in migraine without aura and show 

results similar to healthy controls (Mulder et al. 2001). These discrepancies may lie in 

methodological differences such as medication use and the type of warning stimulus 

used. However, 60% of healthy children and 30% of adult controls also show deficient 

habituation indicating that change in CNV is a non-specific and developmental feature 

of information processing and is only one risk factor for the development of migraine 

(Siniatchkin et al. 2000).

1.5.2.6 Transcranial magnetic stimulation

Transcranial magnetic stimulation (TMS) is a non-invasive method of investigating 

cortical excitability and physiology.
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1.5.2.6.1 Occipital cortex

The greater sensitivity for low level visual processing in migraineurs interictally, as 

discussed above, suggests that there may be enhanced occipital cortex excitability in 

migraine. In migraine with aura, cortical excitability has been proposed as the basis for 

spontaneous or triggered aura.

Interictal (more than 24 hours away from a migraine) occipital cortex 

hyperexcitability has been found using TMS in both migraine with aura (Aurora et al.

1998) and more recently in migraine without aura, by showing a reduced threshold for 

induction of phosphenes in migraineurs (Mulleners et al. 2001). The technique of 

metacontrast testing has suggested that cortical hyperexcitability is due to under

inhibition rather than a primary over excitability: GABAergic networks act as the 

primary inhibitory mechanism in the visual cortex and when subjects are tested while 

taking sodium valproate results normalised but not when taking other prophylactics 

(Palmer et al. 2000). However this finding has not been replicated: self-reporting of 

phosphenes may be prone to bias. Increased threshold for phosphene induction, 

implying cortical hypoexcitability (Afra et al. 1998) has been found by same group who 

also found interictal cortical hypoexcitability with VEPs and AEPs. These authors used 

a smaller stimulating ring than other groups that may not have stimulated the cortex to 

sufficient depth. Improved methodology has helped address this dichotomy. The 

technique of TMS suppression-of-perception may give a more objective method of 

investigation. In this technique a TMS pulse given 60 to 120 ms after the stimulus 

presentation suppresses the perception of the stimulus. This technique has been used in 

migraineurs with aura to support objectively the hypothesis o f deficient intracortical 

inhibition of the visual cortex, at least in migraineurs with aura (Mulleners et al. 2001). 

However, it must be borne in mind when interpreting these results that other factors can 

influence cortical excitability; for instance there is a change in excitability with the 

menstrual cycle with more inhibition in the follicular phase than the luteal phase (Smith 

et al. 1999).

1.5.2.6.2 Motor cortex

Conflicting results have also been obtained from motor evoked potentials in 

migraineurs, again mainly due to methodological issues such as coil orientation and 

attack frequency. However studies of the cortical stimulation silent period (CSSP) have 

demonstrated a shortened CSSP in migraineurs with aura. Because CSSP is in part a 

measure of central inhibition, this may reflect reduced neuronal inhibition (Aurora and
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Welch 1998). Patients with FHM have been found to have interictal increased cortical 

excitability contralateral to the hemiparesis (similar to that seen in migraine with aura), 

but decreased cortical excitability ipsilaterally (van der Kamp et al. 1997). However, no 

changes in cortical excitability were found in a further study o f thresholds, CSSP, and 

intracortical inhibition and facilitation using paired pulse TMS in patients with FHM 

and migraine with aura interictally (Werhahn et al. 2000).

There are two current models to explain the change in amplitude and deficient 

habituation found in these electrophysiological studies. First, the migraine brain is 

characterised by low cortical pre-activation levels offering a large suprathreshold range 

of activation. This theory is based on low central serotonergic activity (Hegerl and 

Juckel 1993; Schoenen 1998), low excitability with TMS (Afra et al. 1998), low initial 

amplitudes of evoked potentials during long term stimulation (Schoenen et al. 1995), 

and reduced mitochondrial energy reserve in migraine (Montagna et al. 1994). For 

instance, the strong IDAP in migraineurs may be a result o f low central serotonergic 

neurotransmission (Hegerl and Juckel 1993).

Secondly, there may be high cortical pre-activation and excitability. This 

alternative hypothesis is supported by findings of increased concentration o f excitatory 

amino acids in migraine (Dandrea et al. 1991), low magnesium levels in the brains of 

migraine patients (Lodi et al. 2001), and high excitability o f cortical neurons in 

migraine with and without aura with TMS (Aurora et al. 1998; Mulleners et al. 2001).

Reasons for this cortical hyperexcitability are probably multifactorial. First, 

there is likely to be inadequate control by state-setting pathways originating in the brain 

stem, in particular the serotonergic pathway, leading to low preactivation level of 

sensory cortices. These serotonergic fibres, in particular from the raphe nucleus, have 

regular tonic ‘pacemaker’ activity, and have widespread connections with cortical cells 

including GABAergic inhibitory intemeurons. Thus low serotonergic activity may 

reduce GABAergic inhibition. Secondly, dysfunction of presynaptic calcium channels 

due to mutations in the a i subunit of the P/Q-type calcium channel may produce 

episodic change o f function of the channel and influence neurotransmitter release, 

possibly excitatory amino acids or inhibitory serotonergic systems, leading to 

postsynaptic neuronal excitability, possibly altering serotonergic ‘pacemaker’ neurons 

(Schoenen 1998).

Further studies are needed to bridge the gap between the two models but both 

emphasise that cortical pre-activation and excitability are abnormal and regulation of 

threshold of excitability is impaired in migraine.
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1.5.2.7 Effect of duration of migraine on cortical excitability
There is no consensus on the effect of disease duration on cortical excitability. 

Psychophysiological studies have suggested that visual processing does not vary with 

duration of migraine (Shepherd 2000), and no significant correlation was found between 

evoked potential abnormalities in migraine with or without aura and attack frequency or 

disease duration (Afra et al. 2000). However, increased P I00 VEP amplitudes fall to 

below normal with a long history of migraine with aura (Khalil et al. 2000) favouring 

the hypothesis that visual dysfunction in migraine with aura may be due to a loss o f 

inhibitory GABAergic intemeurons in the visual cortex due to repeated cortical insults 

during the aura.

Similarly IDAP is stronger in children than adults with migraine compared to 

age matched controls (Siniatchkin et al. 2000).

In contrast, CNV amplitudes in migraine without aura increase (become more 

negative) with duration of disease (Kropp et al. 2000).

1.5.2.8 Effect of treatment on cortical excitability
Reduced VEP and CNV amplitudes after prophylaxis suggests that some treatments 

may modulate cortical excitability. Beta-blockers reduce VEP amplitudes with no 

correlation with clinical improvement (Diener et al. 1989), but reduce CNV amplitudes 

with a significant correlation with clinical improvement, particularly those with a higher 

pre-treatment CNV amplitude (Schoenen et al. 1986). Beta-blockers, but not riboflavin, 

can also significantly reduces IDAP in line with clinical outcome, implying different 

modes of action of the two drugs (Sandor et al. 2000). However, the sample size in the 

latter study was only 26 patients although some o f the same authors have suggested that 

because of the poor repeatability of IDAP measurements larger numbers may be needed 

to detect significant changes in IDAP (Roon et al. 1999). Additionally, these studies 

were neither placebo controlled nor blinded and significant changes to cortical 

excitability, measured by slow cortical potentials, correlating to clinical outcome, have 

also been achieved by feedback training in children with migraine (Siniatchkin et al. 

2000).

1.5.2.9 Neurophysiological changes

Perhaps the greatest step forward in understanding the neurophysiology o f migraine in 

the last few years has stemmed from investigation of the changes leading up to an 

attack.
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The deficit of CNV habituation has been shown to continuously increase during 

the migraine interval, in particular the 48 hours before an attack, until abrupt 

normalisation on the first day of the attack (Kropp and Gerber 1995). This study was 

repeated recording CNV amplitudes for the days before and after attacks o f migraine 

without aura. They found a trend to increased amplitude the day before the attack with 

absence o f habituation, the attack occurring usually just after the CNV amplitude was at 

its maximum and amplitudes normalising for 2-3 days following the attack (Kropp and 

Gerber 1998). Similar changes were shown in childhood migraine with CNV amplitudes 

and habituation deficit increasing for 5 days prior to a migraine with maximal 

abnormalities the day before the attack (Siniatchkin et al. 2000). Follow up studies have 

found similar results using CNV and EEG power spectrum analysis of increased cortical 

excitability in the days before an attack, normalising after an attack (Siniatchkin et al.

1999) and significantly reduced habituation 1-4 days before an attack compared to 

controls and recordings after an attack (Siniatchkin et al. 2000). Other groups have 

substantiated this increasing lack of habituation. A visual discrimination task, measuring 

the P300 component of the visual event related potential, repeated every 3-4 days 

between attacks of migraine with and without aura showed increasing loss o f latency 

habituation during the migraine interval until abrupt normalisation in the attack (Evers 

et al. 1999).

VEPs and IDAPs followed a similar pattern in a larger group of migraine with 

and without aura patients measured at different time points in the migraine cycle. They 

showed a tendency to abrupt normalisation just before and during an attack, resuming 

their interictal patterns by the 2"  ̂day after an attack (Judit et al. 2000). Although no 

difference in interictal VEP and AEP amplitude, habituation or IDAP between 

migraineurs and healthy volunteers could be determined in another study, those 

measured within 24 hours o f an attack did have significant VEP habituation, in line with 

previous results, but paradoxically had steeper IDAP slopes (Sand and Vingen 2000). It 

should be bom in mind that these last two studies were not based on longitudinal 

sampling, but used pooled data from a number of subjects at different time points and 

this may explain varying results.

Most subjects in these studies were women in their reproductive years and the 

menstrual cycle may be a further confounding factor. This has a profound influence on 

migraine and may account for up to 2 0 % of changes in the excitability of cortical 

networks (Smith et al. 1999).
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A decrease in cortical excitability in the days prior to an attack have been found 

using sleep EEG recordings showing changes including a decrease in REM density and 

changes in slow wave sleep in the night before an attack (Goder et al. 2001). Two 

changes are noticed on EEG during attacks. First, EEG spectral analysis and 

topographic mapping show a unilateral reduction o f alpha power in attacks of visual 

aura, but also in some attacks of migraine without aura. This reduction may precede and 

outlast an attack by 24 hours or more and may explain the discrepancy in interictal EEG 

studies. It also gives weight to other evidence of electrophysiological changes starting in 

the premonitory period. Secondly, during migraine with prolonged aura this reduction 

of alpha activity may be associated with an ipsilateral increase of slow waves. These 

changes are similar to those seen in focal ischaemia.

The increasing abnormality of cortical hyperexcitability interictally suggested by 

VEPs, AEPs CNV and EEG may reflect neurophysiological changes that generate or 

respond to generation of an attack; rising susceptibility of the migrainous brain to 

precipitating factors.

1.5.2.10 The role of nitric oxide in migraine

It is postulated that NO may act as a final common pathway in triggering migraine from 

a variety of causes. NO is a ubiquitous molecule that diffuses freely across membranes 

to activate intracellular guanylate cyclase, the catalyst for cGMP synthesis, and via 

phosphorylation of other enzymes to reduce cytosolic calcium. This leads among other 

things to dilatation in vascular smooth muscle.

Both histamine and glyceryltrinitrate (GTN) induce headache reliably in 

migraineurs. GTN has no known action of its own in vivo but acts as a NO donor. In 

most non-migraineurs GTN induces an immediate mild to moderate, often pulsatile 

headache that is dose dependent and fades within 20 minutes o f the end o f the GTN 

inftision (Iversen et al. 1989). In most migraineurs with or without aura the immediate 

headache is not only stronger there is also a delayed migrainous headache peaking at 5.5 

hours after GTN infusion (Thomsen et al. 1994; Christiansen et al. 1999). Similarly, 

histamine reliably produces headache in both healthy controls and migraineurs when 

injected into the internal carotid artery (Krabbe and Olesen 1980). When given to 

migraineurs, histamine induces a delayed migraine with the same time course as that 

described for GTN. Histamine stimulates endothelial Hi receptors which probably 

activate NOS, catalysing the formation of NO from L-arginine. Hi receptor blockade
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does not prevent nitroglycerin induced migraine (Lassen 1996). Histamine headache 

may therefore be mediated by NO.

The role of NO in migraine is supported by the observation that a NOS inhibitor 

is effective in the acute treatment of migraine (Lassen et al. 1997). NO induces 

vasodilatation and though there are no consistent changes in cerebral blood flow in 

migraine attacks, there is dilation of large intracranial arteries. However, vessel 

dilatation is in itself not sufficient to cause headache and NO probably acts via 

trigeminovascular activation. GTN has a shorter half-live than the onset o f the delayed 

headache and primary headaches are frequently accompanied by symptoms of central 

nervous system activation such as nausea, photophobia and phonophobia (Tassorelli et 

al. 1999).

Besides vasodilatory effects, NO may mediate mechanisms that lead to delayed 

central sensitisation. It has been shown that GTN not only potentiates responses o f 

trigeminal neurons to electrical and chemical stimulation (Jones et al. 2001), but also 

activates second-order trigeminovascular neurons independently of the fall in blood 

pressure (Lambert et al. 2000). Animal research using subcutaneous GTN (Tassorelli 

and Joseph 1995) has shown maximal Fos immunoreactivity after 4 hours in brainstem 

areas, including those considered to play a role in migraine pathophysiology and pain 

modulation (Goadsby 2001). These areas include structures involved in the ‘integration 

of autonomic, endocrine and behavioural responses’, in particular the parabrachial 

nucleus, locus coeruleus, paraventricular nucleus of the hypothalamus, and central 

nucleus of the amygdala (Tassorelli et al. 1999), areas thought to be involved in the 

non-headache features of migraine. This Fos expression is inhibited by sumatriptan, a 

potent acute anti-migraine agent (Jones et al. 2000). Additionally, NOS inhibition with 

L-NAME inhibits Fos expression mediated by SSS stimulation (Hoskin et al. 1999). 

Further animal experiments have shown that GTN alone may not acutely activate the 

trigeminovascular system at doses that trigger headache in humans. At these doses GTN 

only increases TNG Fos expression induced by periorbital administration o f capsaicin 

(Jones et al. 2001) and when given alone only increases neuronal NOS (nNOS) and Fos 

immunoreactivity in the TNG some hours after the infusion (Pardutz et al. 2000). This 

time interval correlates with that required to trigger a migraine attack with GTN in 

migraineurs. Furthermore, it has been shown (Thomsen et al. 1996) that healthy 

volunteers submitted to progressively increasing GTN infusions do not show reduced 

pressure pain thresholds or tolerance in the temporal region during the infusion, 

suggesting that GTN alone does not produce early trigeminal central sensitisation.
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Thus although the early GTN headache is probably secondary to vasodilatation 

of intracranial blood vessels, these findings support a more fundamental role for NO in 

the dysfunction of central trigeminal transmission to trigger trigeminovascular 

activation responsible for the delayed headache.

The increased sensitivity of migraineurs to NO might suggest an abnormality of 

one o f the NOS genes, but no evidence has been found for involvement o f either iNOS 

or eNOS genes (Griffiths et al. 1997; Lea et al. 2001).

1.5.3 The source  of pain; a neurovascular hypothesis

The debate over whether migraine is primarily a vascular or a neurogenic headache has 

raged for centuries. The concept of a vascular headache is based on the idea that 

changes in vessel diameter or large changes in cerebral blood flow would trigger pain 

and implies abnormal vessel physiological behaviour. A neurogenic hypothesis implies 

the disorder originates from the brain substance itself and, until the recent advances of 

functional imaging, has proved harder to study than vascular mechanisms.

It is now well established that migraine is a centrally generated phenomenon. 

The current concept of migraine pathogenesis does not rely on vascular mechanisms for 

the headache but encompasses a neurovascular hypothesis with centrally generated 

disruption of sensory processing producing ‘wind up’ of pain and sensitivity to 

normally non-noxious stimuli such as light, sound and movement.

This central mechanism is supported by the clinical observation that migraine is 

not generated in non-migraineurs by vasodilators such as GTN; by psychophysical 

experiments of abnormal visual processing in migraineurs (Wray et al. 1995); by 

pharmacological experiments in animal models showing that triptans work at least 

partially by a central mechanism of action (Hoskin et al. 1996); by functional imaging 

studies showing brainstem activation in migraine (Bahra et al. 2001; Weiller et al.

1995), and by more recent genetic evidence for intermittent neuronal dysfunction (Hans 

et al. 1999) in the calcium channel mutations underlying FHM (Ophoff et al. 1996).

1.5.3.1 Pain producing structures

Ray and Wolff (Ray and Wolff 1940) made a number of important observations;

1. extracranial vessels become distended and pulsate during migraine in many patients 

implying that cranial vessels may be important in migraine.

2 . electrical stimulation or distension of intracranial vessels in awake patients can 

reproduce the site and quality of migrainous pain.
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3. vasoconstrictors, such as ergots, abort headache, whereas vasodilators, such as 

nitrates, can provoke an attack.

Based on these observations the vasogenic theory o f migraine was postulated (Wolff 

1963): intracranial vasoconstriction is responsible for the migraine aura and headache 

results from a rebound dilation and distension of cranial vessels and activation of 

perivascular nociceptive axons.

An alternative hypothesis, the neurogenic theory, holds that migraine originates 

from neuronal dysfunction the susceptibility to which is modulated by the factors 

described above. However, it remains a fact that the brain parenchyma itself is insensate 

and the only structures from which pain can be sensed in the cranium are the large blood 

vessels, including the intracerebral arteries and venous sinuses, and the meninges.

1.5.3.2 Nociceptive pathways from intracranial pain sensitive structures

Nociception from pain-producing intracranial structures, such as the meninges and large 

blood vessels, is conveyed by all 3 divisions of the trigeminal nerve, but the vast 

majority of information from pain-producing intracranial structures above the tentorium, 

such as the dura mater and SSS and large intracerebral arteries, is relayed by the 

tentorial nerve, a branch of VI. Below the tentorium, fibres from C2 convey sensory 

information.

As discussed above, efferent NO and VIP containing fibres from the 

pterygopalatine (or sphenopalatine) ganglion (SPG) project to both cerebral and 

extracerebral arteries to produce vasodilatation, including the meningeal arteries that are 

served by trigeminal afferents. These connections complete a positive feedback loop for 

the exacerbation o f vasodilatation and pain in primary headache disorders: the 

trigeminovascular reflex (May and Goadsby 1999). While cerebral blood flow remains 

normal during an attack, dilatation of the middle cerebral artery and superficial temporal 

artery on the side of the attack has been demonstrated. However these changes are small 

and similar to arteriolar responses to normal physiological stimuli that do not cause 

headache. It seems reasonable to therefore assume that there is peripheral and/or central 

trigeminal sensitisation with additional modulation by supraspinal influences in attacks 

so that pain is perceived from stimuli that are not usually considered painful. This 

concept is supported by the clinical observation of exaggerated intracranial 

mechanosensitivity (head pain worse on movement, coughing or breath holding) and by 

animal experiments of increased sensitivity to mechanical sensitivity of trigeminal 

neurons after chemical sensitisation (Strassman et al. 1996). This sensitisation may
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occur peripherally via plasma protein extravasation (PPE), neuropeptides, including 

CGRP, by NO, or may be centrally mediated.

1.5.3.3 Peripheral sensitisation

Peripheral sensitisation is thought of as a decreased response threshold to mechanical or 

thermal stimuli and an increased response to normally suprathreshold stimuli. Most 

current theories of migraine postulate an activation or sensitisation of intracranial 

sensory fibres by some form of mechanical or chemical stimuli that can activate 

meningeal sensory fibres, in particular in response to inflammatory mediators. This may 

explain the increased tenderness of pericranial muscles during migraine and the 

effectiveness of trigger point injections.

Neuropeptides and plasma protein extravasation

Peripheral release of neuropeptides at the trigeminovascular junction is likely to play a 

role in peripheral sensitisation probably via a sterile neurogenic inflammation o f the 

dura mater in migraine. A range of neuropeptides and monoamines involved in 

neurogenic inflammation and subsequent PPE have been implicated yet none have been 

shown to trigger migraine. Neurogenic inflammation has been demonstrated in the dura 

of experimental animals (Markowitz et al. 1988) and involves release o f neuropeptides 

from capsaicin-sensitive nerve fibres which then initiate a cascade of events including 

degranulation of mast cells, vasodilatation, increased endothelial permeability and 

increased leakage of plasma from meningeal vessels: PPE.

Initial investigations of the cerebral vessels focussed on the classical autonomic 

transmitters of noradrenaline and acetylcholine (ACh). However, with the development 

o f immunocytochemical techniques, attention has been directed towards newer 

transmitter candidates. Innervation of the cerebral circulation is broadly speaking 

divided into intrinsic (i.e. nerves arising within and not exiting the CNS) and extrinsic 

(commencing in, but exiting from the CNS to synapse in extraparenchymal ganglia to 

innervate target vessels) systems. The extrinsic system is comprised of the sympathetic, 

parasympathetic and sensory trigeminal systems each well defined anatomically and 

marked by neuropeptides that give clues as to their function and possible role in 

pathology. The sympathetic system is marked by noradrenaline, NPY and possibly ATP 

and is fundamentally vasoconstrictor. The parasympathetic system is vasodilatory, 

arises from the pterygopalatine, otic and internal carotid mini-ganglia and contains the 

neurotransmitters ACh and VIP. Additionally NOS, helospectin and pituitary adenylate 

cyclase have been found in the parasympathetic nerves.
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Trigeminal sensory endings form a plexus within the adventitial layer of 

cephalic vessels. These can be seen by electron microscopy to contain neuropeptide- 

containing vesicles (Gibbins et al. 1985; Gulbenkian et al. 1986). Stimulation of 

trigeminal sensory fibres electrically, mechanically or chemically causes release of SP 

(neurokinin-1), CGRP and NKA from these vesicles and results in neurogenic (Saria et 

al. 1983) inflammation. All three neuropeptides are vasoactive and dilate blood vessels, 

but CGRP is the most potent vasodilator acting through receptors on smooth muscle 

cells. SP and NKA, but not CGRP, promote leakage of albumin from blood vessels.

That neurogenic inflammation plays a role in migraine is supported by the 

observation that SP and CGRP levels are increased in the jugular venous blood of 

patients during stimulation of the trigeminal ganglion (Goadsby et al. 1988). 

Additionally ergot alkaloids, some triptans, indomethacin, acetylsalicylic acid (Buzzi 

and Moskowitz 1990; Saito et al. 1988), some GABA agonists, neurosteroids and SP 

antagonists have been reported to block PPE in rat and guinea pig dura mater (Buzzi 

and Moskowitz 1990).

Electrically induced PPE is thought to be mediated by 5-H T ib receptors in mice, 

since in ‘knockout’ mice sumatriptan, a 5-H T jb agonist is ineffective at blocking PPE. 

However, sumatriptan and ergots do not block PPE induced by exogenous SP or NKA 

administration, implying that these compounds are acting through prejunctional 

mechanisms (Buzzi and Moskowitz 1990). More recently it has been shown that the 

parasympathetic nervous system can trigger PPE in the dura via muscarinic cholinergic 

receptors, possibly providing a link with the autonomic imbalance described in migraine 

and other trigeminal autonomic cephalgias (Delepine and Aubineau 1997).

Further studies have shown release of CGRP in parallel to headache in 

spontaneous attacks of migraine in the external jugular vein but not the cubital vein 

implying activation of the trigeminal system (Goadsby et al. 1990). This is seen in 

migraine both with and without aura. In cats this rise in CGRP is accompanied by an 

increase in cerebral blood flow and is markedly reduced by sumatriptan and 

dihydroergotamine (DHE). Migraine patients responding to sumatriptan have the rise in 

CGRP normalised by sumatriptan (Goadsby and Edvinsson 1993). Furthermore, in 

chronic tension-type headache there is no difference in CGRP levels ictally compared to 

interictally whether measured peripherally or from the jugular vein except in those with 

throbbing chronic tension-type headache (Ashina et al. 2000). This further implies a role 

for CGRP in the pathogenesis of neurovascular headache, probably mediating 

peripheral sensitisation, although probably independent of PPE.
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However, CGRP does not cause pain when infused intravenously or injected into 

the superficial temporal muscle, nor does it increase pain induced by other substances.

In cluster headache and chronic paroxysmal hemicrania, but not in all migraine 

sufferers, there is also release o f VIP, emphasising the role of parasympathetic 

activation in the former. There is also no change in SP and NPY in external and internal 

jugular venous blood in migraine, in line with the observation that several SP 

antagonists have failed to show any effect in acute migraine although they are highly 

effective in animal models o f acute inflammation (May and Goadsby 2001).

Although it is likely that PPE contributes to the peripheral sensitisation o f the 

trigeminovascular system it probably does not have a major role to play in migraine 

pathogenesis because a sumatriptan analogue, a highly potent blocker of PPE (Lee and 

Moskowitz 1993), is ineffective at treating migraine. Additionally, despite sensitive 

imaging techniques, such inflammation has not been demonstrated in human migraine 

attacks (Nissila et al. 1996), nor in human retinal or choroidal blood vessels during 

migraine attacks (May et al. 1998; Olesen et al. 2000).

1.5.3.4 Central processing of nociception in migraine

1.5.3.4.1 Central trigeminal pathways

It is known from transganglionic tracing techniques in the rat that trigeminal neurons 

innervating the middle cerebral artery project to the trigeminal main sensory nucleus, 

the pars oralis, the pars interpolaris and the dorsocaudal two-fifths of the TNG. The 

ipsilateral dorsal motor nucleus of the vagus nerve, the rostrolateral NTS, the vlPAG 

and the C2 dorsal horn are also innervated by fibres from the middle meningeal artery 

(Arbab et al. 1988).

Electrical stimulation of the SSS in the cat has since become a widely accepted 

animal model for activating trigeminovascular nociception. Using this technique it has 

been shown that trigeminal activation causes increased metabolic activity, blood flow 

and Fos immunoreactivity in the TNG, G1/G2 dorsal horn and in the dorsolateral spinal 

cord at G2 (Goadsby and Zagami 1991; Kaube et al. 1993). This activation, and 

accompanying electrophysiological activation, is blocked by a clinically relevant dose 

of DHE (Hoskin et al. 1996) adding weight to the evidence for a central mechanism of 

action for this drug. Stimulation of the SSS in cats produces a pattern of neuropeptide 

release similar to that seen during the headache phase of migraine in humans (Zagami et 

al. 1990). Similar central trigeminal connections have been found in a non-human 

primate (Goadsby and Hoskin 1997) with particular activation o f Fos after SSS
61



stimulation in the caudal superficial laminae of the trigeminal nucleus and in superficial 

laminae of the Cl dorsal horn. Recently Fos expression was found in the PAG after SSS 

stimulation in both cat and monkey, supporting the functional imaging evidence for the 

role o f this area in pain modulation (Hoskin et al. 2001). An additional area of 

activation, reversed by PAG stimulation, has been found in the SSN (Knight and 

Goadsby 2000), implicating a role for this region in modulation o f trigeminal 

nociception and possible some of the autonomic features that may accompany migraine.

1.5 .3 .4 .2  The role o f the nervous system in modulating migraine pain

1.5.3.4.2.1 Supraspinal influences

Even between migraine attacks migraineurs are more susceptible to head pain. For 

instance, 93% of migraineurs are prone to ‘ice-cream’ headache as opposed to 31% of 

controls (Raskin and Knittle 1976) and 42% of migraineurs experience idiopathic 

stabbing headache compared to 3% of controls (Raskin and Schwartz 1974). These head 

pains are characteristically over the same area as the habitual migraine. Additionally, 

during a headache sensitivity to pressure is increased over the headache area but is 

usually normal in other body parts implying a defect in pain control restricted to the 

trigeminal area. These observations suggest that there is persistent disinhibition of the 

trigeminal system that can discharge paroxysmally or in response to a specific stimulus.

It is proposed that the PAG plays a key role in this process, based on 

observations from functional imaging, animal experiments of superior sagittal sinus 

(SSS) stimulation, theoretical considerations o f the role of the PAG in pain control and 

from clinical observations in humans. For instance, implantation of electrodes in the 

PAG in humans may trigger unilateral headaches for the first time (Raskin et al. 1987). 

This implies that switching off the endogenous pain control system from the PAG can 

permit migraine-like headaches. This theory is backed up by clinical observations of 

headache arising from brainstem lesions: a patient with a lateral medullary infarction 

was producing head pain and autonomic dysfunction similar to cluster headache (Cid et 

al. 2000) and headache caused by a single lesion of multiple sclerosis in the PAG (Haas 

et al. 1993).

The perceived sensation of pain, including that of migraine, is the sum of 

nociception input, from intracranial arteries in the case of migraine, integrated with 

supraspinal effects (Olesen 1991). This may account for 50 to 70% of migraineurs 

reporting that emotional factors are the most important triggering factor, and pain 

syndromes including migraine are the only type of medical disorder where there is a
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significant placebo effect (Hrobjartsson and Gotzsche 2001). Clinical observations of 

pain perception depending on the emotional context of the situation correlate with 

observations in non-human primates of behavioural modification of trigeminal neuronal 

activity at the level of the dorsal horn (Duncan et al. 1987).

This supraspinal modulation could be either a transient decrease in descending 

inhibitory control or an active facilitation. The evidence points to the latter mechanism 

as being the most important: ‘on-cells’ in the ventromedial medulla facilitate noxious 

reflex responses in rodents, probably including the cephalic area; ‘avoidable’ 

experimental stress increases the pain threshold in animals whereas ‘unavoidable’ stress 

decreases pain threshold; convergent neurons in the TNG of monkeys show increased 

response to noxious stimuli when pain is directed towards the stimulus. Thus 

dysfunction of supraspinal mechanisms involving the longitudinal networks of 

nociceptive control mechanisms, as discussed earlier, may facilitate nociceptive TNG 

neurons. In particular activation of the ‘depressor’ circuit (Handler et al. 2000) 

involving the vlPAG may account for some of the non-headache features o f migraine 

such as somnolence and vomiting. The model may be further influenced by nociceptive 

inputs from other cranial structures that have undergone peripheral sensitisation.

1.5.3.4.2.2 Central sensitization

Gentral sensitisation may be regarded as the ability of GNS neurons to store information 

over prolonged periods of time (Sandkuhler 2000). In the same way that synaptic 

plasticity in the hippocampus is involved in memory and learning, similar mechanisms 

may apply to pain pathways and account for some types of hyperalgesia.

Gentral sensitisation, a long-lasting facilitation that can be maintained 

independent of neuronal inputs, is initiated by repetitive electrical stimulation of 

peripheral primary afferent nociceptive G-fibres, but not Af-fibres. Once initiated, 

further activity may be generated by initiation of PPE, perhaps via release o f SP and 

GGRP from G-fibre peripheral terminals. G-fibre activation produces release o f multiple 

neurotransmitters at central terminals in the TNG. A combination of multiple receptors 

and multiple neurotransmitters elicits long-lasting, slow potentials in the TNG. As a 

result o f the summation of these slow synaptic potentials, a progressive increase in 

response, or ‘wind-up’, is produced. This activity dependent plasticity is unique to G- 

fibres and is not seen with A-fibres. Gentral sensitisation is then maintained by use- 

dependent long-term potentiation (LTP) of synaptic strength mediated by an increase in 

postsynaptic intracellular calcium at glutaminergic excitatory central synapses
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(Dickenson et al. 1997). As a result, the glutamate sensitivity o f neurons in the TNC is 

greatly increased so that they will respond to any given synaptic input with a much 

greater response.

The onset and duration of LTP is dependent on the conditioning stimulus and 

may take between a few seconds and an hour to develop. It may last for a few minutes, 

for example after a brief tetanic stimulation, or may last for up to 12 hours after 

repetitive stimulation. Thus LTP may contribute to the prolonged nature of some 

migraines and the therapeutic benefit of administering analgesics as early as possible 

during an attack.

Clinical support for hyperexcitability of a central pain pathway that subserves 

intracranial sensation is given by the observation of cutaneous allodynia in migraine. 

During attacks most migraineurs experience cutaneous allodynia only in the referred 

pain area on the ipsilateral head and neck area but not on the forearm skin. A few 

patients also have allodynia in more remote dermatomes. This is not seen interictally. In 

the patients who only have headache but no allodynia there is presumably only 

peripheral sensitisation of meningeal fibres and not central sensitisation as well 

(Burstein et al. 2000). This suggest that there is initial sensitisation of peripheral 

nociceptors which mediates intracranial hypersensitivity e.g. worsening of head pain on 

head shaking, but the barrage of impulses from peripheral nociceptors ‘winds-up’ or 

sensitises second-order trigeminal brainstem (central) neurons which are responsible for 

cutaneous allodynia, which in turn can eventually sensitise third order neurons 

manifesting as allodynia in distant dermatomes in a minority o f patients (Burstein et al.

2000).

1.5.4 Synthesis of migraine pathophysiology

Migraine may be regarded as an interictal propensity (trait) to an episodic dysftmction 

(state) of brainstem regions that control trigeminal nociceptive neurons. The regions 

involved probably include the vlPAG and its ascending and descending connections 

with the hypothalamus and NTS. The tendency for this dysfunction is likely to be 

genetically determined and modulated by environmental factors. These factors create a 

fluctuating tendency for dysfunction o f the systems that regulate input from pain 

producing intracranial structures. Thus previously non-noxious stimuli (pulsation of 

arteries, light, sound, smells) become noxious during an attack. This process is likely to 

start some hours or even days before the head pain starts. Additionally bipolar 

trigeminal neurons probably release inflammatory mediators and neurotransmitters at
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their peripheral terminals on intracranial vessels during an attack to produce 

vasodilatation and peripheral sensitisation and accentuate the nociceptive input to the 

neurons, thus creating a feedback loop of escalating pain and central sensitisation. The 

neurotransmitter NO is a likely candidate as a final common pathway in this 

mechanism. However the initiating event in this cascade has yet to be pinpointed.

1.5.5 The early p h a se s  of migraine

It is clear that migraine headache is only one part o f the entire migraine spectrum. The 

preceeding premonitory and aura phases give warning of the impending headache and 

further insight into their mechanisms may enable development of therapies that take 

advantage of this warning in pre-emptive treatment. These phases emphasise the 

importance of non-headache symptoms in migraine. Non-headache symptoms have 

been associated not only with aura and premonitory phases but also the headache phase 

and the postdrome (Olesen et al. 2000). Non-headache symptoms of nausea, vomiting, 

photophobia and phonophobia are an established part of the IHS criteria for migraine 

and probably reflect the increased sensitivity of the migraine brain to ordinarily non- 

noxious stimuli. Premonitory and postdromal features have been less well studied.

1.5.5.1 Premonitory symptoms

Gowers commented on premonitory symptoms in his manual of 1888 (Gowers 1888), 

although much of what he considered to be premonitory symptoms may be in fact aura:

‘premonitory symptoms are present in some cases, but are less frequent when there are 
accessory symptoms than in the attacks that consist o f  pain only. The day before an 
attack the patient may complain o f  heaviness in the head, or o f  slight pain, or o f  
somnolence. When sensory symptoms occur first, these often begin quite suddenly. The 
patient fo r  instance, may feel perfectly well, when he is suddenly conscious o f  some 
disturbance o f  vision, o f  a bright spot, fo r  instance, on one side o f  the fie ld  o f  vision, 
which slowly enlarges and spreads, becoming darker in the centre as it extends, and 
changing its round outline into an angular form... or the first symptom may be tingling 
in one hand, which spreads up the arm.... Motor symptoms in the limbs are usually 
confined to such transient weakness .... Difficulty in speech, transient aphasia, is 
another occasional symptom o f  the commencing attack... slight mental change occurs in 
some patients during the attack. Emotional depression, restlessness, or confusion o f  
ideas are the most common; sometimes there is transient loss o f  memory. ... giddiness is 
not a frequent symptom o f  the attacks themselves... Any one o f  this series o f  symptoms 
may precede the headache, or all may be absent. The most common vaso-motor 
symptom is pallor o f  the face at the onset o f  the attack and often throughout its course ’

Premonitory symptoms warning of an impending migraine headache have been 

recognised for many years. Willis noted ravenous hunger on the eve of an attack and
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Wepfer noted abnormal thirst on the eve of an attack. It has been suggested elsewhere 

that between 7% and 88% (Russell et al. 1996; Drummond and Lance 1984; Rasmussen 

and Olesen 1992; Waelkens 1985) of patients report premonitory symptoms before 

some or all attacks. Even after the headache has resolved, many patients are left with a 

postdrome lingering for 1-2 days (Olesen et al. 2000).

Defining a link between the premonitory and headache phases is important for 

two reasons. Firstly, it has major implications for our understanding of migraine 

pathophysiology by giving clinical weight to electrophysiological evidence of 

ftinctional changes starting before the headache. Secondly, it will help in the 

investigation of the therapeutic potential for prevention or treatment of migraine in the 

premonitory phase.

Few previous studies have examined the reliability o f headache prediction from 

premonitory symptoms. These studies have been flawed by either retrospective data 

collection (Blau 1991) or by relying on patients to keep accurate paper diaries of 

migraine attacks (Amery et al. 1986). Use of these methods may create bias through the 

knowledge that a headache occurred, which may influence the recall and reporting of 

symptoms.

1.5.5.2 Migraine aura

1.5.5.2.1 Clinical description

Only between 10 to 20% of migraineurs experience migraine aura: a usually transient 

clinical disturbance that a can be attributed to brain dysfunction. The current IHS 

defines typical aura as one that develops over at least 4 minutes and lasts, in typical 

cases, less than an hour and precedes, accompanies or follows a headache. Aura 

symptoms are most usually visual phenomenon classically described as fortification 

spectra starting in the centre of the vision, slowly expanding and marching across the 

visual hemifield, leaving a scintillating scotoma in its wake. However they are perhaps 

more commonly seen as more simple forms such as bright stars, flickering dots and 

flashes in both hemifields. Visual auras can be coloured or plain and usually include 

some elements o f both positive and negative phenomenon (i.e. scotomas). Sensory, 

motor and symptoms referable to the brainstem are more seldom encountered and 

usually occur in combination with visual symptoms or with one or more o f the other 

symptoms but have in common the march of a characteristic tempo of positive and 

negative symptoms through the body.
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1.5.5.2.2 Pathophysiology

Aura typically occurs before the onset of headache prompting previous suggestions that 

it was in some way responsible for initiating the headache, most probably by CSD 

possibly generating neurogenic inflammation via expression of gene products associated 

with inflammation or via release of neuropeptides such as CGRP and NO (Parsons

1998). However the relatively low frequency of aura in migraine, aura occurring 

homolateral to the pain, aura occurring during the headache or even without headache at 

all makes this possibility almost unsupportable. It is more likely that aura and headache 

are triggered or facilitated by the same process that in resides and is governed by the 

brain (Goadsby 2001). This is supported by experimental evidence that the animal 

model o f CSD does not alter durai PPE nor the release of CGRP (Ebersberger et al.

2001).

The haemodynamic changes associated with migraine aura in humans are 

incompletely understood mainly because o f the difficulty in capturing and studying a 

spontaneous attack by existing brain imaging techniques. Most work on aura has been 

done on the animal model of CSD.

The characteristic slow march of symptoms across the visual field suggests the 

spread o f an electrophysiological disturbance at the rate of about 3 mm/min. This 

temporal progression of the neurological disturbance together with experimental 

evidence suggests that the electrophysiological substrate for typical aura may be CSD: a 

distinctive wave-like phenomenon that propagates across the cerebral cortex with a 

conduction velocity between 2 and 5 mm/min (Leao 1944; Parsons 1998). In the 

experimental animal CSD is mediated through excitatory amino acids (glutamate and 

aspartate) and can be blocked by antagonists at the NMDA glutamate receptor 

(Lauritzen and Hansen 1992).

Studies of CSD in the rat brain have shown that CSD elicits a wave of 

hyperaemia followed by an oligaemic phase (Mraovitch et al. 1992) suggesting that 

electrophysiological changes are the primum agens of the aura while the haemodynamic 

changes are a secondary phenomenon. Cortical glucose utilisation and regional cerebral 

blood flow in these cortical areas rapidly return to normal after the CSD has passed but 

remain abnormal in the brainstem for at least 90 minutes. CSD has also been studied in 

the gyrencephalic feline brain, which is more differentiated than the rat brain and shares 

more similarities with the human cortex. This also shows changes in CBF associated 

with CSD (Piper and Duckworth 1989). Diffusion-weighted magnetic resonance 

imaging (DWI MRI) (James et al. 1999) has demonstrated primary waves of CSD
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propagating over the cerebral hemisphere of the cat at a rate of approximately 4 

mm/min, followed by a slower and more fragmented wave, correlating with the 

transient DC potential deflections recorded from the cortex.

Physiological changes similar to those observed in the animal model of CSD 

have been seen in humans using functional imaging techniques (Hadjikhani 2001), 

discussed further below.

Despite much insight into CSD as the pathophysiological correlate for aura, the 

initiating event is less well understood. I have discussed above changes in cortical 

excitability and energy metabolism in migraineurs v^th aura. It is not known whether 

these changes in themselves are sufficient to initiate spontaneous CSD or whether 

another triggering factor is required. CSD is not impeded by supracollicular transection 

in cats, nor by topical vasodilator agents, implying that the mechanism of CSD is 

independent of brainstem influence and has a primarily neuronal, rather than vascular, 

mechanism of generation (Kaube et al. 1999). It is likely that aura in humans is a by

product of the migraine process rather than an essential initiating event, probably 

triggered by dysfunction o f the brainstem nuclei, perhaps altering cortical excitability 

via subcortical serotonin circuits, which in turn act on a cortex with a genetic 

(mitochondrial or calcium channel) predisposition to spreading depression.

1.5.5.2.3 Migraine with prolonged aura

The current IHS defines prolonged aura as lasting between 60 minutes and 7 days. The 

aura may finish before the onset of headache but commonly lingers on during the 

headache phase if not outlasting it.

1.5.5.2.3.1 Familial Hemiplegic Migraine

FHM is a rare autosomal dominant subtype of migraine with prolonged aura, 

characterised by ictal hemiparesis and commonly ictal ataxia and disturbance of 

consciousness (sometimes triggered by minor head injury). The onset is often in 

childhood with attacks of hemiparetic aura lasting for hours or days. Migraine and 

hemiplegic migraine may co-occur in the same individual and within families.

FHM demonstrates genetic heterogeneity with over 50% showing linkage to 

CACNAIA on chromosome 19pl3.1, others linking to chromosome Iq and a third 

putative site (Ducros et al. 1997; Gardner and Hoffman 1998). A genotype-phenotype 

correlation has emerged, with 50% of CACNAIA mutations associated with 

progressive ataxia whilst mutations on chromosome 1 and the third site not associated
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with cerebellar symptoms (Davies and Hanna 1999). The CACNAIA mutations have a 

high penetrance with 89% of subjects with the mutation being clinically affected.

The T666M mutation is by far the most frequent FHM mutation so far described 

being found in 17 out of 37 cases with a CACNAIA mutation overall. It causes a single 

base pair substitution creating a missense codon in the pore-forming loop of domain 2 

of the CACNAIA gene (Ophoff et al. 1996).

CACNAIA mutations not only manifest as hemiplegic migraine and ataxia but 

also an array of other paroxysmal symptoms have been reported including somnolence, 

confusion, coma, severe agitation, fever, aphasia and epileptic seizures. The more 

severe attacks of impaired consciousness tend to occur in younger subjects, are 

triggered by minor head trauma and can last up to 6 weeks although are fully reversible. 

These attacks of impaired consciousness (ranging from somnolence to severe coma in 

16% of patients) are frequently associated with meningism, fever and epileptic seizures.

Permanent neurological signs are seen in half the FHM patients with mutations. 

The most common findings are nystagmus, ataxia and dysarthria (Terwindt et al. 1998). 

20% of FHM families have a mild permanent cerebellar ataxia with cerebellar atrophy 

(Elliott et al. 1996). T666M is the most common mutation to be associated with FHM 

and ataxia accounting for 63% of cases and has the highest penetrance of the FHM with 

ataxia mutations (86%). These cerebellar signs have also been noted in clinically 

unaffected mutation carriers (Ducros et al. 2001) implying the gene rather than the 

repeated attacks are the cause of the deficit. Additionally, T666M mutations have the 

highest frequency of patients with severe attacks with confusion/coma (54%) (Ducros et 

al. 1999).

Remarkable in these patients is the extreme variability of symptoms amongst 

patients having the same change-of-function mutation. The spectrum of clinical 

consequences is probably the combined result of the mutation, associated 

polymorphisms in other genes, in particular with other subunits of the Cav2.1 channel, 

the resulting biochemical defect in the channel, developmental abnormalities caused by 

the channel dysfunction and the effect of the environment on all of these factors.

The role o f intemeuronal activity and communication in brain development is of 

great importance. Neuroanatomical studies of mice with calcium channel mutations 

have shown failure of appropriate arborization of Purkinje cells and migration of 

granule cells. Neuroanatomical data in humans with CACNAIA mutations is lacking, 

except in one case o f fatal cerebral oedema in a patient with a novel S218L mutation. 

Post-mortem examination showed good preservation of the granule cells and only mild
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loss of Purkinje cells, but with many of the surviving Purkinje cells having swollen 

dendrites with changes in both cerebellar hemispheres but most marked in the vermis 

(Kors et al. 2001; Love et al. 2000). This highlights the importance of altered activity of 

the mutant channels by stress or mild head trauma that may lead to (fatal) brain oedema.

The p subunit is known to have a role in regulation and modulation of 

expression of the a i subunit. It remains to be determined in what way the known 

mutations of the a  12.1 subunit that are associated with FHM change their interaction 

with the p subunit. Nevertheless it has been suggested, by introducing mutations into 

Xenopus oocytes, that co-expression of amino acid substitutions in the IVS6 segment, a 

region in which at least one mutation is associated with FHM with cerebellar ataxia, 

with p2 a results in destabilisation of the fast-inactivated state producing 2 distinct 

phenotypes with different current inactivation (Berjukow et al. 2001).

1.5.5.2.3.2 Migraine with persistent aura

Prolonged migraine aura status has been described, in which patients have repeated but 

discrete attacks of aura over hours or weeks (Haas 1982) or aura symptoms that last 

continuously for weeks (Luda et al. 1991; Mathew et al. 1998). When the symptoms last 

more than 7 days the term ‘persistent migraine aura’ may be useful; the visual 

symptoms are known as ‘persistent positive visual phenomena’ (Liu et al. 1995). The 

term ‘migrainous infarction’ is reserved for ischaemic strokes visible on MRI that occur 

during the course of an atypical attack and mimic the migrainous symptoms of previous 

attacks. Most o f those with persistent migraine aura have an antecedent history o f 

migraine with aura, the persistent aura usually similar in quality to their typical attack, 

and all have a normal physical examination and where examined a MRI brain scan 

showing no significant lesions and normal EEGs. These patients commonly describe 

small particles, rain, dots, and TV static rather than more complex formed 

hallucinations. The symptoms may persist for months or years. Successful treatment of 

persistent aura has been reported with divalproex (Rothrock 1997).

Patients with persistent aura present an opportunity to examine the physiology of 

the migrainous brain using functional neuroimaging methods, in contrast to the very 

considerable difficulties in imaging spontaneous aura, to look for changes that might 

provide clues as to the nature o f the biology of migraine aura.

A case report of a patient with persistent visual aura using ^^TC-HMPAO single

photon emission computed tomography (SPECT) showed decreased blood supply to left 

hemisphere, particularly in the parieto-occipital and frontal areas (Luda et al. 1991).
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Conflicting results were found in a separate study of using positron emission 

tomography (PET) scans during migraine. Two patients with persistent visual aura 

showed increased glucose uptake in the medial occipital cortex which persisted even 

after the headache had been treated with DHE, whereas the 2 patients with migraine 

without aura showed a decrease in medial occipital cortex metabolism after the 

reduction of pain, suggesting that the medial occipital lobe is the cortical area activated 

during aura (Mathew et al. 1998).

1.6 Investigation of migraine in humans

The lack of good human models of trigeminal nociception has meant that much work 

into mechanisms of trigeminal nociception in primary headache disorders has been 

based on animal models. One model uses stimulation of intracranial pain-producing 

structures, the SSS (Goadsby and Zagami 1991) and middle meningeal artery, after 

craniotomy and recording from brainstem sites in the anaesthetised animal. However, 

although this has provided a useful model for research into primary headache disorders, 

it is debatable how far these results can be extrapolated to primary headache disorders in 

humans, in particular whether the very act of neurosurgery creates trigeminal 

sensitisation. A particular hindrance to research in primary headaches has been the 

difficulty in creating animal models of subjective experiences such as pain and transient 

visual or sensory disturbance. The possibility of studying haemodynamic, metabolic and 

activation parameters noninvasively during single attacks in humans brings with it the 

promise of a more complete understanding of the mechanisms of headaches (Cutrer and 

O'Donell 1999).

Some methodological problems are common to all these human studies:

1. Case and control ascertainment. The IHS classification has provided criteria for the 

definition o f primary headache types. However, the clinical skill of the investigator 

in taking an accurate history is vital in deciding if a control subject with occasional 

headaches has in fact a biological propensity to migraine, particularly if  family 

history o f migraine is taken as an indicator of susceptibility. It should be borne in 

mind that 50% of headache patients who deny a family history of headache are in 

fact proved wrong when histories are taken from first-degree relatives (Russell 

1996). Moreover, controls may develop a primary headache disorder later in life. 

Finding age and sex matched controls with no biological propensity whatsoever to 

migraine can be challenging.
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2. Differentiating migraine with and without aura. Although criteria are given in the 

IHS classification, it remains to be determined whether all attacks in migraineurs 

with aura, whether with or without aura, can be regarded as the same. Additionally 

many patients who do not have a ‘classic’ aura complain of some degree of visual 

disturbance e.g. blurred vision and it remains to be seen whether these represent a 

form o f aura.

3. Ictal versus interictal measurement. Some electrophysiological measurements 

change interictally in migraineurs, particularly in the days before a migraine and the 

same may be true of functional imaging changes. Thus interpretation of interictal 

data is reliant on accurate comparison of subjects at the same interictal time points.

1.6.1 Imaging studies

The functional imaging techniques of PET and functional magnetic resonance imaging 

(fMRI) have allowed the study of spontaneous and induced primary headache disorders 

in humans. These non-invasive techniques allow the study of regional brain activity 

over time by measuring regional cerebral blood flow (rCBF) (Diener 1997).

Energy metabolism in the human brain depends on glucose. The tight functional 

coupling o f rCBF and local cerebral glucose metabolism has been established in animals 

and humans at rest and in the physiological range. Glucose utilisation, in turn, reflects 

neuronal activity. The highest density of respiratory chain enzymes is at synapses, rather 

than in neuronal cell bodies. Thus glucose utilization mainly reflects synaptic activity. 

Experiments using antidromic and orthodromic nerve stimulation and stimulation of 

postsynaptic cells have suggested that most of the increased synaptic glucose utilization 

occurs presynaptically (Jueptner and Weiller 1995). Synaptic excitation and inhibition 

are both energy-consuming processes, and both increase rCBF. Glucose consumption in 

turn is reflected closely by oxygen consumption, at least at rest although it is umesolved 

whether physiological stimulation increases oxidative metabolism to keep oxygen and 

glucose consumption so closely coupled. PET and fMRI reflect changes in oxygen and 

glucose consumption and thereby indirectly rCBF and thus synaptic activity in brain 

regions. Over the physiological range the relationship between local blood flow and 

radioactivity is nearly linear.

PET is a non-invasive radiotracer-based technique with a practical resolution of 

6 x 6 x 6  mm. The technique is based on the production o f positron-emitting 

compounds, the ability to detect simultaneously emitted gamma rays and the 

computational power to reconstruct the sources of the emission. When a positron
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encounters an electron, they annihilate each other and their collective energy is 

transformed into 2 high-energy photons (511 keV gamma rays) that are emitted in 

exactly opposite directions. Because they travel 180^ apart, a ring of detectors can be 

arranged to determine where the annihilation occurred. When two detectors are 

activated simultaneously the source of emission must have occurred along a line 

connecting the 2 detectors. By counting the emissions over a period of time it is possible 

to reconstruct the geometry of the source.

Positrons are produced in a cyclotron by the radioactive decay of particular 

isotopes. These isotopes are produced by the bombardment o f targets with high-energy 

protons. This results in a gas e.g. positron-emitting oxygen (^^O) that can be used in a 

chemical reaction to produce a tracer. The tracer most commonly used is water labelled 

with *^0 (Hi'^O). Depending on the injected molecule, a particular regional distribution 

will occur, for instance with H2 *̂ 0 , it will follow regional blood flow. *^0 has a short,

2.05 minute, half-life and so several administrations can be performed in one session. 

Each scan lasts about 1 minute with 5 half-lives (8 to 10 minutes) between scans (Bems 

1999). H2 * ^ 0  can be used to record up to 12 estimations of cerebral perfusion in normal 

subjects and at this level the radiation dose is very small, safe and within international 

guidelines for the use of radioactivity for research in normal human volunteers (5 mSv), 

or about the equivalent of a chest Xray.

Functional imaging data maybe analysed by statistical parametric maps (SPMs) 

that show the statistical probability that one voxel has a significantly different level of 

activity to the equivalent voxel on a scan performed in a different state. A particular 

problem with using perfusion as an index of cerebral activity is that it can vary globally 

in the brain in relation to physiological changes that are quite independent of 

experimentally induced focal brain activity. To overcome this problem scans are first 

‘normalised’. The SPM method uses an analysis of covariance (ANCOVA) to remove 

the confounding effects of global CBF differences and to compute a map showing 

significant changes in perfusion between conditions, voxel by voxel.

Two approaches may be used to determine the difference between brain states 

using functional imaging: categorical comparisons and factorial experimental designs. 

The first approach is the simplest and assumes that brain activity scales in a linear 

fashion and also that cognitive processes are additive. Also known as the ‘pure insertion 

hypothesis’ it assumes that the addition of another cognitive process does not alter the 

original one, with no interaction between them. The factorial design has the power to
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demonstrate the interaction between two brain states. This approach is probably more 

applicable to cognitive systems (Frackowiak and Friston 1994).

Performing functional imaging studies in migraine poses clinical and 

methodological problems. Patients usually feel nauseous during an attack and the pain is 

worse with movement, hindering travel to the imaging centre. It may be considered 

unethical to withhold effective treatment (e.g. triptans) whilst subjects are in pain before 

a scan has been performed. Operation of PET equipment requires trained staff including 

cyclotron operators and radiographers who may not be on hand to perform a scan as and 

when a migraine occurs. Patients and attacks are heterogeneous: for instance migraine 

with and without aura, varying duration of attacks, varying intensity of pain, variable 

combination of additional symptoms. It must also be borne in mind when interpreting 

data that results are based on a statistical method which gives regions of probability of 

activation, the significance of which can be set at the 0.05 or 0.001 level by the 

investigator. Reliable data is therefore dependent on adequate numbers of patients, well- 

matched control subjects and a well thought out, preferably, factorial study design.

1.6.1.1 Aura

Early studies of rCBF in migraine aura used SPECT or inhalation or injection o f *^^Xe. 

These studies gave low-resolution images and were often of small numbers and gave 

conflicting results.

Since then human brain imaging in spontaneous and triggered aura has 

demonstrated a wave of oligaemia that moves from the posterior to anterior brain areas 

unilaterally, coinciding with visual aura (Olesen et al. 1981) and analogous to the 

changes of CSD. These oligaemic changes have been seen with *^^Xe inhalation 

(Lauritzen and Olesen 1984), SPECT (Olesen et al. 1990), and perfusion weighted 

imaging (Sanchez del Rio et al. 1999) showing a significant decrease in the relative 

cerebral blood flow in the occipital cortex contralateral to the affected hemifield. 

Changes associated with the following headache are less clear cut. In one study 

headache occurred while rCBF remained decreased but gradually increased to 

beabnormally high while the headache remained unchanged. In some patients headache 

disappeared while rCBF was abnormally high. Despite unilateral aura and rCBF 

changes, one third of patients had bilateral headache. This study suggests that whilst 

aura may be related to changes in rCBF there are no consistent changes during headache 

measurable by SPECT (Olesen et al. 1990).

However not all studies have demonstrated oligaemia. Apparent diffusion 

coefficient (ADC) maps constructed from DWI scans of 4 patients with visual aura
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showed no significant change (Cutrer et al. 1998). A single episode of spontaneous 

visual aura studied by T]-weighted MRI showed increased contrast intensity o f bilateral 

regions in the occipital cortex, the red nucleus and the substantia nigra accompanying 

the aura o f left homonymous hemianopia. This was interpreted as the aura being 

associated with hyperoxygenation rather than ischaemia (Welch et al. 1998).

Changes analogous to the preceding wave of hyperaemia in CSD (Lauritzen 

1994) have now also been seen in human studies. A fMRI-BOLD study o f subjects with 

visually triggered migraine showed that both the headache and visual change were 

preceded by suppression of initial activation in 2 of 10 subjects, slowly propagating 

across the cortex at a rate of 3 to 6 mm/min accompanied by increased cortical 

oxygenation. This emphasises that the spreading depression is not secondary to hypoxia 

(Gao et al. 1999). A preceding hyperaemic phase, so characteristic of spreading 

depression in animals, has also now been observed during exercise-induced aura 

(Hadjikhani et al. 2001).

Similar spreading oligaemic changes have been seen in an isolated case report of 

a spontaneous attack of migraine without aura, suggesting that the phenomenon may 

occur subclinically even when no aura is appreciated (Woods et al. 1994). fMRI-BOLD 

has shown changes similar in visually triggered aura to 6 other subjects who only had 

headache but again no aura supporting the hypothesis that a subclinical ‘aura’ occurs in 

all patients, whether or not they manifest the aura clinically (Gao et al. 1999).

One case has been reported of FHM with a GAGNAIA mutation in which the 

prolonged aura was associated with decreased hemispheric water movement detected by 

DWI MRI (Ghabriat et al. 2000).

1.6.1.2 Interictal

Interictally, SPEGT imaging has suggested that almost 50% of migraineurs have 

abnormal rGBF inter-hemispherical asymmetries between attacks. Whilst these areas are 

discrete compared to those during the aura, they may represent interictal 

cerebrovascular dysregulation. Although animal studies show a pronounced increase in 

cortical blood flow with trigeminovascular stimulation, similar changes during a 

migraine attack have not been shown in humans and these studies also showed normal 

rGBF interictally (Ferrari et al. 1995; Weiller et al. 1995).

1.6.1.3 Migraine

Arguably the most exciting PET study in migraine found a region of interest in the 

midbrain during spontaneous migraine. Nine subjects with spontaneous untreated
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unilateral migraine without aura were imaged by PET during the first 6 hours of the 

attack. Significantly higher rCBF values (+11%) were found during the acute attack 

compared to the headache free interval in dorsal rostral brainstem structures over 

several slices, just contralateral to the headache side. These changes persisted even after 

6mg sumatriptan had been given with resolution o f the headache, nausea, photophobia 

and phonophobia. There was also increased activation in the inferior anterocaudal 

cingulate cortex as well as in the visual and auditory association cortices during the 

attack, but activity in these areas was not detectable after relief of symptoms with 

sumatriptan (Weiller et al. 1995). The brainstem region of interest was poorly localised 

due to the low resolution of PET but coincides, in the Talairach and Toumaux atlas, 

with the DRN/PAG and the LC. This brainstem activation had not previously been seen 

on imaging studies of other types of pain, and has not yet been replicated in a larger 

number of migraine patients, mainly due to logistical constraints. An anatomical 

conundrum of the study has been pointed out in that the activation was contralateral to 

the pain. Most projections from the PAG to the TNG and thalamus are ipsilateral. 

Contralateral activation could be explained by projections from the vlPAG bilaterally to 

the ventrobasal and medial thalamus (Goadsby and Fields 1998). The ‘hot spot’ in the 

brainstem has however been replicated in a case report and appears to be specific to 

migraine rather than other primary headaches, such as cluster headache and SUNCT 

(Bahra et al. 2001), but these studies on single subjects must be viewed with caution 

because o f the statistical methods used. The region would however corroborate the 

theory of migraine pathogenesis being due to dysfunction of pain regulation at a 

brainstem site that may persist despite symptomatic treatment.

1.6.1.4 Imaging in other primary headaches

Cluster headache has proved to be particularly amenable to functional imaging due to 

the readiness with which it is triggered by GTN, to its definite on/off nature and because 

it has a low incidence it is easier to find controls unlike more common primary 

headaches such as migraine. A PET study compared 9 patients with cluster attacks 

triggered by GTN and 8 patients out of a bout whose cluster headaches were not 

triggered (May et al. 1998). This showed activation in three broad regions:

1. Areas known to be involved in pain processing or response to pain, such as the 

cingulate cortex, insula, prefrontal cortex and contralateral thalamus.

2. Areas activated specifically in cluster headache but no in other types o f head pain, 

the ipsilateral hypothalamus.
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3. Extracerebral areas that are consistent with dilatation of large intracranial blood 

vessels. This area was also active in the one patient observed during a spontaneous 

attack.

Out of a bout, GTN triggered mild head pain, consistent with vasodilatation, but not a 

cluster attack, and activation was not seen in the hypothalamus but only in the generic 

pain areas and large blood vessels (May et al. 2001). This suggests that hypothalamic 

activation occurs during cluster headache. Experimental trigeminal pain (intracutaneous 

capsaicin in the V 1 dermatome) studied using magnetic resonance angiography (MRA) 

also showed dilatation of extracerebral arteries implying that vessel dilatation is not 

specific to any particular headache syndrome but is probably mediated by the 

trigeminoparasympthetic reflex that is active in all head pain syndromes (May et al. 

2001). Although cluster headache is not the only pain syndrome to be associated with 

hypothalamic activation, all other functional imaging studies have suggested concurrent 

activation of the PAG with the hypothalamus. The specific region of hypothalamic 

activation suggests that cluster headache is likely to be driven primarily by dysfunction 

of the brain rather than purely as a ‘vascular headache’. That this region is specific to 

cluster headache is emphasised by a case study of a patient with both cluster and 

migraine attacks by PET during a cluster bout. The patient developed a typical attack of 

migraine without aura after taking GTN with activation in the dorsal rostral brainstem, 

similar to the region found by Weiller et al, but no hypothalamic activation. This 

activation persisted after treatment with sumatriptan (Bahra et al. 2001). Activation of 

the hypothalamus, an area known to be involved in circadian rhythms, would tie in with 

clinical observations of cluster headache periodicity and timing.

Activation of this area of the hypothalamus, without involvement of the PAG, 

may be specific to the range of ‘trigeminal autonomic cephalgias’ rather than just 

cluster headache as a similar region of activation in the ipsilateral hypothalamic grey 

has been found in a case report of an fMRI study of a patient with SUNCT (May et al.

1999).

1.6.1.5 Imaging in other pain syndromes

The other regions described in the cingulate cortex are more generic to pain in general 

and have been described in other pain syndromes including primary head pain 

syndromes and experimentally induced pain.

A PET study of the responses to heat pain applied to the arm in patients with and 

without atypical facial pain showed that subjects with atypical facial pain had increased
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blood flow in the ACC and decreased blood flow in the prefrontal cortex compared to 

the control group. This suggests that ACC activation reflects the attentional, 

motivational and emotional aspects of pain processing and response, factors that may be 

more active in those with chronic pain syndromes producing a ‘hyperemotionaT 

response to incoming sensory information. The prefrontal cortex (PTC), in contrast, is a 

polymodal association area receiving inputs from multiple thalamic nuclei with 

reciprocal connections to the primary sensory and other polymodal association areas to 

mediate motor reaction under sensory guidance. It may function as part o f the 

supervisory attention system of the frontal lobes and the reduced activation in chronic 

pain patients may reflect abnormal supervision o f emotion and attention mechanisms. 

These differences may be responsible for the maintenance o f chronic pain through the 

failure o f inhibition of other cortical and limbic structures (Derbyshire et al. 1995).

Likewise, a PET study of traumatic nociceptive pain (intracutaneous ethanol in 

the arm) showed activation of areas including the PFC, insular, ACC, and posterior 

parietal cortex (PPC). In addition to the ACC and PFC, the PPC is thought to reflect 

attention and memory networks activated by noxious stimuli. The PPC is part of the 

posterior attentional system and may have a part to play in orienting subjects to sensory 

input. It contains spatial representations of the interpersonal and extrapersonal space to 

organise experiences relative to a body schema.

However, acute traumatic pain in this study also produced co-activation of the 

hypothalamus and PAG. PAG, but not the hypothalamus, was also activated when a 

saline control was preceded by the painful ethanol, implying a role for the PAG in 

anticipation o f a painful event, supporting evidence that it may be important in 

defensive arousal. Co-activation of the PAG and hypothalamus is usually only 

demonstrated in non-traumatic pain (Hsieh et al. 1996), but has been described after 

stimulation of specific analgesic acupuncture points (Hsieh et al. 2001) and in angina. A 

PET study during myocardial ischaemia in patients with coronary artery disease found 

activation in the hypothalamus, PAG, thalami, prefrontal cortex and ACC (Rosen and 

Camici 2000). The hypothalamus has reciprocal connections with other limbic 

structures and may mediate autonomic responses associated with traumatic pain i.e. the 

hypothalamus is critical to the maintenance of arousal/attention and may serve as a 

bridge between higher cognitive states and physiological responsiveness in traumatic 

pain.

A meta-analysis of functional imaging, both PET and fMRI, of brain responses 

to pain showed rCBF increase in response to noxious stimuli most consistently in the
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supplementary sensory cortex, insular cortex and in the ACC but less consistently in the 

contralateral thalamus and the primary sensory cortex. Activation o f the ACC is the 

most consistent finding across activation studies o f pain of different natures in 

agreement with the above hypothesis that this region participates in the affective and 

attention concomitants of pain and is also a major component of the anterior attentional 

system, for instance mediating selective attention to a target or response.

These studies show the role of the human cerebral cortex in nociception 

perception, arousal and cognition (both inhibiting and activating) and hence affective 

reactions to the nociception. The perception of pain is the sum total o f these responses. 

Different parts of the system will be differentially activated depending on the situational 

demand, the quality of the pain and psychological predisposition of the individual. This 

may explain discrepancies between different imaging studies using different paradigms 

of experimental pain.

Less frequently in pain functional imaging studies there is activation o f motor- 

relay areas such as the cerebellum, striatum, and supplementary motor areas. Patients 

with chronic spontaneous pain show decreased resting rCBF in the contralateral 

thalamus, which may be reversed by analgesics, whereas in acute pain there is 

activation of the thalamus (Peyron et al. 2000), implying a role for the thalamus in 

analgesia that is defective in chronic pain states.

1.6.2 Electrophysiology

Electrophysiology represents a non-invasive way of performing repeated measurements 

on the function of the central nervous system. Studies of the ictal and interictal changes 

in migraine have been discussed above. These have given further evidence of changes in 

the migraine state and trait compared to controls and how cortical processing is altered 

in the period before the state change.

In addition to the general methodological considerations discussed above, it 

must be borne in mind when comparing electrophysiological studies that techniques 

used vary widely between laboratories. These include differences in coil size and 

orientation used in TMS (Afra et al. 1998; Aurora et al. 1998), chequerboard size 

pattern in VEPs and not least patient factors such as attack frequency and medication 

use. Discrepant results produced by different investigators regarding the amplitude and 

latency of evoked potentials in migraine probably highlight these methodological 

aspects that must be kept constant in order to compare results. Attempts have been made 

to improve the repeatability of IDAPs so they may be used to assess the central effects
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of acute and prophylactic migraine drugs, but even with optimum parameters there is 

still high intraindividual variability (Kropp 1999; Sandor et al. 1999) necessitating large 

sample sizes (Roon et al. 1999).

1.6.2.1 The blink reflex

Until recently there have been no good human models of trigeminal nociception let 

alone migraine. The recent development of a blink reflex electrode that specifically 

stimulates nociception specific fibres (NE) (Kaube et al. 2000) has allowed the 

noninvasive study of nociceptive transmission in the TNG, believed to play a critical 

role in central sensitisation and neurovascular positive feedback loop of migraine.

1.6.2.1.1 Standard blink reflex

Previous attempts have been made to address the problem of human models of 

trigeminal nociception. One possibility is to study the craniofacial reflexes, for example 

the blink reflex or temporalis and masseter suppression reflexes (Hopf et al. 1991), the 

afferent arm of which is the trigeminal nerve. The blink reflex (BR) is a trigeminofacial 

brainstem reflex. After electrical stimulation with a standard electrode o f afferent fibres 

of the supraorbital nerve, V I, efferent fibres pass through the facial nerve and three 

responses can be distinguished by surface BMG electrodes placed infraorbitally over the 

orbicularis oculi muscles: an oligosynaptic ipsilateral pontine R1 component (onset 

latency 11 ms), a polysynaptic bilateral medullary component R2 (onset latency 33 ms), 

and a later, more variable, less well defined R3 (Ellrich et al. 1997). Whereas both R1 

and R2 can be elicited by innocuous mechanical stimuli, only R2 (but not R l) can also 

be triggered by selective activation of nociceptors, suggesting an involvement of 

medullary dorsal horn nociceptive neurons in R2 modulation. The R2, in contrast to the 

R3 component, can be elicited by nociception specific laser heat stimulation and is 

mediated by wide dynamic range intemeurons of the TNG, as demonstrated using 

painful laser stimuli (Ellrich et al. 1997; Ellrich and Treede 1998). According to 

previous studies, it was assumed that the R3 is only nociceptive in origin. However, by 

selective blockade of nociceptive fibres it has been demonstrated that R3 is not 

necessarily mediated by nociceptive fibres (Ellrich et al. 2001).

There have been some studies in which conventional blink reflex responses were 

used in headache patients but these used variable methodology and yielded conflicting 

results. Bank and colleagues (Bank et al. 1992) compared R l and R2 latencies in 

migraine and control subjects. Between attacks migraine subjects had longer R2 

latencies but normal Rl components, suggesting dysfunction of the polysynaptic
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interictally but R2 amplitude and size were reduced during pain attacks in the migraine 

group. Analysis of the blink reflex in cervicogenic, tension-type and migraine headache 

patients has found shorter R l latencies on the symptomatic side of subjects with 

cervicogenic headache, but not in migraine subjects (Sand and Zwart 1994). More 

recently, de Tommaso and colleagues (de Tommaso et al. 2000), in an effort to increase 

nociceptive specificity of the conventional blink reflex technique, investigated the R3 

component, in addition to R l and R2, in normal controls and migraineurs during the 

interictal period. Although there were no differences in the recruitment thresholds and 

response amplitudes, migraineurs had a shorter R3 latency probably due to trigeminal 

modulatory system dysfunction present in migraine. Further work has shown (de 

Tommaso et al. 2000) an increased R3 on the pain side during migraine attacks in 

patients with migraine without aura, compared to controls. This asymmetry was 

suppressed by zolmitriptan in parallel to pain relief but not by either sumatriptan or 

placebo.

1.6.2.1.2 Nociceptive blink reflex

The standard blink reflex has been shown to not be sensitive enough to pick up subtle 

changes in trigeminal nociception. Modifications of the standard technique have been 

made using laser evoked blink reflexes (Ellrich et al. 1997) and most recently an 

electrode that selectively stimulates the nociceptive blink reflex (nBR) (figs 1-7; 1-8).

Figure 1-7 Photograph of the 
standard and nociception 
specific electrodes

The standard electrode with a parallel 
anode/ cathode array is shown on the 
left. The smaller nociception specific 
electrode on the right has a concentric 
anode/cathode array.
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Figure 1-8 Diagram of the nociception specific blink reflex electrode

The concentric configuration and short anode-cathode distance of the nociception 
specific electrode allows low current intensities to depolarise only superficial 
(nociceptive specific) AÔ-fibres and C-fibres, unlike standard electrodes that also 
depolarise deeper touch and vibration fibres.

By contrast to the standard electrode (SE), the novel nociception specific electrode (NE) 

is bipolar and produces a high current density because of a small cathode-anode 

distance by virtue of its concentric design. Therefore, only small currents, 0.5 to 1.5 

mA, are required to selectively depolarise and stimulate superficial nociceptive specific 

fibres without recruiting the deeper non-nociceptive (Ap) fibres. In comparison, blink 

reflex responses elicited with SE use current intensities of 10 to 20 mA and cannot be 

used to target selective subsets of sensory axons. Because the Rl component is only 

mediated by non-nociceptive fibres, the NE blink reflex has no Rl component and the 

R2 nociceptive subcomponent response is abolished by topical lignocaine that 

anaesthetises the superficial nociceptive (A8- and C-) fibres but not the deeper AP- 

fibres (Kaube et al. 2000) (fig. 1-9).

Standard
electrode

baseline

post
cutaneous
lignocaine

Nociception
specific
electrode

pV

20

15

10

5

0
IJL.

0 2 5 7 10 12 15 
ms

Figure 1-9 The blink reflex

The blink reflex elicited with a 
standard electrode is comprised of 
Rl (non-nociceptive), R2 (mixed 
non-nociceptive and nociceptive) 
and R3 components. Since only a 
small proportion of the fibres 
depolarised with this electrode are 
the superficial nociceptive fibres, 
application of topical lignocaine 
makes negligible difference to the 
R2 component. The nociception 
specific electrode does not elicit a 
R l component and lignocaine 
virtually abolishes the R2 
component, emphasising the 
nociceptive specificity of the 
electrode.
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This novel nociception specific electrode goes some way to produce a non

invasive method of examining the central connections of the human trigeminal 

nociceptive system. This technique allows selective study of the nociceptive R2 

component, without the risk of laser-induced skin damage. The R2 also has less 

attention-related variability than the R3 (Rossi et al. 1993). The use of NE may allow 

evaluation of the functional state of the pain processing circuitry located in the TNC. 

Activation of TNC neurons is believed to play a critical role in central sensitisation 

(Burstein et al. 1998) and neurovascular positive feedback loop of migraine (May and 

Goadsby 1999).

The NE technique has been shown to be useful to noninvasively assess 

trigeminal nociception in humans in a study of patients during an acute migraine attack. 

Facilitation of the R2 component was found during the headache state that reversed 

after successful treatment of the migraine with a triptan and also not present in the 

headache free interval. These changes in sensory processing were not detectable when 

using SE to elicit blink reflexes (Kaube et al. 2001).

In summary, this newly developed technique allows the quantitative study of 

central trigeminal pathophysiological and pharmacological mechanisms with relevance 

to human headache.

83



7.7 Aims of the study

The primary aim of my research was to substantiate and investigate the early phases of 

migraine, in particular the non-headache symptoms, in order to produce a better 

understanding of the origins of the migraine attack. All studies were done in human 

volunteers. To do this I used a variety o f methods. To investigate the premonitory 

phase:

1. An electronic diary study. The objectives of this study were first to prospectively 

record non-headache symptoms for three months from a cohort of migraineurs, and 

second to evaluate the use of electronic diaries for patient data collection.

2. A functional imaging study using PET to compare functional changes in brain 

activity in the premonitory phase, headache phase and interictally.

3. An electrophysiological longitudinal study using the nociceptive specific blink 

reflex electrode. This first entailed methodological studies to ascertain the validity 

and improve the reproducibility of this novel technique. The blink reflex was used 

to assess functional changes in brainstem trigeminal nociceptive pathways 

throughout the ‘migraine cycle’, most importantly in the days before a migraine.

4. Collaboration in a biochemical longitudinal study of urinary assays o f neopterin (a 

rapidly reacting marker of inflammation) and NO metabolites to assess changes in 

levels of inflammation at different days in the migraine cycle.

To investigate aura I used subjects with prolonged or atypical aura:

1. Clinical, genetic and voxel based morphometry studies on a kindred with familial 

ataxic migraine.

2. Clinical evaluation of a family with FHM with coma.

3. Clinical evaluation of subjects with benign paroxysmal torticollis of infancy.

4. Diffusion weighted imaging study of patients with persistent visual migraine aura.
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2 The Premonitory phase

2.1 An electronic diary study of the premonitory phase of migraine

2.1.1 Introduction

Defining a link between the premonitory and headache phases is important for 2 

reasons. First, it gives clinical weight to electrophysiological evidence o f functional 

changes that start before the headache and, therefore, it has major implications for our 

understanding of migraine pathophysiology. Secondly, it will allow us to investigate the 

therapeutic potential for the treatment of migraine in the premonitory phase. Currently, 

migraine treatment is divided into two broad categories: acute treatments are given for 

established headache while preventive treatment is taken on a daily basis to stop 

headache from beginning. Acute treatment may take several hours to relieve pain but 

limits medication use to days when treatment is needed. Preventive treatments are taken 

daily but do not often fully prevent all attacks. A pre-emptive strategy, which allowed 

patients to treat after an attack began but before pain develops, would be advantageous. 

To develop pre-emptive treatment we need to establish that at least a subgroup of 

patients can accurately predict when migraine headache will begin.

Few previous studies have examined the ability o f patients to predict migraine 

headache from premonitory symptoms. Those that have been performed have been 

flawed by either retrospective data collection (Blau 1980), or by relying on patients to 

keep accurate paper diaries of migraine attacks (Amery et al. 1986). Both o f these 

methods may overestimate the predictive validity of premonitory features because 

knowledge that a headache occurred may influence the recall and reporting of 

symptoms.

The study was a collaboration between headache research groups in USA (Drs 

Lipton and Silberstein), Denmark (Dr Olesen) and the National Hospital for Neurology 

and Neurosurgery, UK (Prof Goadsby). We prospectively collected data on non

headache symptoms of migraine using a novel electronic diary system. The time and 

date o f each entry was recorded in the hand-held diaries and patients were unable to 

alter data once it was entered.

The objectives of this study were two-fold: first, to prospectively record non

headache symptoms for three months from a cohort of migraineurs and secondly to 

evaluate the use of electronic diaries for patient data collection.
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2.1 .2  M ethods

A total of 120 migraineurs who claimed to experience non-headache features (other than 

aura, nausea, vomiting, photophobia and phonophobia) either pre- or post headache in at 

least 2 o f 3 migraine attacks, and who felt that these predicted headache, were enrolled 

in a 3-month electronic diary study to detail their non-headache features of the entire 

migraine syndrome. Patients were recruited at four study centres, one in Denmark, one 

in the United Kingdom and two from the United States. Patients were 16 years o f age or 

older; met IHS criteria for migraine (with or without aura); had between 2 and 8 

migraine attacks per month and experienced migraine attacks for at least 1 year prior to 

study entry. Patients were excluded who experienced greater than three tension-type 

headaches per month and patients who could not reliably distinguish between migraine 

headaches and other types of headache. Patients taking valproic acid or calcium 

antagonists, including flunarizine, for any indication were excluded. Approval for the 

study was obtained from local ethics committees where required and patients gave 

written informed consent.

Each patient received a hand-held electronic diary, a Philips Nino (Philips 

Electronics N.V., New York, NY, USA), Model 312, running Microsoft Windows CE 

operating system. The normal functions of the Nino were disabled for the study. Each 

diary had questions programmed into the device to prospectively capture non-headache 

symptoms before, during and after migraine attacks. These customised software 

programmes collected data using a combination o f categorical scales, standard lists, 

yes/no responses and free text entries. The answers were entered into the diary by 

touching the screen with a stylus.

The electronic diaries were programmed to alarm randomly once daily during 

waking hours. The alarm sounded every 5 minutes for 30 minutes until the diary was 

activated. If the 30 minute timeframe elapsed without activation, the alarm terminated 

and the daily alarmed diary session was considered incomplete. Additionally, patients 

were encouraged to make voluntary entries in the diary when they experienced non

headache features or were experiencing a migraine attack. The electronic diary had the 

capability o f determining if the entry was during a daily alarm or a voluntary entry and 

time/date stamped all entries. Each diary entry could not be altered or changed once 

confirmed by the patient.

On each occasion that the diary was activated, patients recorded their current 

state o f health by marking a point on a line running between ‘exceedingly good’ and 

‘exceedingly poor’, thus creating a visual analogue scale (VAS) o f overall state o f
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health. Other data collected during diary entries included: the onset (date/time) o f non

headache features; prediction of imminent headache; collection o f non-headache 

features; changes in non-headache features over time; onset (date/time) of migraine 

headache; details of headache severity; avoidance behaviour/medication and treatment 

of headache; period of time with headache pain; time to return to normal after each 

migraine attack, and the patient's current level of functioning.

Patients were asked to return to the study sites 2, 6  and 12 weeks post study 

enrolment for the collected data to be transferred via a modem to a database on a central 

server for storage, review and reporting. The customised software development and 

validation of the electronic diary were completed by an outside vendor (Provenda 

Biometrics, Inc., Blue Bell, PA, USA).

Data analysis included the listing of non-headache features in relation to the 

stage o f the migraine attack by frequency tables or histograms. Data were summarised 

using descriptive statistics, either number or percentage of patients in each category or 

number o f patients, mean, standard deviation, median and range.

2.1.3 R esults

A total o f 120 patients were recruited from 4 centres. Twenty-three patients had less 

than 3 migraines in the study period and were excluded from the analysis. O f the 

remaining 97, there were 9 protocol violators (one did not usually experience 2 to 8  

migraines per month, 5 recorded diary entries on less than 80% of days and 3 took 

excluded medication). Twelve withdrew before the end of the study, but all these had 

useable data with more than 3 migraines in the study period and were included in the 

analysis (fig. 2 - 1 ).

withdrew before end o f study 
n=12

protocol violators 
n=9

completed study 
n=76

total population 
n=120

diary entries on <80% o f days 
n=5

disallowed medication 
n=3

usually experiences <2 or >8 
migraines per month 

n=l

excluded from analysis 
<3 usable attacks in study period 

n=23

included in analysis 
3 or more usable attacks 

n=97

Figure 2-1 Electronic diary study design
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Demographic details of the patients were as follows; 75% had migraine without aura; 

mean age 42 years (range 24 to 69); mean age at onset of migraine 21 years (range 4 to 

48), and 95% female. The median number o f attacks in the study period was 8  (range 3 

to 23, mean 9). A total of 7201 diary sessions were recorded: 32% were initiated by the 

patient and 6 8 % were prompted by the daily diary alarm. 1787 diary entries with at least 

one non-headache feature in relation to an attack were recorded and 49% o f these were 

initiated by the patient.

Non-headache symptoms estimated at baseline by population

Patients were asked at the initial study visit to make a retrospective estimate of the non

headache symptoms of their migraines. Among analysed patients, 97% estimated non

headache symptoms during the premonitory phase, 99% during the headache and 85% 

during the postdrome.

The most common premonitory symptom was tiredness (70% of patients) 

followed by intolerance/irritability (53%) and yawning (51%) (Table 2-1). During the 

headache the most common symptoms (excluding those in the IHS criteria for migraine) 

were tiredness (6 8 %), difficulty with concentration (67%) and intolerance/irritability 

(65%). In the postdrome (until return to normal functioning), the most common 

symptom again was tiredness (77%), followed by irritability (22%) and facial pallor 

(18%).

10% estimated that premonitory symptoms started over 48 hours before the 

onset o f headache and a further 25% between 24- 48 hours before. 49% estimated that 

the postdromal symptoms lasted for a few hours after the end o f the headache and 49% 

that they lasted at least one day.

62% estimated that at least 90% of migraines, and 37% that 50-90% of 

migraines were preceded by premonitory symptoms. 52% estimated that over 90% of 

premonitory symptoms reliably predicted a migraine and 44% estimated 50-90% 

reliability o f prediction.

50% of patients claimed that another person could predict their migraine by 

these symptoms, including 14% before the patient was aware o f the symptoms.

33% of patients were taking prophylactic medication. 46% of patients used 

triptans for acute treatment. 76% of patients said they were satisfied or very satisfied 

with effectiveness of acute medication, but of the triptan users, only 42% were very 

satisfied. 26% of patients took medication in the premonitory phase and a further 3% 

during the aura.
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non-headache
feature

% of patients reporting each 
feature at baseline 
pre during post 
headache headache headache 
n=94 n=96 n=83

% of patients reporting each 
feature during study 
pre during post 
headache headache headache 
n=803 n=559 n=425

Tired/Weary 70.2 67.7 74.7 72.5 84.3 88.2

Dizziness 23.4 36.5 9.6 22.9 31.1 19.3

Lots of energy/ 17.0 6.3 9.6 5.2 2.7 2.4
hyperactivity
Yawning 51.1 27.1 14.5 27.8 25.4 13.9

Pale face 33.0 40.6 18.1 17.6 32.2 21.4

Stiff neck 38.3 40.6 15.7 49.7 62.8 41.9

Light sensitive 43.6 71.9 13.3 48.8 - 36.0

Noise sensitive 4.0 71.9 12.1 38.4 - 31.8

Blurred vision 33.0 37.5 3.6 28.0 34.7 17.4

Sensitive skin 9.6 9.4 4.8 5.7 9.3 5.2

Constipation 7.5 4.2 3.6 5.6 6.6 6.8

Frequent 16.0 10.4 7.2 16.2 24.3 21.2
urination
Nausea/vomiting 22.3 64.6 6.0 23.5 - 14.8

Hunger/ 29.8 15.7 14.5 18.2 18.1 15.1
food craving 
Thirst 26.6 19.8 13.3 16.0 32.2 32.2

Intolerant/ 53.2 64.6 21.7 38.6 40.1 28.5
irritable
Emotional 33.0 37.5 13.3 24.3 29.9 23.5

Difficulty with 38.3 57.3 14.5 34.6 50.5 33.4
thoughts
Difficulty 30.9 57.3 9.6 20.2 39.2 16.9
reading or 
writing 
Difficulty with 13.8 27.1 4.8 8.0 19.9 8.5
speech
Difficulty with 36.2 66.7 66.7 51.1 72.6 55.5
concentration
Other 47.9 32.3 32.3 53.8 34.5 43.8

Table 2-1 Non-headache features in the intention to treat population at 
baseline and during the study.
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The mean age o f  onset that premonitory sym ptom s were first experienced was 

29 years, but with a w ide range (5-61 years).

Predictive value of premonitory symptoms derived from the electronic diaries

W hen premonitory sym ptom s were reported in the electronic diaries they were follow ed  

by a migraine headache within 72 hours on 72% o f  occasions. Since the primary aim o f  

the study was not to estimate the frequency o f  premonitory sym ptom s and som e  

premonitory episodes may not have been recorded in the diaries, an accurate assessm ent 

o f  the percentage o f  migraines that are preceded by premonitory sym ptom s could not be 

derived from the data. However, for 82% o f  patients, at least 50% o f  the reported 

m igraines follow ed within 72 hours o f  the onset o f  premonitory sym ptom s. The mean 

number o f  attacks that were predicted by premonitory sym ptom s was 4.7 over the three 

months (compared to a mean o f  9 attacks in total).

Patients were asked to predict the probability o f  an attack each time they had 

premonitory symptoms. A s their certainty o f  prediction increased, so too did the 

probability o f  an attack (fig. 2-2).

100 -  

80 - 

60 -

40 - 

20  -  

0

93%
85%

64%
55%

15%
■ ' t M

very quite fairly very almost
unlikely unlikely likely likely certain
<25% 25-49% 50-74% 75-95% >95%

Figure 2-2 Influence of the certainty of prediction of a migraine

estim ated by the subject from premonitory sym ptom s on the rate o f  actual correct 
prediction.

The percentage o f  prediction from premonitory sym ptom s was similar across all 

age groups, with the exception o f  the over 6 0 ’s having the poorest correct prediction  

rate o f  59%. Too few  m ales were enrolled in the study to ascertain any significant 

difference that sex makes to prediction o f  migraine.

Non-headache premonitory symptoms reported in the electronic diaries

Both cognitive symptoms, such as irritability, and physical sym ptom s, such as 

thirst, were reported in all three phases (Table 2-1). In sessions with premonitory 

sym ptom s the mean number o f  symptoms reported was 6.4 in each diary entry. The
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Non-headache feature Correct % 
(n=477)

Incorrect % 
(n=190)

Tired/Weary 73.8 63.2

Dizziness 24.7 15.3

Lots of energy/hyperactivity 4.8 6.8

Yawning 32.7 15.8

Pale face 18.0 15.8

Stiff neck 49.3 46.8

Light sensitive 50.9 33.2

Noise sensitive 44.2 24.2

Blurred vision 30.8 16.3

Sensitive skin 6.1 3.7

Constipation 4.6 7.4

Frequent urination 18.2 12.1

Nausea/vomiting 24.3 21.1

Hunger/food craving 19.9 14.2

Thirst 24.5 17.9

Intolerant/irritable 40.0 33.7

Emotional 28.5 14.2

Difficulty with thoughts 39.4 22.6

Difficulty reading or writing 24.1 6.9

Difficulty with speech 10.3 2.1

Difficulty with concentration 53.7 37.4

Other 49.9 56.3

Table 2-2 Percentage of sessions with non-headache symptoms by 
correct/incorrect prediction of migraine headache from premonitory 
symptoms.

91



most common premonitory symptom was tiredness, reported in 72% o f sessions 

with premonitory symptoms, followed by difficulty with concentration (51 %) and 

stiff neck (50%). The majority of premonitory symptoms became more common in 

the headache phase except yawning, hunger/food cravings and increased energy.

All patients in the ITT population reported tiredness in some phase. Stiff neck, 

intolerance and difficulty with thoughts were reported by at least 80% o f the ITT 

population.

Nausea, photophobia and phonophobia were expressed at high percentages 

in both the premonitory and postdrome phases, but frequency was not assessed 

during the headache phase.

Symptoms varied in their strength of association with migraine prediction 

(Table 2-1). The best predictors were yawning, which was followed by migraine 

headache in 84% of sessions, difficulties with speech (92%) and reading (90%), and 

increased emotionality (83%). The most common symptoms o f tiredness, difficulty 

concentrating and stiff neck were less commonly followed by pain. However, 

yawning was not specific for the premonitory phase, being still reported in 13% of 

postdromes.

Free text diary entries

Post hoc analysis of free text entries showed that some form of head or neck pain in 

the premonitory phase was described in 32% of migraine attacks. 59% of patients 

listed pain as a premonitory feature in at least one attack. This pain was usually 

described as a mild headache, a neck ache, pressure behind the eye or pain in the 

ear. Free text entries described aura in the premonitory period o f three attacks. No 

other consistent symptom was found in these entries. Of these episodes describing 

pain in the premonitory stage, IHS criteria for migraine was only achieved in 9 

entries (approx. 1 % of the total premonitory entries) and 1 2  entries including those 

with aura.

Level of functioning and state of health

Those who rated their overall level of functioning as poor or unable to do anything 

in the premonitory phase were more likely to predict headache than those 

functioning well or normally (fig. 2-3). The mean VAS scores (1 to 100) o f overall 

state o f health were interictal = 81; premonitory period = 51; headache phase = 33, 

and postdrome = 57.
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Figure 2-3 Influence of level of functioning on percentage (%) of sessions 
with premonitory symptoms that correctly predict a migraine attack.

Those reporting difficulty with reading/writing/speech were the most likely  

to rate them selves as unable to do anything.

An exam ple o f  state o f  health V AS scores for one com plete migraine attack 

is show n in fig. 2-4, show ing a characteristic rapid and substantial drop in V A S  

scores during the premonitory period occurring up to 72 hours before the onset o f  

headache.
100 1

(tired, stiff neck, sensitive skin) 
A premonitory

6 0 .
V A S rating 
o f  state o f  

health _
headache

2 0 -

T T

- I S O -100 50 100-50 0
time (hours)

Figure 2-4 Example of state of health in premonitory and headache phases of 
one migraine
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Duration of premonitory symptoms

Migraines with premonitory symptoms were correctly predicted on 19% of occasions 

more than 24 hours before the start of the headache, and 6 8 % were predicted from more 

than 6  hours before the attack (fig. 2-5). When asked to estimate the duration o f the 

premonitory symptoms once headache had begun, only 13% estimated that they had 

lasted longer than 24 hours.

100 1

90 -

80  -

70 -

60  -

cumulative 
% ■ 
prediction 4 0  _

30 -

20  -

10 -

24 12 6 2 072
hours before headache

Figure 2-5 Cumulative percentage (%) of sessions with premonitory 
symptoms that predict an attack by time from prediction to onset of 
headache

Post hoc analysis suggested that when pain was reported in the premonitory 

phase, migraine headaches were not predicted so far in advance with only 54% 

predicting more than 6  hours in advance (fig. 2 -6 ).

Postdrome

Percentage of patients with a postdrome

At baseline 85% of patients reported that they had non-headache symptoms lingering 

after the end of the headache phase. This correlated well with the 8 8 % who reported the 

end of migraine symptoms more than 2  hours after the end of the headache.
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Figure 2-6 Influence of head pain as a premonitory symptom on time before 
headache of prediction of attack

Symptoms in postdrome

As in the premonitory and headache phases, tiredness was by far the most common 

postdromal symptom, reported in 8 8 % of postdrome. Other symptoms were expressed 

at a similar rate to those in the premonitory period. IHS symptoms of nausea, 

photophobia and phonophobia were also reported frequently.

Time to recovery in postdrome

The postdrome was considered to be the time between the patient regarding the 

headache as resolved and feeling completely back to normal. There was a return to 

normal within 6  hours of the end of the headache after 55% of migraines with a 

postdrome, with only 7% requiring more than 24 hours. The duration did not depend on 

medication taken to relieve migraine headache, on severity of headache nor on the 

number o f years the patient had suffered with migraine.

Treatment in the premonitory phase and postdrome 

Medication was taken in 44% of sessions with premonitory symptoms, with no 

difference between sessions correctly and incorrectly predicting an attack. This was a 

triptan in 17.5%. There were no particular premonitory symptoms that prompted 

patients to take medication. 26% of patients had estimated at baseline that they take 

medication in the premonitory phase. When medication was taken, 73% of sessions with 

premonitory symptoms were followed by a migraine attack, rising to 92% if a triptan
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was taken. This was not further subdivided into different triptans. Medication was also 

taken in 50% of postdromes.

Patient assessment of the electronic diaries

94% of patients found the diaries either easy or extremely easy to use, 89% said they 

would be happy to use them again in a similar study and 6 8 % preferred them to a paper 

diary.

2 .1.4 D iscussion

Prospective data collection, using hand held electronic diaries, has established that a 

range of non-headache symptoms occurs before during and after the headache in 

selected patients. It further shows that those patients who claim they can predict a 

migraine can do so with reasonable accuracy. A wide collection of both cognitive and 

physical premonitory symptoms were reported (Table 2-1). The majority o f symptoms 

occurred throughout all three phases, implying ongoing brain events with headache as 

just one feature of the attack. These findings may give an insight into the 

pathophysiology of migraine as an episodic dysfunction of trigeminovascular 

regulation, probably mediated at the level of the brainstem (Bahra et al. 2001; Weiller et 

al. 1995).

The patient population studied was highly selected: all recognised non-headache 

features in the majority of attacks and thought they had predictive premonitory 

symptoms. The prevalence of premonitory symptoms in general migraine populations 

varies from 7% to 8 8 %, depending largely on study methodology. It is not clear if  the 

same range and frequency of symptoms described in this selected study pertains to the 

broader population. Only a small number of patients in the current study had migraine 

with aura; and these patients were not analysed separately, though other studies have 

shown that premonitory symptoms are similar in migraine with and without aura 

(Rasmussen and Olesen 1992). Because there were few men we did not assess gender 

differences but earlier studies have not identified any male-female difference in 

premonitory symptoms (Russell et al. 1996).

When premonitory symptoms were present, 72% were followed by a migraine 

headache within 72 hours. The vast majority of patients could predict a similar 

percentage to that estimated at baseline. However, since the study population had a 

mean of 9 migraines in the 3-month period, the random chance of a migraine occurring 

in this population during a 72-hour period is 30%. Therefore, although some migraines
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may have occurred by chance alone it is apparent that most attacks were correctly 

predicted.

The study was not designed to ascertain the proportion of migraines that are 

preceded by premonitory symptoms. Of the migraines reported, a mean o f 4.7 had been 

correctly predicted by premonitory symptoms, compared to a mean total of 9 attacks in 

the study period, equating to 52% of migraines being predicted from premonitory 

symptoms. Although patients were asked to complete the diary at least once a day, 

recording all non-headache symptoms, many diary days were missed in some patients, 

and some entries had insufficient data, thus probably underestimating the number of 

migraines predicted.

A criticism of the study may be that the diagnosis o f ‘migraine’ was from 

patients self-reported IHS criteria symptoms. Headaches that did not develop into those 

meeting IHS criteria may not considered to be migraines and premonitory symptoms 

preceding them were considered to be incorrect. However, it is suggested that all 

headache types in some migraineurs, whether or not they fulfil IHS criteria, have in fact 

a migrainous biology (Lipton et al. 2000). Furthermore, an expert investigator may 

facilitate correct interpretation of symptoms by the patient. Thus, the true rate of 

migraine, and therefore premonitory symptoms that develop into a migraine, may have 

been underestimated by this study.

Tiredness was by far the most common non-headache symptom reported in all 

three phases. Depressive feelings, fatigue, tiredness and drowsiness have been reported 

amongst the most common premonitory symptoms in other studies (Amery et al. 1986; 

Blau 1980; Harrigan et al. 1984; Waelkens 1985). We did not record the background 

prevalence o f these symptoms interictally and there is little data on the prevalence of 

interictal tiredness in populations with episodic migraine. Estimates range between 70% 

for fatigue in both chronic headache sufferers and controls in one study (Spierings et al. 

1997) to 4% for female migraineurs with chronic fatigue (Hannerz 1997). However, it is 

knovm that the prevalence of fatigue in a general population is high with estimates of 

38% (Pawlikowska et al. 1994) and 32% (Bates et al. 1993) in recent studies. This 

prevalence may rise when there is associated depression (Walker et al. 1993), which has 

a high comorbidity with migraine (Breslau et al. 2000). That tiredness is also by far the 

most frequent postdromic symptom is supported by other studies (Brown et al. 1991; 

Blau 1991) in which tiredness, sedation, weakness, depressed mood and impaired 

concentration were recorded as the most common symptoms in the postdrome.
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Although did not confirm previous reports of euphoria or increased energy as a 

premonitory symptom (Blau 1980), subjects reported themselves as functioning ‘far 

better than normal’ or ‘well’ in 55 of the premonitory sessions that correctly predicted a 

migraine. However, tiredness and cognitive slowing (difficulty with concentration, 

thoughts, reading and speech) were the most striking premonitory symptoms. This 

discrepancy may reflect that prospective reporting of symptoms is more accurate than 

retrospective data collection. Although tiredness was the most frequent symptom, it 

occurred both in 73% of premonitory phases correctly predicting a migraine and 63% of 

those incorrect.

Yawning was the most common symptom occurring substantially more often in 

premonitory phases correctly predicting a migraine (Table 2-2). Patients had over 

estimated the frequency of yawning as a premonitory symptom, perhaps because o f its 

stronger predictive association. Yawning has been noted by others to be a frequent 

premonitory symptom in migraine (Jacome 2001). This may give us an insight into 

migraine pathogenesis. Since yawning can be triggered by dopamine agonists, together 

with the evidence that domperidone, a dopamine antagonist, may prevent an attack 

(Waelkens 1982), suggests that dopaminergic mechanisms, possibly involving brain 

stem nuclei, may play a role in the premonitory phase.

O f interest is the high percentage o f nausea (24%), photophobia (49%) and 

phonophobia (38%) in the premonitory period continuing through to the postdrome, 

symptoms usually associated with the headache phase. This implies that central 

sensitisation o f the central trigeminal system, and possibly activation of other brainstem 

nuclei such as the nucleus tractus solitarius, has begun even before headache starts.

Unlike other symptoms discussed, head pain was not a symptom prompted for 

by the diaries but had been added voluntarily by patients although they had been 

instructed only to record non-headache symptoms. This could be interpreted as the pain 

in the premonitory period being a different quality, or severity, or both to that in the 

‘headache’ phase. However, the actual amount of ‘headache’ in the premonitory period 

may be underestimated as it was not directly questioned for and so frequency cannot be 

compared to other, prompted, symptoms.

The level of head pain was not scored by the patients in the study. A further 

study should score the pain in the different phases as it may be that the migraine attack 

begins in the premonitory phase as a mild headache and ends in the postdrome.

The occurrence of some headache, nausea, photophobia and phonophobia in the 

premonitory period raises the question of when does the premonitory phase end and the
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headache phase begin. Indeed a few patients reached IHS criteria for migraine even 

when they considered themselves to be still in the premonitory phase. We consider that 

the headache evolves from the premonitory phase over a variable period, with the full

blown migraine headache finally developing when a critical physiological threshold is 

reached.

Patients in our study reported that other people often predict the migraine, 

sometimes before the patient themselves. Facial pallor may be the most frequent 

symptom by which a third party can predict migraine (Amery et al. 1986).

What of the symptoms that did not progress to a migraine? A large proportion of 

these symptoms could probably be accounted for by the interictal ‘baseline’ frequency 

of these symptoms in the population that were misinterpreted by the patients as warning 

signals. The remainder of the ‘premonitory symptoms’ probably represent grumbling 

discharges that fail to fire off the main headache phenomenon. It could be argued that 

for the theory of a premonitory phase preceding migraine to hold, there must be misfires 

and false starts.

Alternative hypotheses for these premonitory symptoms must be considered.

One possibility is that the symptoms are nothing to do with the migraine but are 

themselves triggers for the migraine process. Alternatively, some of the prediction 

of migraines may have been because of an association with the individuals 

menstrual cycle. A large proportion of the women in the study were premenopausal.

The prevalence of menstrually associated migraine was not recorded in this study.

In these cases it would be difficult to differentiate ‘premonitory’ from ‘pre

menstrual’ symptoms. Thus menstrual migraine may falsely increase the positive 

predictive rate of premonitory symptoms. However, the onset of menstruation 

probably only accounts for a small proportion of migraine attacks among young 

women with frequent migraine (Johannes et al. 1995).

The timing of onset and the evolution of symptoms during the premonitory 

phase were not recorded in this study. Two types of premonitory symptoms have 

been suggested by others: evolutive (a few minutes to hours before the headache), 

and non-evolutive (beginning 8  to 48 hours before) (Waelkens 1985), the latter 

often reproduced by apomorphine infusion, implying a dopaminergic mechanism in 

the earlier symptoms.

Although most patients predicted the headache from less than 12 hours before, a 

substantial proportion predicted them from more than 24 hours ahead. The total duration 

of symptoms could not be accurately assessed in our study (the start time of symptoms
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was only estimated by patients). However, 32% of patients estimated at baseline that 

symptoms start at least 24 hours before the headache so it is likely that patients estimate 

reasonably accurately how far ahead they can predict migraine.

How long before a migraine should symptoms be considered premonitory?

Other studies have used a range of time frames: tiredness, hyperactivity or hunger 

minutes to one and a half days before the attack (Isler 1986); symptoms occurring the 

day before the attack (Amery et al. 1986; Blau 1980); mood changes up to 2 days before 

the attack and in one study occasional patients noticed symptoms up to 5 days before 

the headache (Isler 1986). We included symptoms occurring up to 72 hours before the 

headache, although most headaches were predicted within 24 hours. Exactly when these 

symptoms started is uncertain but the large number o f diary entries (daily in most cases) 

implies that the symptoms did not begin much before the time when the prediction of 

migraine was made. We found most patients returned to normal within 6  hours o f the 

headache, somewhat less than the mean postdrome duration of 18 hours found in 

another study (Blau 1991).

General state of health scores dropped as premonitory symptoms developed and 

stayed low for the duration of the migraine in most attacks (fig. 2-4). Similarly, the level 

of the functioning of the patient in the premonitory phase was correlated with migraine 

prediction: those functioning poorly predicted more accurately than those functioning 

well, implying a biological mechanism underlying the premonitory phase.

Those recording difficulty of speech/reading and writing in the premonitory 

period were most likely to record their level of functioning as unable to anything. This 

may represent a subset with particularly severe premonitory symptoms or perhaps even 

a form of prolonged aura.

Medication taken in the premonitory phase made little difference to the 

prediction o f migraine. However, this does not necessarily imply that medication does 

not prevent migraine. Instead, premonitory symptoms that prompt a patient to take 

medication may be more predictive of migraine than symptoms that do not lead to 

medication being taken. However, a non-randomised trial has suggested that naratriptan 

may be effective in the migraine prevention (Luciani et al. 2000) and that dopamine 

antagonists may be effective in migraine prevention (Matta 1974; Waelkens 1985). In 

the current study there was a higher positive prediction rate in those taking triptans. 

Placebo-controlled, randomised trials should be done to assess whether treatment in the 

premonitory phase prevents migraine. Timing of medication may also be important for 

migraine prevention. There is some evidence that the dopamine antagonist domperidone
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can prevent migraine, but only if taken at least 6  hours before the expected attack 

(Waelkens 1982). However, it is not known how early is too early with regard to 

medication use: acute medication is of most benefit when taken early in the headache 

phase but is probably ineffective in the premonitory phase. From the available data, 

both clinical and electrophysiological, I would regard the premonitory and headache 

phases as a continuum, but clearly there must be a point at which medication becomes 

effective. This may be a change in biochemistry, trigeminal sensitivity or a break down 

in the BBB.

The subgroup of patients on prophylactic medication was not analysed 

separately. Patients on prophylactic medication may have less severe attacks as well as a 

reduced frequency, but it is not known if this would influence the level of functioning 

and state o f health in the premonitory phase.

We did not analyse the time taken to recovery in the postdrome after taking 

triptans compared to other medication. The effect of triptans on the postdrome has never 

been studied systematically but since nearly half o f patients took over 6  hours to return 

to normal, after the end of the headache, this is potentially an unexplored therapeutic 

area that would be of benefit to migraineurs.

Headache recurrence after initially successful treatment was not noted in the 

diaries. The prolonged episodes of postdrome may include some patients who started to 

recover but then developed a further headache without returning to normal.

This was the first study to use pre-programmed hand-held computers to 

prospectively record patient information. Many of the patients had no previous 

computer experience but after training, most used the diaries reliably, as shown by 

the relatively low drop out rate, the large amount o f data entered and the high 

percentage of additional voluntary entries. The diaries were less bulky than a paper 

diary, more discrete to use in the work place, not subject to retrospective 

amendment and time of entries is automatically recorded. Most patients said they 

would be happy to use the diaries again in a similar study. They are therefore an 

ideal method to log accurately large amounts of patient generated data.

These results suggest CNS changes starting up to 3 days before the headache 

carrying on through the headache and into the postdrome, giving clinical weight to 

evidence o f electrophysiological changes starting more than 24 hours before the 

headache, in particular the increasing lack of habituation and abrupt normalisation on 

the day o f the attack. This increasing abnormality of cortical hyperexcitability
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interictally may reflect a neurophysiological readiness to generate an attack and rising 

susceptibility of the migrainous brain to precipitating factors.

In summary, this novel approach to a prospective study has shown that most 

migraine sufferers who say that they can predict a headache from premonitory 

symptoms can do so with reasonable accuracy. Symptoms start up to 72 hours 

before the headache and continue through all three phases of the migraine. This 

gives clinical credence to the concept evolving from electrophysiology o f a 

continuum of change in the migraine brain and opens up new avenues for 

therapeutic intervention.
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2.2 Electrophysiology

2.2.1 M ethodological studies

In order to use the nociception specific blink reflex for a longitudinal study of migraine, 

we first performed methodological studies to assess the reproducibility and validity of 

the model.

2.2.1.1 Effect of an adenosine Ai receptor agonist on blink reflex 

recordings

2.2.1.1.1 Introduction

Treatment o f migraine has been revolutionised by the discovery and development of 

selective 5 -H T ib/ id agonists, the triptans. However, the search continues for novel 

therapeutic agents that do not share the vasoconstrictor properties of triptans (Goadsby 

2 0 0 0 ). 5 -H T ib/ id receptors transduce their effects via G-proteins of the Gj type.

Agonists at other receptors that also activate Gj proteins may therefore have therapeutic 

potential in migraine without the peripheral vasoconstrictor action o f triptans. One such 

receptor is the adenosine A] receptor.

Adenosine and its agonists induce analgesia in humans and antinociception in 

animal models (Karlsten and Gordh 1995; Sjolund et al. 1999; Sjolund et al. 1997). For 

example, low dose adenosine intravenous infusions reduce postoperative pain 

(Segerdahl et al. 1995) and have pain-relieving properties in neuropathic pain (Sollevi et 

al. 1995). Adenosine acts via three known receptor types: A,, A2 and A3 . The Ai 

receptor mediates anti-nociception, whereas the A2 and A3 receptors mediate pro

nociception. The Ai receptor mediates pre- and postsynaptic anti-nociceptive actions. 

Presynaptically, it inhibits cAMP to inhibit release of CGRP, substance P and probably 

excitatory amino acids such as glutamate. Postsynaptically it produces hyperpolarization 

and thus inhibits the action of substance P and excitatory amino acids (Sawynok 1998).

GR79236 (N-[(1S, trans)-2-hydroxycyclopentyl]adenosine) is a highly potent 

and selective A%-receptor agonist (Gurden et al. 1993) that was originally developed for 

the treatment of type II diabetes mellitus, as a cardioprotective agent and also for 

peripheral arterial occlusive diseases. It has also has been shown to have anti

nociceptive and anti-inflammatory properties in animal models (Clayton et al. 2000). In 

humans the compound has been investigated clinically for dental surgery pain. Evidence
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to support a potential role in the treatment of primary headache disorders has been 

gained from established animal models of trigeminal nociception. GR79236 inhibits the 

release of CGRP evoked by SSS stimulation in the cat (Goadsby et al. 2001) and 

inhibits TNG firing in the cat (Goadsby et al. 2001) and rat (Humphrey et al. 2001).

The aim o f the present study was two fold: first, to assess the response of 

GR79236 on human trigeminal nociception as measured by the blink reflex, and 

secondly, to compare the use of the standard and nociception specific blink reflex 

electrode (SE and NE) in assessing changes in trigeminal pharmacology.

2.2.1.1.2 Methods

The study was approved by the Independent Ethics Committee of the Glaxo Wellcome 

Clinical Pharmacology Unit at Northwick Park Hospital, Harrow. Healthy female 

volunteers (n = 26) aged between 20 to 36 years were seen at a screening visit. All 

subjects gave informed consent. Twelve subjects with consistent blink reflex responses 

with the NE were recruited into the study. Individual pain sensation thresholds with NE 

were determined at the screening visit. None had a personal history of IHS criteria 

migraine and all were using reliable methods of contraception. Subjects were excluded 

who had a history o f cardiovascular or cerebrovascular disease, hypertension,

Raynaud’s syndrome, epilepsy, diabetes, impaired hepatic or renal function, alcohol or 

drug abuse, hypersensitivity to 5-HTi agonists, heavy smoking, obesity, hepatitis B or 

C, or if  taking any regular medication other than the oral contraceptive pill.

Stimulation and Recording

Blink reflexes were elicited with both SE and NE: SE is a commercial parallel assembly 

with two stimulation surfaces 25 mm apart, NE is a custom built planar concentric 

electrode. The following stimulus parameters were used: monopolar square wave, 

duration 0.3 ms, interstimulus interval 12 to 18 s (pseudorandomised); current intensity 

for nociception specific stimulation 1.5 times individual pain threshold (mean 1.43 ± 

0.06 mA), 25 sweeps; for standard stimulation 12 to 15 mA, 6  sweeps. EMG recordings 

were obtained from bilateral surface electrodes placed infraorbitally (different) and at 

the bridge of the nose (indifferent) (fig. 2-7), acquisition bandwidth 1 Hz to 1 kHz; 

digitization: sampling rate 2.5 kHz, sweep length 150 ms. PC-based offline analysis was 

performed with custom written software. A ground cable was attached to the forearm 

The method is described in detail elsewhere (Kaube et al. 1999).
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Figure 2-7 Recording set up for the blink reflex.

Stimulation in the supraorbital territory of the ophthalmic division of the 
trigeminal nerve with single monopolar pulses. Bilateral recording of surface 
EMG activity from the infraorbital muscles. Indifferent electrode on the bridge of 
the nose.

Study design

In a randomised, double blind, crossover design patients received either placebo or 

GR79236 with a one-week wash out period between treatments. GR79236 10 pg/kg or 

placebo was administered intravenously over 15 minutes with intermittent blood 

pressure and heart rate monitoring for 24 hours after the start o f dosing and continuous 

telemetric EGG monitoring. Blink reflexes were elicited with NE and SE at baseline and 

30 minutes after the start of each drug dosing. Stimulating electrodes were positioned 

over the left supraorbital nerve.

All tests were performed between 8.30 and 11.30am by the same investigators 

under identical conditions.

Analysis

The area under the curve (AUG) of the R2 component of both types o f blink reflex was 

calculated from the rectified EMG. The median AUG at 30 minutes post start o f drug 

dosing was modelled using analysis o f covariance with subject, period and treatment as 

factors in the model, and the baseline median AUG as a dynamic covariate. Statistics 

were computed using SAS software package. The level of significance was set at p < 

0.05.

2.2.1.1.3 Results

All 12 patients completed both arms of the study.
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Nociception specific electrode blink reflex. Comparison of the two treatment groups 

demonstrated a greater reduction of the R2 response after GR79236 compared to 

placebo. Ipsilaterally there was a mean difference of 17% (AUC: -567 pVms [95% Cl 

1260 to 125.8]), p = 0.097 (fig. 2-8). Contralaterally the mean difference was 20% 

(AUC -473 pVms [95% Cl -786.6 to -158.7]), p = 0.008.
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Figure 2-8 Reduction of R2 AUC elicited by nociceptive specifîc electrode 
after GR79236 versus placebo

mean difference and 95% confidence intervals (* p<0.05)

Standard electrode blink reflex. There was no significant difference (2.4%) of the 

ipsilateral R2 response after GR79236 compared to placebo when blink reflexes were 

elicited with the SE (mean AUC reduction -152 pVms [95% Cl -2038 to 1733]) (fig. 2- 

9).

Adverse events. There were no significant adverse events after GR79236 or placebo. 

The electrodes were well tolerated. There were no significant changes in systolic or 

diastolic blood pressure or mean heart rate with GR79236 versus placebo at any time 

point measured up to 24 hours post dosing. There was an increase (compared to 

baseline) in the mean QTc interval at 5 minutes after GR79236 of 10.2 ± 23.4 ms, with a 

maximal recorded value of 476 ms (normal range < 460 ms). Likewise, there was a non- 

clinically significant increase (compared to baseline) in mean PR interval at 15 minutes 

of 13.8 ± 10.3 ms, but all recorded values for the 24 hours were below 200 ms. No 

cardiac arrythmias were detected.
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Figure 2-9 Réduction of R2 AUC elicited by SE after GR79236 versus 
placebo

mean difference and 95% confidence interval

2.2.1.1.4 Discussion

The reduction of the bilateral R2 response elicited with the nociception specific electrode

after the adenosine A] receptor agonist GR79236 suggests that this compound inhibits

trigeminal nociceptive pathways in humans. This supports the evidence for trigeminal

nociceptive inhibition demonstrated in animal models where GR79236 attenuates trigeminal

neuron firing in the TNG (Goadsby et al. 2001 ; Humphrey et al. 2001) and suggests Ai

receptor agonists may have acute antimigraine actions.

The TNG is thought to play a pivotal role in the pathophysiology of primary

headache disorders. In an animal models trigeminovascular nociception, stimulation of the

superior sagittal sinus evokes trigeminal neuronal activation in the TNG (Goadsby and

Zagami 1991 ; Kaube et al. 1993). The TNG has receptors that bind compounds with specific

anti-migraine action; notably [^H]-dihydroergotamine in cat (Goadsby and Gundlach 1991),

and triptans in the cat and humans (Goadsby and Knight 1997; Pascual et al. 1996).

Additionally, the same anti-migraine drugs can inhibit activity o f these TNG neurons

(Goadsby and Hoskin 1996; Goadsby and Knight 1997; Hoskin et al. 1996) at clinically

relevant doses. Adenosine Ai receptor agonists including GR79236 elicit a similar dose-

dependent block of SSS-evoked trigeminal firing in animal models (Goadsby et al. 2001).

The potential clinical relevance of these findings is highlighted by the localization of

adenosine A; receptor protein in human trigeminal ganglia (Schindler et al. 2001).

Adenosine receptor agonists are effective in pre-clinical anti-nociceptive tests when

administered systemically, intrathecally or centrally (Sawynok 1998). Use of Aj receptor
107



selective agonists and antagonists suggests that the A] receptor is the predominant receptor 

subtype mediating these effects. Ai receptor agonists are highly effective against 

experimental inflammatory and neuropathic pain. For example, GR79236 causes a rapid 

reversal o f sciatic ligature-induced allodynia (Collins et al. 2000) and inhibits inflammatory 

hyperalgesia (Clayton et al. 2000) in rats. Adenosine itself has been reported to be effective 

following intravenous infusion in patients with peripheral neuropathic pain (Sollevi et al. 

1995) and following intrathecal administration to neuropathic pain patients (SaAvynok 1998).

Since NE directly depolarises the trigeminal sensory axons, rather than stimulation 

via peripheral nociceptive receptors, the inhibitory effect o f GR79236 on the blink reflex 

elicited with NE suggests that the compound must act directly at second order trigeminal 

neurons in the TNC or indirectly via more rostral brainstem structures modulating trigeminal 

nociceptive pathways. This is in accordance with animal data of a reduction of trigeminal 

nerve firing with GR79236, reflecting a central mechanism of action. GR79236 may also act 

on peripheral terminals o f the trigeminal nerve by inhibition o f CGRP release (Goadsby et 

al. 2001). This effect could not have been observed in the present study because of direct 

neuronal depolarization by the electrode. Both central and peripheral effects are in keeping 

with the concept of prejunctional inhibitory adenosine Aj receptors being located on primary 

afferent neurons and causing inhibition of transmitter release.

The inhibitory effect o f GR79236 only reached statistical significance on the 

contralateral R2 blink reflex response but not ipsilaterally. This was due to the lower 

variation seen in the contralateral response (within subject SD = 340 pVms) compared to the 

ipsilateral response (within subject SD = 625 pVms). It is likely that a larger study would be 

required to demonstrate statistical significance for the ipsilateral response.

There are various factors that may effect the variability o f the nociceptive blink 

reflex response. In particular, it is critically dependent on level of arousal o f the subject.

This was controlled for as far as possible by performing the experiments under identical 

conditions. However, further studies should address methodological improvements such as 

varying the interstimulus interval, using differing stimulus intervals and changing the 

stimulation site to maintain arousal and reduce habituation. Circadian changes at the level of 

the brainstem may be important in the nociception specific blink reflex and to control for 

this we performed the tests at the same time of day.

The moderate size of the effect shown in this study is probably dose-dependent. 

GR79236 was used at 10 pg/kg. A greater effect on trigeminal nociception may have been 

achieved by higher doses. In animal studies doses up to 100 pg/kg have shown dose 

dependant inhibition (up to 80% reduction) of the probability o f trigeminal nerve firing after
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SSS stimulation. However, these higher doses of A] receptor agonists may cause 

bradycardia and adverse CNS effects in animals (Gardner et al. 1994). Prolongation of the 

PR and QTc intervals is a class effect of adenosine Ai receptor agonists and may limit higher 

doses being used in humans. However, the effects seen in animals are modest and found 

only with high doses. Furthermore, GR79236 (10 pg/kg iv) has no effect on resting 

meningeal artery diameter in rats (Honey et al. 2000). This is in contrast to the effects of 

triptans which cause cranial vasoconstriction in a range of species, including cat and 

humans, in addition to inhibiting trigeminal nerve firing. No significant changes in the EGG 

parameters nor blood pressure were seen in the present study.

Only the NE but not the SE showed a change in the blink reflex response with 

GR79236. Thus the NE seems to be a more sensitive, specific and therefore a more useful 

tool to investigate trigeminal nociceptive pharmacology than SE.

The present study demonstrates that the NE is noninvasive, well tolerated, can be 

applied repeatedly over time and can be used to study trigeminal nociceptive pharmacology 

in both healthy volunteers and headache patients. Additionally the current study adds to the 

body of evidence that adenosine Ai receptor agonists, such as GR79236, inhibit trigeminal 

nociceptive pathways in humans as well as in animals. Adenosine Ai receptor agonists may 

thus be effective as novel therapeutic agents in migraine and other primary headache 

disorders.
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2.2.1.2 Nociceptive specific blink reflex and GTN infusion in healthy 

volunteers

2.2.1.2.1 Introduction

The lack o f a human model of migraine has been discussed above. It is known that GTN 

induces an early headache in healthy volunteers, but it is not known whether this 

headache involves activation of central trigeminal pathways. We used the NE technique 

to test the hypothesis that activation of the brainstem trigeminal nociception circuitry in 

healthy volunteers can be induced after intravenous GTN and thus whether it would be a 

valid human model for migraine.

2.2.1.2.2 M ethods 

Subjects

Eight healthy volunteers (7 males, 1 female, age range 22-33 years) were recruited.

None had migraine according to the IHS criteria and all gave informed consent. The 

study was approved by the Ethics Committee of the National Hospital for Neurology 

and Neurosurgery. All subjects had a reproducible R2 component of the blink reflex 

elicited with NE (nR2).

Stimulus and recording parameters

NE recordings were obtained as described previously. The stimulus intensity thresholds 

for non-specific sensation, pinprick pain sensation and electric shock sensation were 

assessed and a fixed stimulation intensity o f 1.5 times pain sensation threshold was 

adopted during all recordings. The nR2 blink reflex component AUC was calculated as 

described previously. Each block of stimuli consisted of 6  recordings separated by 

pseudo-randomised intervals of 10s ± 25%. The first recording of each block was 

discarded in an attempt to reduce the influence of the startle reaction. The median nR2 

AUC of each block was used in the subsequent analysis. In order to maintain a 

consistent level of arousal, subjects were asked to rate the perceived intensity o f each 

stimulus after hearing a beep delivered 1.5 seconds after each stimulus.

Study design (fig. 2-10)

Subjects remained in a recumbent position during the experiment. Subjects were 

randomised in a double blind cross over design to receive either GTN or placebo
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followed by the second drug. A baseline block was recorded on each subject. An 

intravenous cannula was sited and 500 ml of normal saline administered to increase the 

intravascular volume to prevent hypotension from GTN induced vasodilatation. GTN 

0.5 pg/kg/min (Nitrocine, Schwarz Pharma Ltd., UK) or placebo were infused 

intravenously over 30 minutes. Blink reflex recordings were carried out at 15 and 45 

minutes after the start o f each infusion. Thirty minutes after the end of the first infusion 

subjects were crossed-over to receive the second drug and the recording was repeated. A 

second, unblinded investigator randomised the infusion sequence. Blood pressure was 

recorded every five minutes during both infusions. If the blood pressure did not show 

any significant drop within 15 minutes of infusion then the rate o f drug infusion was 

doubled.

The median of the five nR2 AUCs obtained in each block o f recordings was 

used in the statistical evaluation. The percentage change between each condition (15 

and 45 minutes after GTN and 15 and 45 minutes after placebo) and the baseline was 

calculated for each subject and the results were pooled.

Random isation
Saline GTN

Saline Placebo

Placebo

G TN

1 - - - - - - 1- - - - - - 1— I- - - - - - - 1 r -
0’ 15’ 30’ 45’ 60’ 75’

1------ 1---------►
90’ 105’

Baseline

Figure 2-10 Study design to investigate GTN on the nociceptive blink reflex.

After a baseline blink reflex recording, subjects were assigned randomly to 
receive IV GTN or placebo over 30 minutes. The second infusion started 30 
minutes after the end o f the first one, in a crossover fashion. Recordings were 
done 15mins after the beginning and 15mins after the end of each infusion. R = 
blink reflex recording
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2.2.1.2.3 Results

Individual medians of nR2 AUC for each condition are shown in fig. 2-11

6000 1

5000 -

4000 -
c/5

>  3000 _

^  2000 -
<

1000 .

0 -

GTN GTNbaseline placebo 1 S' placebo 45'

Condition

Figure 2-11 Individual medians of nR2 after GTN and placebo

(area under the curve). The actual GTN/placebo sequence is not shown.

Friedman test analysis of variance for related samples was performed and no 

significant difference between the different conditions (GTN 15’, GTN 45’, Placebo 

15’, Placebo 45’) regarding the percentage change from baseline was detected: =

0.43 (n = 7, df = 3), p = 0.9. This is demonstrated by fig. 2-12 where the pooled 

individual percentage changes between each condition absolute nR2 AUC and baseline 

values are shown.

There were no significant adverse events. Although most patients showed a 

moderate reduction in blood pressure, this rapidly reversed at the end of the infusion.

Six volunteers developed a moderate, bilateral headache during GTN infusion, 4 

of which were featureless and only two were throbbing, one worse with head 

movement, but remained bilateral with no nausea, photophobia or phonophobia. No 

subject developed a delayed headache. No subjects developed a headache with placebo.
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Figure 2-12 Percentage change from baseline of blink reflex with GTN and 
placebo

(iiR2 area under the curve).

2 . 2 . 1 . 2 . 4  D i s c u s s i o n

By using the NE w e have shown that the mild headache secondary to GTN induced 

vasodilatation is not sufficient to produce measurable changes in central trigeminal 

nociceptive transmission.

There have been no previous studies using electrophysiological techniques to 

detect the effects o f  the NO  donor GTN on human subjects. The lack o f  increase o f  iiR2 

A U C  in the subjects o f  the present study, although m ost o f  them developed the 

characteristic early GTN headache, may have been due to the recordings being done 

during and shortly after the infusion. GTN infusion in migraineurs produces an 

im m ediate early non-specific headache, thought to be secondary to vasodilatation, and a 

delayed migrainous headache hours after the infusion, the m echanism  o f  w hich is 

uncertain. S ix  out o f  8 patients in the current study developed an early headache, none 

fulfilling IHS criteria for migraine, coinciding with a modest reduction in blood  

pressure, both o f  which rapidly reversed at the end o f  the infusion, presumably due to 

GTN induced vasodilatation. Although the subjects developed an early headache, they 

did not show  any change in the nR2 that w e took as a measure o f  the trigeminal 

nociceptive pathway. Animal experiments have shown that GTN alone may not acutely 

activate the trigeminovascular system  at doses that trigger headache in humans. GTN  

administration only increases Fos expression induced by periorbital administration o f
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capsaicin in the TNC (Jones et ai. 2001) and when given alone only increases neuronal 

NOS and Fos immunoreactivity in the TNC some hours after the infusion (Pardutz et al. 

2000). This time interval correlates with that required to trigger a migraine attack with 

GTN in migraineurs. We did not extend our blink reflex recordings into this longer time 

frame, and none of our subjects develop a delayed migraine. Furthermore, it has been 

shown that (Thomsen et al. 1996) healthy volunteers submitted to progressively 

increasing GTN infusions do not show reduced pressure pain thresholds or tolerance in 

the temporal region during the infusion, suggesting that GTN does not produce early 

trigeminal central sensitisation.

The results o f these experiments together with our own data imply that the NO 

donor GTN induces an early non-specific headache and a late migrainous headache by 

distinct mechanisms. The late headache cannot be induced in non-migraineurs using 

conventional doses o f GTN and probably requires dysfunction of central trigeminal 

transmission. The early headache is probably secondary to vasodilatation o f intracranial 

blood vessels and is not sufficient to produce changes in central trigeminal transmission 

detectable by the nociception specific blink reflex electrode.
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2.2.1.3 Single versus multiple puises

2.2.1.3.1 Introduction

Following on from the GTN study (chapter 2.2.1.2), we sought to improve some 

methodological aspects o f the NE technique. Previously we used single rectangular 

electrical pulses to depolarise cutaneous fibres and elicit blink reflex responses. 

However, the nR2 cannot be elicited in all volunteers and the range o f stimulus input 

intensity is constrained by the lower limit of Ap-fibre (non-nociceptive) activation. A 

modification o f the double pulse method of neural stimulation (Betts et al. 1976); 

(Reitter and Johannsen 1982) has been shown to optimize evoked recordings from 

peripheral and central motor nerves by temporal summation of central sensitization 

(Taylor et al. 1993; Thomas et al. 1999). We tested the hypothesis that multiple 

stimulation pulses, using current intensities falling within the limits for nociceptive 

specificity, produce blink reflex responses that not only have greater but also more 

consistent nR2 responses than single pulses, in terms of improved persistence (Fraser 

and Olney 1992; Weber 1998) and reduced habituation, while producing a stronger 

subjective pain sensation.

2.2.1.3.2 Methods

15 healthy volunteers (age range 22-33 years) were recruited. None had migraine 

according to IHS criteria. Informed consent was obtained from all subjects. The NE 

stimulating electrode was used to elicit the R2 component o f the nociceptive specific 

blink reflex (nR2) unilaterally over the supraorbital nerve. Stimulation parameters: 

pulse duration, duration 0.5 ms, interpulse interval 5 ms for multiple pulses, 

interstimulus interval 10 s ± 25% (pseudorandomised).

The number of pulses per stimulus train was randomised in each block between 

1-7 pulses. The stimulus intensity (I) was adjusted to 1.5 times the individual pain 

threshold (Ip) for a single pulse. We examined the response to increasing trains of 

stimuli. Subjects were given blocks o f 6  stimuli, each block separated by 7 minutes, 

using increasing numbers of pulses from 1 to 7 pulses per stimuli. Stimulus intensity 1.5 

times individual pain threshold (Ip) for a single pulse. The first recording block on all 

subjects was discarded to avoid a startle effect.

For each pulse number the following parameters were recorded: change in 

subjective perception of pain rated on a verbal rating scale (VRS) between 0 and 10;
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mean percentage change in nR2 area under the curve (AUC) compared to a single pulse 

and the mean nR2 latency. We also determined the change in threshold (mA) of the nR2 

response, current for the sensation threshold (Is) and current for the sensation o f pain 

from the stimulating electrode (Ip) and percentage of nR2 persistence with 1 to 3 pulses. 

The mean and standard error of the mean were calculated.

Statistical analysis was performed by using ANOVA for repeated 

measurements; post hoc analysis was performed by using the test of least significance 

(LSD). Statistical significance was set at p < 0.05.

2.2.1.3.3 Results

The results are summarized in Table 2-3.

num ber o f  
pulses

1 2 3 4 5 6 7

thresholds 
mA Is

Ip

R2

0.4 ± 
0.05 0.42 ± 0.06 0.32 ± 

0.03*

0.69 ± 
0.7 0.7 ±0.07 0.54 ± 

0.51*

0.72 ± 
0.07 0.64 ± 0.7* 0.49 ± 

0.04*

R2 latency 
ms 56 ± 1.4 51 ± 1.9* 49 ± 1.4 50 ± 1.4 51 ± 1.8 49 ± 1.3 48 ± 1.4

R2 AUC 
% of single 100 305 ±57* 458± 108 438± 105 332 ± 76 383 ± 

124
395 ± 

122

%
persistence 54 ±34 77 ±23* 86± 19

pain rating 
(1-10)

1.8 ± 
0.25 3.1 ±0.35* 3.8 ±0.4* 4.1 ±0.4.1 4.33 ± 

0.37
4.2 ± 
0.41

4.13 ± 
0.34

Table 2-3 Summary of changes with multiple pulses

*= significant change p<0.05 from previous pulse number with LSD correction

Thresholds (fig. 2-13): A significant effect of the number of pulses was found for the Ip 

(p<0 .0 0 1 , degrees o f freedom (df)=2 ), with a significant reduction between single and 

triple pulses (p=0.001), but not between single and double pulses. Similarly, Is values 

were significantly altered by the number of pulses (p=0.009, df=2), with a significant 

reduction between single and triple pulses (p=0.024) but not between single and double 

pulses. A significant effect of the number o f pulses on the nR2 threshold was also found 

(p<0.001, df=2). The nR2 threshold decreased significantly between single and double 

(p=0.38) and triple (p<0 .0 0 1 ) pulses.
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Figure 2-13 Change in R2, Ip and Is thresholds with increasing number of 
pulses

(mean and SEM)

R2 latency (fig. 2-14): There was a significant effect o f the number o f pulses on nR2 

latency (p<0.001, df=6 ) with a significant (p=0.004) reduction in the mean onset latency 

o f nR2  response between single and double pulses but no further reduction with 

multiple pulses.
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Figure 2-14 Change in R2 latency with increasing number of pulses

(mean and SEM)
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Figure 2-15 Influence of increasing number of pulses per stimuli on nR2 
AUC

(mean and SEM)

R2 AUC (fig. 2-15): A significant effect of the number of pulses on the mean nR2 AUC 

was found (p=0.015, df=6 ). There was a significant increase from a single pulse 

(normalised to 100%) to a double pulse (305%) (p=0.003), with the largest AUC 

elicited by a triple pulse (458%).

VRS rating (fig. 2-16): The subjective pain rating o f the stimulus, graded between 0 

and 1 0 , changed significantly with number of pulses (p<0 .0 0 1 , df=6 ) with a significant 

increase from single to double pulses (p<0 .0 0 1 ), and from double to triple pulses.

Persistence (fig. 2-17): There was a significant increase in the percentage o f nR2 

persistence from single to double pulse (p=0 .2 1 ) but a non-significant increase from 

double to triple pulses (p=0.82).
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Figure 2-16 Change in visual rating score (VRS) with increasing number of 
pulses

(mean and SEM)
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Figure 2-17 Change in persistence of R2 response with increasing number of 
pulses

(mean and SEM)
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2.2.1.3.4 Discussion

The results of this study suggest that double and triple pulse stimulation not only 

produces facilitated nR2 responses compared to single pulses, but also more consistent 

responses, characterised by improved persistence.

The nociceptive specific blink reflex technique is usually prone to several 

methodological limitations. We have found a large intraindividual variation in the EMG 

response with this technique, influenced by habituation of the reflex, level o f alertness 

of the subject and electrode placement, and many subjects do not have a reproducible 

nR2 response. Minimising these factors by increasing the current intensity is 

constrained by the narrow window for stimulation between the lower limit of 

nociception and the lower limit o f Ap-fibre activation.

The use of 2 or more pulses with a short (5-10 ms) interpulse interval has been 

found to be useful in other electrophysiological applications to produce a stimulus that 

gives a larger and more stable evoked response via temporal summation (Taylor et al. 

1993; Thomas et al. 1999), probably mediated centrally. To produce this central 

summation the multiple pulses need to be given while the peripheral nerve is in the 

short time frame of the supernormal period and is able to respond to further stimuli.

This is the period between 4-10 ms, greatest at 7 ms, between the refractory period and 

the subsequent longer phase of hyperpolarization during which the nerve is again 

refractory to further stimuli (Kieman et al. 2000). Because of the potential for central 

summation with multiple pulses we wished to see whether this method would increase 

the consistency of the nR2 and hence improve the applicability of the technique.

In the current study we observed facilitation of the nR2 after stimulation with 

trains of pulses vs. single pulse stimulation. We found a decrease of Is, Ip and nR2 

thresholds, a similar decrease of the nR2 onset latencies and an increase o f nR2 AUCs.

All o f these were proportional to an increase in subjective pain sensation. These changes 

are maximal with triple stimulation and did not change further with larger trains of 

pulses.

This response facilitation was accompanied by significantly improved persistence, 

from 54% with single pulses to 8 6 % with triple pulses. This was mirrored by an increased 

pain rating from 2 to 4 whilst still be subjectively assessed as a ‘pin-prick’-like sensation 

by the volunteers, in contrast to a mixed sensation produced by the non-nociceptive 

specific electrode used in other studies (Ellrich et al. 1997) or by using a higher current 

intensity.
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This facilitation and improved consistency implies that multiple pulses may 

saturate the nociceptive neurons without necessitating higher current intensities that 

would fall outside the limits of the nociceptive-specific range. Using double or triple 

pulses should broaden the utility of this new blink reflex technique that so far has been 

prone to inconsistent responses.

In conclusion, we found that using double or triple pulses the nR2 produced is of 

greater magnitude and more persistent than that produced by a single pulse and may 

thus increase the methodological flexibility of this technique. This method may be a 

reliable, non-invasive way to measure alterations in trigeminal nociception such as 

occur in primary headache disorders.

2.2.1.4 Diffuse noxious inhibitory control

2.2.1.4.1 Introduction

To further evaluate whether a train o f impulses is a more robust tool with which to study 

influences on nociceptive pathways than a single pulse we used activation of diffuse 

noxious inhibitory control (DNIC).

The phenomenon of counter irritation (one noxious stimulus inhibiting the 

perception of a second) has been recognised for centuries. DNIC is the term applied to 

the neurophysiological mechanism underlying this phenomenon (Dickenson et al.

1980). DNIC is a supraspinally-mediated inhibitory control triggered by the application 

o f noxious stimuli via AÔ- and C-fibres converging with non-noxious stimuli mainly on 

wide dynamic range (WDR) neurons in the dorsal horn, in contrast to low threshold 

mechanoreceptors (LTM) neurons which only mediate non-noxious information. The 

features of this inhibition are:

• it is only mediated by noxious stimuli. DNIC has been elicited by many different 

types o f pain: pinch, intraperitoneal bradykinin, noxious heat (Dickenson et al.

1980) and cold water (Talbot et al. 1989).

• it is triggered by pain applied to a distance from the excitatory receptive field.

• it strongly and selectively inhibits WDR neurons in the spinal cord and the 

trigeminal system (Dickenson et al. 1980; Wilier et al. 1989).

• the inhibition outlasts the duration of the noxious stimulus by several minutes.

• the inhibition affects both spinal nociceptive reflexes and the associated pain 

sensation (Reinert et al. 2000).
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• the effects selectively act on nociceptive signals, both AÔ-flbre and C-fibre related 

activities.

• the extent o f the effect is directly related to the intensity of the conditioning stimulus 

and it is not a result of emotional or stressful reactions.

Since any component of the blink reflex that involves WDR neurons should be inhibited 

by DNIC, this method has been used to characterise the components o f the blink reflex. It 

is known that the R1 is only elicited by stimulation of non-nociceptive fibres and the R3 is 

also mainly determined by activation of non-nociceptive Ap-fibres (Ellrich et al. 2001). 

However, nociceptive specific fibres using laser radiant heat can also elicit the R2. It is 

unclear whether the reflex intemeurons of the R2 evoked by noxious and non-noxious 

stimuli are the same or different. If the same, then the R2 may be mediated by WDR 

interneurons of the spinal trigeminal nucleus. If different, then LTM should mediate the 

non-noxious input and WDR neurons or nociceptive specific neurons should mediate the 

noxious input and the two modalities should converge on the efferent arc o f the reflex at 

the level of the facial nucleus. This problem has been addressed using DNIC (Ellrich and 

Treede 1998). Application of remote painful heat suppressed the R2 component of blink 

reflex significantly but not the R l, suggesting that the R2 be mediated by medullary WDR 

neurons and the R l by pontine LTM neurons. Thus the R2 component of the blink reflex 

may be used to study nociceptive trigeminal transmission.

In this study we compared the effect of DNIC on single, double and triple pulses 

elicited by the nociceptive blink reflex.

2.2.1.4.2 Methods

19 healthy volunteers age range 22-33 years, 10 female, 9 male, were recruited. None had 

migraine according to IHS criteria. Informed consent was obtained from all subjects.

Recording parameters for the nR2 were as described for the train o f pulses study, 

above. Individual Ip thresholds were obtained on all subjects using single pulses. Subjects 

were then allocated to receive 6  single, double or triple stimulus pulses per recording 

block. The first reflex recording of the 6  was discarded to the startle effect.

Subjects immersed their left hand up to the wrist in iced water, t = 0°C (condition 

A). After 10-15 seconds of immersion, when the subject began to feel cold pain, a block 

of blink reflexes was begun. The hand was removed from the water after 60 seconds. The 

control condition (B) followed the same sequence of events but using water at 37°C 

instead of 0°C. Subjects received the interventions in either the order ABBA or BAAB, 

randomly allocated at 7 minute intervals between each block.
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The nR2 latency, AUC, percentage of persistence and the regression coefficient 

between the 2"^ and 6 '̂̂  stimulus were recorded. The mean of the 2 control and 2 cold pain 

conditions was calculated. The DNIC effect for single, double and triple pulses was 

estimated as the percent change of the nR2 AUCs, persistence, change in latency and 

change in regression coefficient of the control condition to the pain condition.

Statistical analysis was performed by using ANOVA for repeated measurements 

using Mauchly’s test of sphericity; post hoc analysis was performed by using the test of 

least significance (LSD). Statistical significance was set at p<0.05.

2.2.1.4.3 Results

All volunteers completed the study with no significant adverse events. All subjects rated 

the cold pain stimulus as moderate to strong pain. Mean stimulation current: 1.1 (0.75 to 

1.55) mA (single and double groups), 0.8 (0.5 to 1.0) triple group. The results are 

summarized in Table 2-4.

% change AUC 

(mean ± SEM)

change in R2 % 

persistence (mean 

±SEM )

change in R2 

regression (mean ± 

SEM)

change in R2 

latency ms 

(mean ± SEM)

single 32.1 ±11 

p=0.019

-4 ±8 .2  p>0.05 0.04 ± 0.36 p>0.05 -0.25 ± 1.4 

p>0.05

double -16.2 ±4.5

p<0 . 0 0 1

13 ± 5.8 p=0.16 -0.59 ± 0.39 p=0.15 -0.53 ±1.5 

p>0.05

triple -42.7 ± 5.2 

p=0.007

21 ±7.1 p=0.5 -5.3 ± 1.0

p=0 . 0 0 1

Table 2-4 Summary of changes after DNIC

nR2 onset latency (fig. 2-18): There was a significant (p=0.001) increase of the mean 

triple pulse nR2 onset latency from 42.7 ms at baseline to 48.1 ms after pain, but no 

significant difference with either single or double pulses.
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Figure 2-18 Change in nR2 latency from control to pain condition

(mean and SEM)

Persistence (fig. 2-19): There was no significant change in nR2 persistence after pain 

with single pulses but a significant decrease with both double (p=0.016) and triple 

(p=0.05) pulses after pain.
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Figure 2-19 Change in % persistence of R2 between control and pain 
conditions

(mean and SEM)
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nR2 AUC (fig. 2-20): ANOVA comparison of mean percentage change of AUC from 

control to cold pain conditions for single, double and triple pulses showed a significant 

difference between the 3 groups (p<0.001, df=2, F=26.7).

There was a significant decrease in the mean nR2 AUC between control and cold pain 

conditions using double (p=0.007) and triple pulses (p<0.001), but using a single pulse 

there was a less significant increase in the nR2 AUC (p=0.019).
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Figure 2-20 Percentage change in R2 AUC from control to pain condition 
with multiple pulses

(mean and SEM)

Regression coefficient

There was no significant difference in regression coefficient for single or double pulses 

during control or pain conditions, all conditions producing a negative regression 

coefficient between the 2"  ̂and 6 ^ nR2 values. However, there was a trend (p=0.1) in 

difference between control and pain values for double pulses with a trend towards a less 

negative regression.

2.2.1.4.4 Discussion

The results o f this study suggest that double and triple pulse stimulation of the nR2 not 

only produce responses o f greater magnitude and improved persistence than single pulse 

stimulation but also, as characterised by DNIC, may be a more reliable tool with which 

to demonstrate modulating influences on the trigeminal nociceptive system. I discussed 

in the trains of pulses study that multiple pulses may ‘saturate’ the nociceptive system:
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however, by using DNIC we have shown that the system is still amenable to modulating 

influences under these parameters.

The phenomenon of DNIC has proved a useful tool to investigate systems 

mediated by WDR neurones in both the trigeminal nucleus and dorsal horn. DNIC 

activated by heat pain has been used in normal blink reflex recording (Ellrich and 

Treede 1998) to confirm that the R2 component o f the reflex is mediated by WDR 

neurones. In our study activation of DNIC reduced the mean double nR2 by 16% and 

triple nR2 by 43%, but not the single nR2. Part o f this effect was due to reduced 

persistence of response during DNIC with double and triple pulses. That the effect of 

DNIC was not shown on the single nR2 is probably due to the masking effect o f the 

emotional and sensory distraction effect of pain that is known to increase the blink 

reflex response (Rossi et al. 1993). The greater magnitude o f DNIC on double and triple 

nR2 may overrule this phenomenon and additionally produce changes with smaller 

standard errors than the single nR2. The negative regression coefficient seen across all 

trains of stimuli highlights the generally high level of habituation encountered with 

blink reflex recordings. Using double pulses, this negative regression diminished, whilst 

the mean nR2 response was smaller This implies nR2 values are smaller (a large DNIC 

effect) at the start o f the recording block, increasing in magnitude as DNIC wears off 

over the recording time. The total change in nR2 magnitude over the 6  responses 

reflects a combination of increasing habituation and diminishing DNIC.

In conclusion, we have found that the nR2 response produced using double or 

triple pulses is readily modulated by a factor known to influence nociceptive systems 

and is less influenced by distractions such as pain. This method may be a reliable and 

non-invasive way to measure alterations in trigeminal nociception such as occur in 

primary headache disorders.
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2.2.2 A longitudinal study of m igraineurs using nociceptive specific blink 
reflexes

2.2.2.1 Introduction

The methodological studies described in chapter 2.2.1 have allowed us to show that 

double pulse stimulation of the NE is a reproducible means of examining changes in 

brainstem trigeminal nociceptive transmission. Furthermore, the electronic diary study 

has given us insight that there are likely to be central changes starting several days 

before the headache. We therefore wished to track these changes using the NE in a 

longitudinal study of migraineurs throughout the migraine cycle to further our 

understanding o f the earliest changes in trigeminal nociceptive transmission in the 

attack.

2.2.2 2 Methods

The study was approved by the Ethics Committee of the National Hospital for 

Neurology and Neurosurgery. All subjects gave written informed consent.

Subjects were recruited who had migraine according to IHS criteria from those 

who were recruited in the electronic diary study with reliable premonitory symptoms 

and at least one migraine per month.

Nine migraineurs without aura, all females, were screened for entry into the 

study. Blink reflexes were elicited with NE, as described above. At the screening visit 

the threshold current for the first sensation of pain (Ip) using the NE electrode with 

double pulse stimulation (duration 1 ms, 5 ms interval) was determined (Ip range 0.6 to

0.7). Five subjects had reproducible nR2 using 1.5 x Ip (or sufficient to produce 

reproducible recordings but remaining well tolerated), range 0.9 to 1.7 mA, mean 1.14 

mA, and were included in the study. Subjects returned every 2-3 days, at the same time 

each day, during the study period for blink reflex recordings, placing the electrodes in 

the same location in V 1 at each visit.

Recordings were obtained in 8  blocks of 6  recordings with an interstimulus 

interval of 10 seconds ± 25% (pseudorandomised), alternating between left and right 

supraorbital regions, (in the order LRRLLRRL) with 5 minute intervals between blocks. 

Between the fourth and fifth blocks an estimate of variation in baseline EMG activity 

was made by recording 5 seconds of bilateral infraorbital EMG activity during rapid 

gentle, eye blinking, without supraorbital stimulation.
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Subjects were given a dairy card to complete every day of the study recording 

premonitory, headache and postdrome characteristics, and overall level of functioning to 

be marked on a linear scale between ‘extremely poor’ and ‘extremely good’, translated 

into a linear scale 1 to 1 0 0 .

2.2 2.3 Results

One subject withdrew from the study without producing analysable data. The AUC of 

the ipsi- and contralateral nR2 responses was calculated from the rectified EMG as 

described above. Only the middle 4 blocks (RLLR) were used in the final analysis to 

compensate for the initial startle effect and habituation towards the end o f the recording 

time. The mean of the right and left sides was calculated and correlated to the headache 

or non-headache side for the closest migraine. The results from the right side were 

corrected for variation in pick-up electrode placement by multiplying by the baseline 

EMG L/R ratio. The results were expressed as the headache/non-headache R2 AUC 

ipsilaterally and contralaterally.

Using the diaries kept by the subjects, the timing of each recording was 

expressed as a percentage in the migraine cycle to control for individual differences in 

cycle duration i.e. day 1 of the migraine = 0 % or 1 0 0 %, half way between migraines = 

50%».

No consistent change in headache/non-headache ratio was found at any stage in 

the migraine cycle (fig. 2-21). In particular there was no correlation between 

premonitory symptoms and change in blink reflex ratio. Additionally there was no 

significant difference in the magnitude of responses at any stage in the migraine cycle.

Likewise, there was no consistent change in VAS score o f general state of health 

(fig. 2 -2 2 ) during the premonitory phase, with only a sharp decrease for the duration of 

the migraine.
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Figure 2-22 Summary of VAS changes during the migraine cycle

2.2.2 4 Discussion

This small study has not been able to demonstrate any consistent changes in trigeminal 

nociception during the premonitory phase, as measured with the nociceptive blink reflex 

electrode.

This may be a reflection of the small sample size, inadequacy of the technique, 

or indeed that there is no change in trigeminal brainstem nociceptive pathways. O f the 9 

patients recruited with reliable premonitory symptoms, 5 were excluded or did not 

produce analysable data. It was not possible to recruit other subjects who fulfilled entry
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criteria during the study period, who tolerated the method and were able to participate in 

such a time consuming project.

We had attempted to address inadequacies in this new technique before starting 

the study to improve reproducibility. We had found in the GR79236 study (section 

2 .2 . 1 .1 ) a large intraindividual variation in response that we improved upon by using the 

double pulse method. However several factors may still affect intraindividual 

variability:

1. Habituation. Repeated stimulation in the same dermatome, even with interstimulus 

intervals as described and allowing for the startle effect of the first stimulus, 

produces a decreasing R2 response in many subjects. This habituation depends 

critically on the level of alertness of the subject. We tried to control for this as far as 

possible by performing tests at the same time each day under identical 

circumstances with the same investigator and by having inter-block intervals of 5 

minutes.

2. Stimulating electrode placement. These were placed in as similar positions as 

possible each day but the exact placement may have varied and even a slight shift 

in position can profoundly influence the reflex produced. In follow on studies the 

use o f multiple stimulation electrodes is to be investigated as a means of controlling 

for the variation in cutaneous sensitivity.

3. Level o f alertness of the subject. This made a striking impact on the recordings 

obtained and was corrected as far as possible by recording blink reflexes at the 

same time each day.

4. Recording electrode placement. Similarly change in position of the recording 

electrodes will influence the magnitude of the response recorded. This was 

corrected for by taking the baseline EMG ratio between the ipsi- and contralateral 

sides as a time of day for each individual and keeping all environmental parameters 

as stable as possible. Nevertheless, factors beyond our control dictated that the 

investigation room was changed on several occasions for each patient that 

undoubtedly had an impact on individual level of arousal.

Experience o f this study and further refinements (e.g. using multiple electrodes to 

counteract variation in electrode placement) may produce results with less variance in 

future studies.

The nociceptive reflex is relayed through the TNG and it would be expected that 

any change in the handling of nociception by the TNG should be reflected in the R2 

component. This may be mediated by central sensitisation or reduced descending
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inhibitory control. Evidence for this in humans is circumstantial. The animal model of 

trigeminal nociception by SSS stimulation induces activation o f the TNC (Goadsby and 

Zagami 1991). In humans, clinical observation of cutaneous sensitisation during 

migraine probably indicates central sensitisation at the level of the TNC (Burstein et al.

2000) but direct evidence of physiological changes of the TNC in the human condition 

have not been documented. As discussed above, studies using evoked potentials have 

documented changes in cortical electrophysiology in human migraine and functional 

imaging studies have shown activation in the brainstem at the level o f the midbrain, but 

direct evidence o f a change in activation of the TNC is lacking.

Whilst we have shown that this novel technique is a reproducible method with 

which to investigate brainstem trigeminal circuits, I have not been able to detect 

consistent changes over the course of a migraine in this small study.
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2.3 Positron emission tomography study in the premonitory phase

2.3.1 Introduction

The PET study by Weiller and colleagues (1995) gave a tantalising insight into possible 

brainstem regions involved in generation, or maintenance, of the migraine attack. These 

results have yet to be repeated and the study was performed on a relatively low 

resolution scanner. Although brainstem regions were shown to be active during the 

attack, with or without head pain, it remains to be seen at what stage in the migraine 

these become active. The high predictability of symptoms in the diary study has led us 

to hypothesise that brainstem or diencephalic changes may be seen in the premonitory 

phase. These changes may differ in quality or quantity to those of the headache phase

i.e. they may involve different regions or the same regions to a different extent. We 

therefore sought to explore their findings using a higher resolution scanner; to test the 

hypothesis that the brainstem activation described by Weiller is present during the 

premonitory phase and to localise the area and confirm the latéralisation.

2.3.2 M ethods

The study was approved by the ethics committee of the NHNN and conformed to 

Administration o f Radioactive Substances Advisory Committee (ARSAC) radiation 

guidelines. Subjects were recruited from those who took part in the electronic diary 

study, with others recruited from the headache clinic with IHS criteria migraine and 

who demonstrated on paper diaries reliable prediction of migraine. All subjects could 

reliably predict migraine headache from premonitory symptoms, at least a few hours 

before the onset o f the attack. Subjects were excluded who were not taking reliable 

contraception. Informed consent was obtained on all subjects. PET scans were 

performed in three conditions: interictally (at least two days outside a migraine attack), 

during the premonitory phase and during the headache phase, with four scans performed 

on each occasion with subjects acting as their own control. Subjects were requested not 

to take migraine medication until after the scan. Subjects were encouraged to contact the 

investigator as soon as possible after the onset of symptoms during the headache and 

premonitory phases. To minimise the ‘ordering’ effect of scans (i.e. a variation in 

activity due to a variation in temporal order of the scans be it a learning effect on the 

part o f the subject or a physical change of the scanning parameters over time), subjects 

were scanned in the interictal, premonitory and headache phases in a random order.
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PET scans were performed with an EXACT HR+ scanning system in 3-D mode 

with septa retracted. An antecubital vein was used to administer the tracer, 350 mBq of 

H2 ^̂ 0 . The activity was flushed into subjects over 20 seconds at a rate o f 10 ml/min. 

The data were acquires in one 90 second frame beginning 5 seconds before the peak of 

the head curve. The interval between scans was between 8  and 15 minutes. Attenuation 

correction was performed with a transmission scan acquired at the beginning of each 

study. Images were reconstructed by filtered back-projection into 63 image planes 

(separation 2.4 mm) and into a 128 x 128 pixel image matrix (pixel size 2.1 x 2.1 mm^). 

SPM97 (Wellcome Department of Imaging Neuroscience, London) was used for data 

analysis. Images were realigned with the first as the reference and then resliced and 

finally spatially normalised into the space defined by the atlas of Talairach and 

Toumaux. The normalised images were smoothed with a Gaussian filter of 10mm full 

width at half-maximum (FWHM). Statistical parametric maps were derived with 

prespecified contrasts, comparing regional cerebral blood flow during premonitory 

phase, headache and interictally. All subjects had a structural T] weighted MRl scan 

after the interictal PET scan.

2 .3.3 R esults

Five subjects were imaged in the headache phase (one set of scans lost on the data 

storage system before further processing), 2 in the premonitory state and 7 in the 

interictal state (Table 2-5). However, because of the ordering effect, multi-subject 

analyses could not be performed. This analysis is, therefore, an interim analysis and the 

study is ongoing.

All structural T% weighted scans showed no significant abnormalities.

Interictal scans were performed a minimum of 2 days (mean 5.5 days) distant 

from the onset o f any migraine. The two premonitory scans were performed 3 and 16 

hours after the onset of symptoms and 2 0  and 2  hours respectively before the onset of 

headache, with symptoms of stiff neck and yawning, and nausea, disorientation, 

difficulty with speech and tingling on the scalp. Headache scans were performed 4, 20, 

19 and 5 hours into the headache.
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Table 2-5 Summary of subjects who have undergone PET imaging

Number (1-3) denotes order of scanning

Interictal vs. premonitory: two subjects were analysed in these conditions. No 

significant areas o f brainstem activation were detected.

Premonitory vs. interictal: there were scattered small areas of minor cortical 

activation but also in one subject a large significant region in the left basal ganglia, 

focussed at the genu of the internal capsule.

Premonitory vs. headache: only one subject (MF) was analysed in this condition. 

This showed a significant area of activation in the dorsal rostral midbrain, crossing the 

midline (fig. 2-23) and compatible with an area encompassing the PAG. However, this 

was not seen on scans from the same subject comparing interictal vs. headache states 

and may therefore be spurious. Headache vs. premonitory: no significant brainstem 

activation was detected. There was scattered activation in both cortices and activation 

corresponding to some large blood vessels.

Interictal vs. headache: 3 subjects were analysed in these conditions, but results 

could not be pooled because of the ordering effect. No consistent areas of brainstem 

activation could be determined from single subject analyses. One subject (MF) showed 

activation of the cerebellar vermis (fig. 2-24), which was not apparent on analyses of 

her interictal vs. premonitory, nor premonitory vs. headache analyses. No consistently 

significant activation was seen in the insular, cingulate or prefrontal cortex or the
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thalamus. Individual subjects showed activation of these areas, in addition to the 

auditory and visual association cortices, but this was in the context of widespread 

activation of many other regions. Extraparenchymal activation was seen corresponding 

to the large intracranial vessels.
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Figure 2-23 Statistical parametric map (SPM) of headache versus 
premonitory states.

Activation is seen in the dorsal rostral midbrain crossing the midline in the 
headache state compared to the premonitory state
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Activation is seen in the cerebellar vermis in the headache state compared to 
interictally
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2.3.4 Discussion

In this small study a comparison of the headache and interictal scans detected activation 

in the intracranial vessels and inconsistently in various cortical areas, but no significant 

areas o f activation were detected in the brainstem. The only significant area of 

brainstem activation in the study was detected comparing premonitory with headache 

scans in a single subject (MF). However, this result must be interpreted with caution 

because comparison of 2  scans performed several months apart is not valid without a 

correction o f the ordering effect i.e. comparing with scans done in the opposite order. 

Additionally, no such activation was seen on any of the interictal vs. headache analyses. 

Therefore this activation may be a chance finding, although it is conceivable that it may 

represent an area that becomes relatively inactive during the premonitory phase 

compared to interictally, before becoming more active during the headache. The sample 

size was insufficient to distinguish these two possibilities.

A significant region in the cerebellar vermis was seen in analysis of the same 

subject’s interictal vs. migraine analysis, but not for the other two subjects analysed in 

the same states. As will be discussed later, functional and structural changes are 

implicated in migraine with prolonged aura and it is possible that this may be 

extrapolated to migraine without aura. One explanation of the difference in activation 

pattern between subjects is that MF was imaged much earlier in the headache (4 hours) 

and premonitory phases than the others and this region may change in activation over 

the course of the migraine.

Two reasons may explain these mainly negative findings. First, that there are 

methodological inadequacies, or secondly that there is no brainstem activation in these 

regions at this time. No consistent changes were seen in the cingulate or insular cortices 

in the migraine scans versus interictal, regions that have consistently shown activation 

in other functional imaging studies of headache. This suggests that our study was 

inadequate to pick up functional imaging changes o f migraine. The main reason for this 

is inadequate patient numbers, and because of the ordering effect, only being able to 

analyse single cases. The data analysis uses the technique of statistical parametric 

mapping. As the name implies, this is a statistical based technique that gives a level of 

probability o f significant activation in a given area. Thus by far the greatest factor in 

reaching significance is sample size.

We had anticipated needing a sample size of at least 8  patients to reach statistical 

significance and over 12 patients were recruited into the study. However, imaging was
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constrained by logistical difficulties including: access to the scanner only between 

9:00am and 5:00pm Monday to Friday; sharing scanning facilities with other 

researchers; needing a very high certainty of prediction from premonitory symptoms; 

significant duration of premonitory symptoms to arrange a scan and travel to the 

imaging centre; sufficient level of mobility and lack of vomiting in the migraine to 

travel through London for scanning, and scanning before acute medication had been 

taken. Although migraine is a highly prevalent disorder, we restricted this project to 

patients who had already proved to us, either through the electronic diary study or by 

reliably kept paper diaries, that they could accurately predict a headache from 

premonitory symptoms. For logistical reasons, these needed to be patients who lived or 

worked sufficiently close to the imaging centre to be scanned within the required time 

frame and who were not too disabled by vomiting or pain to travel. Radiation guidelines 

decree that each volunteer may only be exposed for research purposes to 12 PET scans 

o f this radiation dose. These were divided into 3 sessions of 4 scans each. If a patient 

were imaged when they had premonitory symptoms that did not progress to a migraine, 

then that patient would have to be excluded from the study. Therefore, patients were 

only scanned in the premonitory phase when they were certain they would develop a 

migraine. Similarly, interictal scans were only performed when the subjects considered 

themselves unlikely to have a migraine for at least 2, preferably 3 days.

The alternative explanation is that there are no true changes in brainstem 

activation during migraine. Activation in the cingulate cortices that corresponds to the 

appreciation of pain has been demonstrate in many studies of head pain, but regions of 

brain stem activation, although fitting in with current theories of migraine pathogenesis 

have only been demonstrated in studies with very small numbers of patients. The largest 

o f these (Weiller et al. 1995) showed activation only when all 9 patients were examined 

and indeed the brainstem was not a primary area of interest and only analysed post hoc. 

However it may be that there are real changes in activation but these are too small (in 

volume or magnitude of activation) to detect with the current functional imaging 

methods.

In summary, this study is ongoing and the interim analysis did not have 

sufficient power to indicate whether brainstem activation occurs during the premonitory 

phase o f migraine. A single case suggested that there is an area in the dorsal midbrain 

that is more active in the headache phase than premonitory phase.
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2.4 A iongitudinal study of urine neopterin and nitric oxide metabolites 

in migraineurs

2.4.1 Introduction

Neopterin is a marker for activation of the immune system. Large amounts of neopterin 

are produced and released from human macrophages on stimulation with interferon-y 

(Fuchs 1993). Serum or urine neopterin can increase in infection, transplant rejection, 

HIV infection, neoplasia and other diseases associated with immune system dysfunction 

such as multiple sclerosis (Sorensen 1999; Giovannoni et al. 1999). It is highly specific 

and sensitive to inflammatory changes but is non-specific for the disease type and this 

raises problems in the interpretation of the results (Hamerlinck 1999; Andert and Muller 

1995). A role for dysfunction of the immune system in migraine is suggested by the 

comorbidity of migraine and atopic disorders such as eczema and asthma. Moreover, 

migraineurs report that infections not only precipitate attacks but also increase the 

headache intensity. Additionally, an open label trial suggested that migraineurs might 

benefit from eradication of Helicobacter pylori infection, suggesting a possible role for 

sub-clinical infection in the pathogenesis of migraine (Gasbarrini et al. 1998). Changes 

in serum levels of complement, immunoglobulins, histamine, immune cells and TNFa 

have been found in some, but not all studies and may be related to altered susceptibility 

to infection in migraineurs but may also reflect chronic stress. Discrepancies in the 

literature over levels of these inflammatory markers may well be due to different 

patterns of sample collection relative to the time of the attack.

Nitric oxide ((NO)-N) can also be measured in the urine and in multiple sclerosis 

has been found to correlate with early and relapsing disease compared to progressive 

MS (Giovannoni et al. 1999).

Hence we proposed to do a longitudinal study measuring the urine inflammatory 

markers NO and neopterin to pick up interictal and premonitory changes in urinary 

samples (Kemper et al. 2001).

2 .4 .2  M ethods

Ten subjects were recruited from the cohort who took part in the electronic diary and 

PET studies with reliable premonitory symptoms and at least one migraine per month.

Nine had migraine without aura, one with aura. All were female non-smokers 

with no active chronic disease. Only one gave a history of migraines currently
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associated with her menstrual cycle. All patients gave written informed consent.

Patients were given a daily migraine diary card to complete, detailing concurrent 

infection, menstrual period, premonitory symptoms and features of migraine as defined 

by the IHS. They were asked to collect a 1 ml morning sample of urine every day for 40 

days or one complete migraine cycle, whichever was longer. Samples were stored in 

sealed containers in domestic freezers until the end of the study when they were

returned to the investigators to be centrifuged, aliquoted and stored at -20^C.

Control samples were collected for 40 days from 8  females with no history of 

migraine or other chronic disorder.

Assays: assays were performed by Dr G Giovannani and Dr K Rejdak (Institute of 

Neurology, London). The vanadium based simple assay for nitrite/nitrate measurement 

in biological specimens was used as described by Miranda et al. (Miranda et al. 2001). 

The assay was performed in a standard flat-bottomed 96-well polystyrene microtiter 

plate, containing 50 pL/well of standard or sample in duplicate.

Immediately before the application, Griess reagents SULF (50 pi) and NEDD 

(50 pi) were premixed and added to each well. Nitrite mixed with Griess reagents forms 

a chromophore from the diazotization of sulphanilamide by acidic nitrite followed by 

coupling with bicyclic amines such as N-1- (naphthyl) ethylenediamine. Subsequently, 

the vanadium solution was added in a volume o f 100 pL/well, the contents were 

vigorously mixed and the plate was left for 60-minute incubation at 37^ C. The 

absorbance at 540 nm was read again to assess the total level o f nitrite and nitrate (NOx) 

in all samples.

Creatinine and neopterin in urine samples was measured by high-performance 

liquid chromatography (HPLC) as described before (Giovannoni et al. 1997).

2 .4 .3  R esults

Eight subjects completed the study. Mean age 52 years (range 38 to 70). Median 

number of migraines in the study period 3.5 (range 1 to 10), median number of non- 

migrainous headaches in study period 0.5 (range 0 to 3).

Data from 2 subjects were excluded from further analysis because their data fell 

outside all other values for biologically explicable reasons. One migraineur was 

excluded because she had concurrent endometriosis and had neopterin and NO levels 

raised far in excess of all other cases (fig. 2-26d). One control subject was also excluded
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as she w as a heavy smoker, a factor known to alter NO  excretion (Balint et al. 2001). 

She was the only current smoker in the study.

Data was analysed from 40 days o f  urine collection for each o f  8 remaining 

subjects, and from a total o f  261 days for the remaining control population o f  7 subjects.

Since NO /Cr was not normally distributed, a log transformation was first 

performed before statistical analysis.

There was no difference in mean neopterin levels between control and migraine 

populations (fig  2-25). In particular there was no association between premonitory 

sym ptom s or migraine and neopterin levels. Neopterin levels did increase significantly  

during infection and intercurrent illness such as sore throat and endom etriosis (e.g. fig. 

2-26  d). Thereafter neopterin peaks were used to correct for NO  peaks due to 

intercurrent illness.

There w as no significant difference in the mean log urinary NO/Cr ratio between  

the migraine group compared to controls (2 .956 ± 0.35 vs. 2.78 ±  0.38) (mean ±  SD) 

(fig. 2 -25). Individual exam ples o f  NO excretion are shown in fig. 2-26.
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Figure 2-25 Mean, 25̂ ’’ and 75“' percentiles and 10“’ and 90“' percentiles of 
log urinary NO/Cr of migraine and control populations.
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Values above the control mean ± 3SD of 2,731 were considered to be ‘peak’ NO 

values for both populations. The migraine group had significantly greater total number 

o f days o f NO peaks (23), grouped into 18 peaks compared to controls (1) (p = 0.036). 

Two subjects in the migraine group had no NO peaks (e.g. fig. 2-26c), other than one 

associated with a rise in neopterin and a sore throat in one.

Although there was an increased frequency of NO peaks in those with migraine, 

there was no consistent association between NO peaks and any particular phase of the 

migraine cycle. This was particularly true after excluding those peaks associated with 

neopterin increase.

2.4.4 D iscussion

The results of the current study suggest that there is a population difference in NO 

excretion between migraineurs and controls. This is probably due to an increased 

frequency o f peaks of NO excretion rather than a difference in baseline excretion. 

However the association between the timing of migraine attacks and NO peaks is no 

greater than chance. There is no consistent association between the timing o f the NO 

peak and any phase o f the migraine cycle, in particular it is not a marker o f the 

premonitory phase. Migraine is not associated with raised neopterin levels.

The assay used in the present study indirectly measure NO via two downstream 

metabolites of NO: nitrate and nitrite. NO is an extremely unstable entity and is rapidly 

oxidised by haemoglobin to nitrate, which in turn is reduced to nitrite. Using a similar 

assay technique the control values of NO in this study were similar to those found in 

another study of healthy females (Morris et al. 1996). Early morning urine NO 

concentration reflects the previous 8  hours excretion and so, although a good method at 

picking up small changes, may miss more rapid changes in NO metabolism. Other 

methods of NO analysis should be considered. NO can also be measured in breath, 

which may be used for an analysis requiring multiple time points, or serum.

Not only may there be an increased sensitivity to NO ictally in migraineurs, as 

evidenced by GTN induced migraine, but also increased NO production both during and 

between attacks. A significant increase in stable metabolites of NO has been found 

during attacks (Sarchielli et al. 2000) in migraineurs with and without aura compared to 

controls, similar to the findings of the present study, that decreases after treatment of the 

headache with sumatriptan (Stepien and Chalimoniuk 1998).

Is the increased NO a trait or a state marker of migraine? Other studies have 

suggested that NO may be a trait marker. Between attacks basal production o f NO by

144



peripheral monocytes and platelets in migraine with and without aura is increased 

compared to healthy controls (Stirparo et al. 2000; Gallai et al. 1996) and decreases 

significantly after prophylactic migraine treatment with propranolol (Shimomura et al.

1999). In the current study we found no significant difference in mean NO excretion 

between the migraine and control populations but a significant difference in number of 

NO peaks. However, it is uncertain how these peaks correlate to migraine. There was no 

consistent association between NO concentration and the premonitory, headache or 

postdrome phases of migraine, after excluding those peaks associated with a rise in 

neopterin and presumed to be secondary to an inflammatory or infective process.

It has been discussed above that NO is a likely candidate in the final common 

pathway in at least peripheral trigeminal sensitisation in migraine (Thomsen and Olesen

2001), but it may also have a role to play in the initiation of, or later, in the cascade of 

events. Thus it is uncertain whether peak NO excretion would be expected before, 

during or after a migraine and if increased NO excretion is a cause or effect of migraine.

An increase in endogenous NO during migraine with aura may be explained by 

CSD, thought to be the physiological equivalent of aura in humans. Animal experiments 

have shown prolonged and sustained elevation of cortical NO after triggered CSD far 

exceeding the infusion period and half-life of GTN (Read et al. 2000). However similar 

changes have yet to be shown in humans and GTN has been reported to trigger aura 

(Bank 2001). Additionally, although CSD may occur without manifesting as an aura 

(Woods et al. 1994) no subjects in our cohort had migraine with aura.

What factors other than migraine may account for raised NO? The association 

between NO and migraineurs cannot be explained solely by intercurrent infection or 

inflammation. Neopterin, an acute phase reactant, was used in our study to control for 

the effects o f intercurrent illness that may not only increase NO production but also 

trigger headache. Only 2 out of the 18 NO peaks were associated with neopterin and 

there was no significant change in neopterin levels in migraineurs, except when due to 

intercurrent illness such as a sore throat of endometriosis.

Since neopterin reflects activation o f macrophages, also responsible for 

activation o f iNOS, increased NO in the absence o f increased neopterin must reflect 

activation o f constitutive NOS, either eNOS or nNOS. A large rise in neopterin was 

detected in one patient with endometriosis. This was probably due to the inflammation 

of muscle that is known to cause a massive increase in iNOS rather than a macrophage 

response.
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It is unlikely that the raised NO in most subjects was due to an association with 

the menstrual cycle. Although migraine is often triggered perimenstrually, only one 

subject in our cohort had a strong menstrual association. An association has been found 

between the menstrual cycle and serum NO concentration (Rosselli et al. 1994) but not 

with urinary nitrate concentration (Morris et al. 1996). NO levels cannot be accounted 

for solely by stress as both migraine and control collections were performed by the 

patient at home with contact with the investigator only at the start and end of the study.

We took an association between migraine and NO to be within one day o f the 

migraine but there is clinical and electrophysiological events starting up to 5 days 

before the attack (Evers et al. 1999; Judit et al. 2000; Siniatchkin et al. 1999;

Siniatchkin et al. 2000), which could potentially involve NO. However, NO peaks 

showed no correlation with any particular phase of the migraine cycle.

Two migraineurs in our study did not show any significant rise in NO (other 

than that associated with neopterin) (e.g. fig. 2-25c) perhaps representing a genetically 

distinct group. Although migraine has a strong familial tendency this effect is probably 

polygenetic and there is no evidence for genes involved in NO pathways. Alternatively, 

phenotypic differences between these populations may alter NO concentration, 

including headache severity, acute and prophylactic migraine medication and the degree 

of cranial autonomic activation: efferent NO and VIP containing parasympathetic fibres 

from the sphenopalatine ganglion produce not only vasodilatation of intracranial vessels 

but also mediate the parasympathetic features associated with trigeminally mediated 

pain.

Many migraines and NO peaks occurred in isolation, implying that one is neither 

sufficient nor necessary for the other. Migraine is a multifactorial disorder probably 

with an underlying fluctuating ‘readiness’ to generate a migraine that may reach a 

threshold spontaneously or be triggered by changes in the internal, possibly including 

NO metabolism, or external environment.

No subjects in our study were on prophylactic medication. In further studies of 

NO excretion the effect o f prophylactic medication on NO and correlation with clinical 

improvement should be addressed.

In summary, although there is a population difference in peaks of NO urinary 

excretion between control and migraine populations, there is no consistent association 

between the timing of the migraine and NO. Future studies may elucidate phenotypic 

differences between migraineurs with and without raised NO excretion and may give 

further insight into the pivotal role that NO play in migraine.
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3 Migraine with proionged aura

3.1 Studies of Familial ataxic migraine

3.1.1 Introduction

The phenotypic diversity of familial hemiplegic migraine (FHM) has become apparent 

over recent years and has been discussed above. A particularly common and striking 

manifestation in many families with the CACNAl A mutations is ataxia. The spectrum 

o f presentation between the allelic disorders FHM and EA-2 makes this observation 

more intriguing. A large, six generation, British family was referred for research 

purposes to the Headache Group, Institute of Neurology. Affected members had 

predominantly an episodic ataxic syndrome but many family members also had 

migraine, including some that did not have ataxia. This family presented an ideal 

opportunity to study in depth the clinical, genetic and neuroimaging aspects of a 

disorder that lies on the spectrum between FHM and EA-2 that we have termed Familial 

Ataxic Migraine (FAM).

3.1.2 Clinical study

3.1.2.1 Methods

All available members o f Family 1 were thoroughly interviewed by a semistructured 

questionnaire and a neurological examination was performed prior to genetic analysis. 

The questionnaire included questions about age at onset, frequency and duration of 

attacks, duration of paresis and ataxia, the occurrence of migraine symptoms according 

to IHS criteria, triggers for the attacks, response to acetazolamide, interictal symptoms 

of ataxia, and the occurrence of different types of attacks. Information from deceased 

family members was obtained from first-degree relatives. Available medical records 

concerning affected members were reviewed.

3.1.2.2 Cases

Clinical data are summarised in table 3-1 and a family tree shown in fig. 3-1. The 

proband (IV-19), a 26 year-old male has recurrent attacks of headache with nausea and 

vomiting associated with double vision, vertigo, lack of co-ordination affecting all limbs 

and a staggering gait thus fulfilling IHS criteria for migraine with prolonged aura. The 

duration of the attacks is between two and eight hours and the attacks occur twice 

weekly. Acetazolamide had no effect on attack frequency or severity but flimarizine
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mutation age age at duration frequency/ description of dysarthria migraine vertigo nausea acetazolamide gait interictal interictal separate 
(yrs) onset yr range attacks with during vomiting responsive ataxia limb nystagmus migraine

__________________ (decade)_____________ (min-max) ataxia_______________________ataxia_____________________________________________ incoord attacks
91

63

65

56

63

55

52

49

54

37

34

21

26

25

1.5

3™

1"

1"

IS.

IS.

3rd

r

1st

2-3 hrs 

5-45mins 

minutes 

few hours 

15-30mins 

5 hours 

2-3hours

1 Omins-few 
hours

l/2hr-few
hrs

mins

5-20mins 

1-15 mins 

2-8hrs 

5mins 

1-3 days

0-4

?

2-4

52-156

12-156

12-156

4-156

1-156 

rare 

4-6 

4-6

12-104

2-24 

52

ataxia facial 
hemiplegia

legs like rubber

clumsy legs

unsteadiness all 4 
limbs

unsteadiness uni-or 
bi-lateral

clumsy all 4 limbs 
slurred speech, 

ataxia
unsteadiness all 4 

limbs

unsteady, left or all 
4 limbs

clumsiness both legs 
unsteady body

jelly legs, not arms

drunk, heavy feeling 
shaking hands

like being drunk, 
disorientated

lack o f  coordination 
gait ataxia, diploplia

unsteadiness all 4 
limbs

tilting o f  head, gait 
ataxia

NT

-H -

NT

NT

NT

++

NT

+

NT

NT

NT

NT

NT

NT

Mild

Table 3 1̂ Clinical features of familial ataxic migraine
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(5mg o.d.) reduced attack severity. Attacks are triggered by exercise, stress or 

chocolate. Interictal neurological examination revealed a mild gait ataxia and limb 

dysmetria.

His son, V-20, aged 15 months, has had attacks from six weeks o f age, starting 

with tilting o f the head to the left for 15 to 30 minutes followed by vomiting and 

unsteadiness o f gait which may last for 1 to 3 days. From the age of 2 years, the head 

tilting has resolved but the frequency of unsteadiness and vomiting has increased to 

twice a week, often precipitated by excitement such as play school and parties.

II-1 was demented and frail, so no history was available and examination was 

limited, she died 3 months after the interview. Her children reported that she had attacks 

since early childhood, possibly younger, reducing in her 70’s. During these attacks she 

would have unsteady legs with facial hemiparesis without migraine headaches. The 

duration o f the attacks was between two and three hours and the attacks could be 

precipitated by stress or fatigue. Interictally she was unsteady and clumsy.

Her daughter, III-3, is a 56 year old woman who had attacks of migraine with 

ataxia, dysarthria and facial hemiparesis from the age of 15 until 48. For the last eight 

years she has had episodes of ataxia lasting a few hours without headache or dysarthria. 

Interictal examination was normal.

The son o f II-1, III-2, is a 65 year old man who had migraine attacks from the 

age of six years until his forties with no ataxia nor hemiplegia. He reported frequent 

blackouts in childhood followed by ‘wobbly legs’ for a few minutes afterwards. From 

his teens till his twenties he had episodes of gradual onset o f clumsy legs lasting for a 

few minutes. Neurological examination showed mild truncal ataxia, limb incoordination 

and gaze evoked nystagmus.

3.1.2.3 Discussion

The proband had attacks of ataxia with typical migraine headache, akin to previous 

descriptions o f ‘basilar migraine’. In FHM families the attacks are remarkably similar to 

‘basilar migraine’, suggesting a shared underlying genetic pathophysiological 

mechanism (Haan et al. 1995). However we consider the term ‘basilar migraine’ is 

unhelpful, as there is no evidence of change in calibre or flow in the basilar artery in 

these events. The term ‘brainstem aura’ may be more appropriate in describing the 

origin o f the symptoms.

The episodic ataxia in this family could be regarded as a prolonged migraine 

aura. The clinical data shows that most affected family members had attacks fulfilling
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criteria for EA-2 and some members had additional migraine attacks. The incidence of 

migraine in this family is higher than that expected in EA-2. We have therefore used the 

term ‘familial ataxic migraine’ to highlight the spectrum between the two conditions. 

The results suggest that different family members show different phenotypic 

expressions o f the same truncating mutation in the CACNAl A gene.

Even if  the hallmark of FHM is episodic hemiparesis and headache, interictal 

disturbance is usually o f cerebellar dysfunction. Nystagmus, with associated cerebellar 

vermis atrophy, can be detected in some kindreds linked to chromosome 19 (Elliott et 

al. 1996). Subclinical cerebellar dysfunction may also be observed in patients with the 

more common forms of non-hemiplegic migraine, both with and without aura (Sandor 

et al. 2001). Whether this latter finding represents involvement of calcium channel 

genes in the common types of migraine remains to be determined.

Are cerebellar features secondary to recurrent ischaemia or of genetic origin? 

Interictal cerebellar features and cerebellar atrophy are frequently found in patients with 

FHM but their origins have been unclear. It is unlikely that the cerebellar features are 

secondary to recurrent ischaemic events. It is more likely that cerebellar features 

associate with FHM through shared genetic factors. It is clear that nystagmus and ataxia 

frequently begin prior to the onset of the migraine attack (Young et al. 1970). More 

recently it has been noted that some FHM mutations (in particular the R583Q, 1181IL 

and T6 6 6 M missense mutations) are associated with cerebellar disturbance but others 

not (Ducros et al. 2001; Terwindt et al. 1998).

Only 50% of affected family members had headache as part of their attacks. This 

emphasises that the ‘aura’ and ‘headache’ genes may be distinct entities, albeit linked in 

some way. Additionally, at least 4 subjects in this kindred are ‘phenocopies’ i.e. they 

have a similar phenotype and do not share the same genetic mutation as the others. It is 

important to note that these subjects were clinically diagnosed prior to the genetic 

analysis.

This family emphasises the broad spectrum of aura manifestations and the 

probable distinction of genes for aura and for headache.

3.1.3 G enetic  study

3.1.3.1 Methods

All available family members of the family described above, both affected and 

unaffected, had blood taken for genetic analysis.
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Genotyping was performed at the Department of Neurogenetics, Leiden 

University, Netherlands. Two extragenic polymorphic microsatellite DNA markers 

flanking the CACNAl A gene were analysed. Marker allelic frequencies and number of 

alleles of the Genome DataBase were used. Pairwise lod scores were calculated using an 

affecteds-only model assuming autosomal dominant inheritance of a rare gene 

(frequency 0.0001) with penetrance of 90% and a phenocopy rate of 0.001. The PCR 

products of all 47 exons of the CACNAl A gene were screened for sequence aberrations 

by single-strand conformation polymorphism (SSCP) according to previously described 

methods (Ophoff et al. 1996). To identify carriers of the mutation at position 5838, exon 

37 of the CACNAl A gene was amplified by PCR. As a template, genomic DNA of the 

individuals from the families or of 152 unaffected control subjects from the general 

population with no family history for migraine or cerebellar ataxia was tested. The PCR 

product was digested and electrophoresed on a 2% agarose gel. In normal individuals, 

two fragments are detected of 110 bp and 70 bp, whereas in affected individuals the 

mutation causes a loss of the restriction site that produces a 180bp band from the 

mutated allele.

3.1.3.2 Results

Linkage analysis showed that two-point lod score values between disease and selected 

markers were slightly positive, but not significant, for three o f the four markers. These 

results were not surprising as haplotype data showed that four family members (III-3, 

IV-6 , IV-7 and V-1) clinically blindly scored as affected, did not show the same 

haplotypes as the other affecteds. Mutation analysis was performed using SSCP analysis 

on genomic DNA obtained from probands III-3 and IV-19 to represent the two different 

branches o f the family. No previous described mutations were present, but a new variant 

was identified in exon 37, consisting of a C to G change at position 5838 of the coding 

sequence, predicting a premature stop codon. The mutation is located in the beginning 

o f the intracellular C-terminus of the ai2.1 subunit (fig. 1-5). In accordance with the 

haplotyping results, four clinically affected members (III-3, IV-6 , IV-7 and V-1) 

showed no mutation (phenocopies). One of these four, III-3, was also included in the 

mutation analysis with SSCP and showed no other mutation in the CACNAl A gene.

We retrospectively analysed the clinical characteristics of the affected family members 

to search for clinical differences between the mutation carriers and the phenocopies. 

There was no difference in age at onset, duration of attacks, frequency of attacks and

155



clinical characteristics of attacks. However, interictal neurological examination showed 

only mild ataxia in one of the four non-carriers.

3.1.3.3 Discussion

The family described had a novel mutation resulting in a truncated CACNAl A gene. A 

different mutation (a C to A deletion) resulting in the same truncation has since been 

described in an unrelated family with EA-2 (Terwindt, personal communication).

It is noteworthy that some family members (e.g. III-3) who are clinically 

affected by migraine with prolonged aura and attacks of unsteadiness do not harbour the 

mutation, phenocopies. The presence of phenocopies in such families has been 

described before (Terwindt et al. 1998) one of several possible explanations: 

‘mimicking’ o f the phenotype by the non-carriers; a chance association o f migraine 

without aura, and a second, unlinked gene for an episodic ataxia in the family.

It has become clear that even phenotypes of patients with ‘simple’ Mendelian 

disorders are complex traits with thresholds, modifiers and system dynamics (Dipple 

and McCabe 2000).

Mutations in the ai2.1, pore forming, subunit of the neuronal P/Q type calcium 

channel gene, CACNAl A, have been found in over half of families with FHM, 

including all those with cerebellar features (Ducros et al. 2001). Although FHM and 

EA-2 are allelic disorders, EA-2 is usually associated with frame shift or splice site 

mutations that produce truncating mutations and FHM is associated with point 

mutations resulting in missense proteins. However exceptions to this rule are noted with 

missense mutations in EA-2. In vitro analysis of the mutations underlying the allelic 

disorders FHM and EA-2 have shown different functional abnormalities. Patch-clamp 

recordings o f HEK 293 cells expressing a missense mutation associated with an EA-2 

phenotype (T to C transition at position 4747) have shown that a complete loss of 

Cav2.1 channel function is the mechanism underlying EA-2, whether due to truncating 

or missense mutations (Guida et al. 2001). However the same technique has shown a 

change in function of calcium channels caused by mutations associated with FHM. 

Spontaneous changes in the activation state of the channel produced by these mutations 

may account for the episodicity of the disorder (Hans et al. 1999; Kraus et al. 1998).
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3.1.4 Voxel b ased  morphom etry

3.1.4.1 Introduction

Voxel-based morphometry (VBM) is a new unbiased computational technique to 

explore the structural correlates of neurological disease. It is a fully automated, sensitive 

whole brain morphometric MRI technique that detects regional structural changes on a 

voxel-wise basis between groups of subjects (Good et al. 2001; Wright et al. 1995). 

Importantly, it eschews observer bias inherent in region of interest (ROI) metrics.

The importance of VBM is that it does not just look at one particular structure 

and gives an unbiased and comprehensive assessment of anatomical difference 

throughout the brain and thus may point to structural changes that may have been 

overlooked by conventional analysis of defined anatomical regions. VBM uses a voxel- 

wise comparison o f the local concentration of gray matter between two groups of 

subjects. It involves spatially normalising high-resolution images from a group of 

subjects into the same stereotactic space. This is followed by segmenting the gray 

matter from the spatially normalised images and smoothing the gray matter segments. 

Individual voxels from the smoothed gray-matter images from the two groups are then 

compared using parametric statistics. Corrections for multiple comparisons are made 

using the theory o f Gaussian random fields.

The first step after imaging is spatial normalisation i.e. transforming all the 

subject’s data into the same stereotactic space by first using a 1 2 -parameter affine 

transformation and secondly by accounting for global non-linear shape differences using 

a mathematical model. This spatial normalisation corrects for global brain shape 

differences. It is important that the spatially normalised images are of sufficiently high 

resolution that partial volume effects from voxels containing a mixture of different 

tissue types do not confound the next step of gray matter extraction.

The spatially normalised images are next partitioned into gray matter, white 

matter, CSF and three other background classes using a modified tissue classification 

technique. This technique is based on voxel intensities and the new modified technique 

corrects for the smooth intensity variations that arise in MRI.

The gray matter images are now smoothed in all 3 dimensions using a Gaussian 

kernel. In this smoothed image each voxel contains the average concentration of gray 

matter from around the voxel. This enables voxel-by-voxel analysis comparable to a 

region of interest approach and also renders the data more normally distributed, 

increasing the validity of parametric statistics. The area with which the gray matter is
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averaged (the smoothing kernel) should be similar to the expected size of the regional 

differences between the two groups of brains.

Statistical analysis using the general linear model is used to identify regions of 

grey matter that are significantly different. These parametric tests assume that the data is 

normally distributed. This allows many different tests to be applied, ranging from group 

comparisons to identifying regions that are related to specific parameters such as age or 

disease severity. Following this, the significance of any differences is displayed on a 

voxel-wise-statistical parametric map (SPM). This map is the result o f many 

comparisons and it is necessary to correct for these dependent comparisons (Ashbumer 

and Friston 2000).

An area of regional functional activity in the dorsal brainstem has been 

described during migraine headache (Weiller et al. 1995), but no associated structural 

change in this area has yet been identified. However, in another primary headache 

disorder, cluster headache, VBM detected regional structural change in the 

hypothalamus, exactly matching functional changes on PET imaging (May et al. 1999).

To further investigate structural changes in a more homogenous phenotype of 

primary headache disorders we used VBM to analyse regional grey and white matter in 

family members with the F AM phenotype with and without the CACNAl A mutation. 

We hypothesised that there may not only be a genotype/phenotype correlation for the 

previously described cerebellar atrophy but also for structural changes in the brainstem 

that correlate with areas of functional activity.

3.1.4.2 Methods

3.1.4.2.1 Patient selection

The kindred with F AM was studied. Six family members with the affected genotype 

(G+P+), 3 family members with the phenotype but without the genotype (G-P+) and 4 

with neither the genotype nor phenotype (G-P-) were studied. O f the G-P- group, 2 had 

infrequent migraine without aura, but neither had any attacks of unsteadiness or 

hemiparesis.

3.1.4.2.2 Controls

Age and sex matched normal control structural MRI scans were obtained from the MRI 

database at the Wellcome Department of Imaging Neuroscience. All control subjects 

were interviewed and those with a personal history of migraine according to IHS criteria

158



or other major neurological disorder were excluded. All controls had been imaged on 

the same scanner with identical parameters to remove any scanner dependent bias.

3.1.4.2.3 Imaging

3.1.4.2.3.1 MRI scanning

High resolution volumetric MR imaging was performed on a Siemens 2T Magnetom 

scanner using an optimised MPRAGE sequence which affords enhanced grey /white 

matter contrast and segmentation (Deichmann et al. 2000). The acquisition parameters 

included: TR/TE/TI 11/4/1000, flip angle 12, matrix 256 x 224, FOV 256 x 224 mm; 

176 sagittal slices, 1 mm isotropic voxels.

3.1.4.2.3.2 Voxel-based morphometry

An optimised method of VBM was used. This method has been described in detail 

elsewhere (Ashbumer and Friston 2000; Good et al. 2001; Good et al. 2001). Basically 

this involves a number of fully automated pre-processing steps including extraction of 

brain, spatial normalisation into stereotactic space, segmentation into grey and white 

matter and CSF compartments, modulation for volume changes induced by spatial 

normalisation and smoothing with an 10mm FWHM isotropic Gaussian kernel. After 

smoothing, each voxel represents the local average amount of grey (or white) matter in 

the surrounding region, the size of which is defined by the size of the smoothing kernel. 

We used the SPM grey and white matter templates for spatial normalisation.

3.1.4.2.3.2.1 VBM statistical analysis

The smoothed grey and white matter segments were analysed using MATLAB 5.3 

(Mathworks, Natick, Mass., USA) and SPM99 (Wellcome Department of Imaging 

Neuroscience, Institute o f Neurology, London) employing the framework of the General 

Linear Model. Regionally specific structural differences were assessed statistically 

using a two-tailed test, namely testing for increases or decreases in grey (and white) 

matter. Significance levels were set at p < 0.05, corrected for multiple comparisons. 

When a prior hypothesis about regional pathology existed (see introduction), correction 

was limited to a small volume around this location, of a size appropriate to the volume 

o f the structure. For the cerebellum we used a sphere of radius 5 cm, for the brainstem 

we used a sphere o f 4 cm. In one design matrix we compared genotype 

positive/phenotype positive (G+P+), genotype negative/phenotype positive (G-P+) and 

genotype negative/phenotype negative (G-P-) groups against separate age and sex
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matched control groups. We also included age, sex and global grey matter volume as 

confounding covariates (fig. 3-2). In separate design matrices we compared individual 

G+P+, G-P+ and G-P- kindreds against age and sex matched control groups. In a further 

analysis we compared the group of individuals with migraine headache against those 

without, whether or not the prolonged aura symptoms were also present.

3.1.4.3 Results
A. Grey matter

VBM detected cerebellar atrophy within the vermis and cerebellar hemispheres of the 

G+P+ group, but not the G-P+ or G-P- or control groups (figs. 3-3; 3-4). These within- 

group cerebellar changes were also seen within each G+P+ patient, but not in any of the 

G-P+ or G-P- kindreds. There were no additional differences between the group with 

headache and the group without headache.

No brainstem grey matter structural changes were detected.

B. White matter

VBM detected cerebellar white matter atrophy involving the vermis (fig. 3-5) and 

cerebellar hemispheres in the G+P+ group, but not in the G-P+ or G-P- or control 

groups. These within-group cerebellar changes were also seen within each G+P+ patient 

but not in any of the G-P+ or G-P- kindreds. There were no additional differences 

between the group with headache and the group without headache.

No brainstem white matter structural changes were detected.
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Figure 3-2 Design matrix 
for VBM

Individual images are 
arranges as rows and 
conditions are modelled as 
columns. Conditions 1-6 
represent the study groups:

l=control group 1, 2=G+P+, 
3=control group 2, 4=G-P-, 
5=control group 3, 6 =G-P+.

Age, sex and global grey 
matter are modelled as 
confounding covariates.

Figure 3-3 Grey matter atrophy in the cerebellar vermis and hemispheres of 
the G+P+ group.

Significant voxels are projected over the normalised mean grey matter image in 3 
planes. The colour bar represents the T score 
3 -6 3 -1 5  p=0.026, corrected T=5.10
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Figure 3-4 Plot of parameter estimates for a local maxima in the cerebellar 
vermis.

This shows grey matter atrophy in the G+P+ group only. The units in our response 
variable are dimensional probabilities pertaining to relative grey matter density. 
The results correspond to changes in grey matter density for each subject group 
relative to the grand mean over all subjects. It can be seen that the difference 
between control subjects (0.02-0.06) and G+P+ (-0.12) is about 0.11-0.12. This 
means that there is a 1 1 - 1 2 % difference in grey matter density between controls 
and G+P+ subjects at this point in the brain

I #

Figure 3-5 White matter atrophy in the cerebellar vermis in the G+P+ group 
only.

Significant voxels are projected over the normalised mean white matter image.
3 -57  -30 p=0.048, corrected T=4.92 
The colour bar represents the T score
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3.1.4.4 Discussion

Using VBM we have shown significant cerebellar atrophy in a kindred with a 

CACNAl A mutation. This atrophy is seen not only as a group but also within subjects. 

This was seen only in those with the mutation (G+P+) but not in those clinically 

affected without the mutation (G-P+).

Atrophy was seen both in the cerebellar vermis and hemispheres. This is line 

with previous studies that have shown CT and MRI evidence of cerebellar vermis and 

hemisphere atrophy in FHM (Elliott et al. 1996; Fitzsimons and Wolfenden 1985; Joutel 

et al. 1993) and EA-2 (Vahedi et al. 1995; Vighetto et al. 1988). One o f these FHM 

kindreds has been linked to chromosome 19, but no mutation identified (Elliott et al. 

1996).

Interictal cerebellar features are frequently found in FHM, including 50% of 

those with CACNAl A mutations but their origins are unclear. Nystagmus, with 

associated cerebellar vermis atrophy, can be detected in some kindreds linked to 

chromosome 19 (Elliott et al. 1996). Subclinical cerebellar dysfunction has been 

observed in patients with more common forms of non-hemiplegic migraine, both with 

and without aura (Sandor et al. 2001). Whether this latter finding represents involvement 

of calcium channel genes in the common types of migraine remains to be determined.

What is the origin of the cerebellar atrophy? Ictal cerebellar features may be 

regarded as an atypical migraine aura. Extrapolating from animal models of cortical 

spreading depression and human neuroimaging data (Sanchez del Rio et al. 1999), 

cortical hypoperfusion is proposed to occur in aura secondary to neuronal depolarisation. 

Since the hypoperfusion does not reach ischaemic levels (Astrup et al. 1981), it is 

unlikely that cerebellar atrophy is secondary to recurrent ischaemia from repeated 

episodes of prolonged cerebellar hypoperfusion. Additionally there was no significant 

ischaemic change on neuroimaging in the present study. We have shown that atrophy 

associates only with genotype and not with phenotype, adding weight to the argument 

that cerebellar atrophy is genetically determined, probably by a direct effect of the 

Cay2.1 channel on cerebellar Purkinje and granule cell function (Dove et al. 1998). 

Additionally, nystagmus and ataxia frequently begin prior to the onset of the migraine 

attacks (Young et al. 1970). More recently it has been noted that some FHM mutations, 

notably the T6 6 6 M mutation, are associated with cerebellar disturbance and others not 

(Terwindt et al. 1998).
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The PET study by Weiller et al (1995) suggested functional activity in a region 

o f the dorsal midbrain during migraine headache. We did not demonstrate structural 

change in this region. The negative result for the brainstem could reflect that the kindred 

studied was more susceptible to aura than headache. CACNAl A may be regarded as an 

aura, rather than a headache, susceptibility gene. Only half o f the G+P+ subjects had 

migraine headache and furthermore, some G-P- subjects had migraine without aura. 

Genetic susceptibilities to aura and headache are likely to produce different changes to 

the function and structure of the brain. However, separate analysis of the groups with. 

and without migraine headache within the family did not show any brainstem changes. 

The lack o f brainstem change could also reflect insufficient power of the study to detect 

subtle effects, even with a homogeneous phenotype. The midbrain and hypothalamus 

have relatively poor contrast resolution, owing to their intrinsic anatomy, with embedded 

nuclei and adjacent white matter connections, providing a challenge for segmentation, 

but VBM should still be sensitive to a systematic difference in the anatomy, and for this ‘ 

reason, we performed separate grey and white matter analyses. VBM has previously 

detected subtle structural changes in the hypothalamic grey in patients with cluster 

headache matching PET activations (May et al. 1999) and within the hippocampi of a 

small group of taxi drivers that corroborated independent, accurate ROI measurements 

and functional data (Maguire et al. 2000). It is possible that functional changes within 

the brainstem in primary headache disorders are not associated with macroscopic or 

even microscopic structural change detectable by VBM. Although structural changes 

matching functional activity have been detected by VBM in cluster headache, as yet 

there has been no microscopic confirmation of this. Similarly despite a region in the 

midbrain being reported to show ictal activity in migraine, further evidence for macro or 

microscopic structural change is lacking. Post-mortem data from a 16 year old girl with 

FHM with ataxia linked to a CACNAl A mutation showed no detectable changes in the 

midbrain or pons but abnormalities of the Purkinje, molecular and granule cell layers of 

the cerebellar hemispheres and vermis (Kors et al. 2001; Love et al. 2000).

The stage in embryonic development at which the subunits are expressed may 

influence neuronal development. Using type-specific VGCCs at developing central 

synapses in rats it has been shown that N-type channels contribute to thalamic, 

cerebellar and brainstem auditory synaptic transmission only transiently during the 

postnatal period and Cay2.1 channels predominantly mediate mature synaptic 

transmission, switching over at P I3. In contrast, N-type Ca^^ channels persistently
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contribute to cerebral cortical and spinal synaptic transmission throughout postnatal 

months. The L-type channel may also play a role in immature Purkinje cell signalling 

(Liljelund et al. 2000). Thus in adult animals synaptic transmission is predominately 

mediated by Cav2 . 1  channels at selected synapses and mediated synergistically by 

several types of Ca channels at other synapses (Iwasaki et al. 2000).

The study confirms reports of cerebellar atrophy in a variant of FHM using the 

automated unbiased whole brain technique of VBM. Moreover, these changes were only 

apparent in carriers of a CACNAl A mutation, but not in those without the mutation 

even when displaying a similar phenotype. This emphasises that cerebellar atrophy is a 

function of the gene, not a consequence o f the attacks. The data demonstrate that 

genotype-phenotype correlations in structural anatomy may be detected with MRI, and 

offer an exciting example of the possibilities for translating genetic studies into clinical 

practice.

3.2 Clinical study of Famiiiai hemiplegic migraine with coma

3.2.1 Introduction

I further explored the phenotypic expression FHM with a clinical study o f a five 

generation British family. This family was chosen because of a striking family history 

not only o f hemiplegic migraine but also of cognitive impairment from an early age, 

stroke-like episodes, and repeated episodes of confusion or coma resulting in death of 

one child.

3 .2 .2  M ethods

A five generation British family were studied (fig. 3-6). Diagnosis of migraine was 

made according to IHS criteria. Blood samples were obtained from 6  family members 

with migraine with prolonged aura and 5 family members without. Blood from patient 

VI.20 was analysed post-mortem with parental consent. Mutation analysis was 

performed using SSCP. Affected individuals were found to have a point mutation 

causing a substitution of a C to T in exon 16, causing a threonine for methionine 

substitution at codon 6 6 6  (T6 6 6 M), located in the S5-S6 linker of domain II, which is 

one of the four P-segments that line the inner part of the ionic pore (fig. 1-5). After 

detection in the proband, the presence of the T6 6 6 M mutation was investigated as 

previously described in all family members of whom DNA was available.
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Figure 3-5 Pedigree of family with familial hemiplegic migraine with coma

Legend
□ unaffected
■ migraine with coma/persistent neurological deficit 
a  migraine without aura 
< " migraine with visual aura

3.2.3 C ase s

Relatives carrying the T666M mutation
II1.8

A 6 6  year old woman who had cognitive and physical decline beginning at an uncertain 

age in childhood. She had severe left-sided throbbing headaches with vomiting since 

childhood, currently twice a year. She is hypertensive and a smoker. In 1989 she was 

admitted with an acute onset of dysphasia and right hemiparesis. A left hemisphere 

cerebrovascular accident was diagnosed, recovery was incomplete. 6  months later she 

was admitted 24 hours after a minor head injury, drowsy but with no focal neurology. A 

CT scan showed an old left hemisphere infarct and a degree o f cerebellar and cerebral 

atrophy. The drowsiness resolved within days. She is currently cared for in a nursing 

home and is wheelchair bound. She is orientated in time and place but is slow to answer 

simple questions and has difficulty following simple commands. She has dysarthria, a 

divergent strabismus, jerky pursuit eye movements and nystagmus on gaze to the right.
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III.4

A 79 year old man, cared for in nursing homes for many years. He has left sided 

headaches, currently 2 to 3 times per week. Past medical history is incomplete. 

Cognitive decline began some time in adulthood. 1959 he was admitted to a psychiatric 

hospital. No details of this admission are available. In 1969 he was found wandering, 

complaining of headache, unable to give a history. He was admitted to hospital where 

he was uncooperative but neurological examination was normal. He became obtunded, 

pyrexial and had mild neck stiffness. CSF analysis showed 2 lymphocytes and an EEG 

was asymmetrical. He improved spontaneously. He was discharged with a diagnosis of 

an acute psychiatric episode. He is currently severely cognitively impaired, knowing his 

name but not the place. He has a slurring dysarthria, walks unsteadily with a frame, has 

dystonie posturing of his feet and choreiform movements of his hands, jerky pursuit eye 

movements and nystagmus on lateral gaze.

IV .10

A 47 year old man who was normal until the age of 7 when he developed headaches 

with photophobia and gradually developed learning difficulties. At 14 a headache 

progressed into a coma requiring ventilation for 3 weeks. He subsequently attended a 

‘special school’. Intellectual performance has gradually declined since although he has 

had no further episodes of coma. He currently has migraine 3 times per week often 

associated with a ‘numb tongue’. He is unable to live independently and is cared for by 

his mother. On examination he can follow simple commands but unable to name the 

days o f the week. He has a slurring dysarthria, nystagmus on gaze to the right, jerky 

pursuit eye movements and has difficulty tandem walking.

I l l  .9

A 69 year old woman with migraine since 7 years. She describes an aura of numbness 

starting in her left arm spreading to the face and leg over 45 minutes, lasting 1 hour, 

followed by left hemiplegia for several hours with unsteadiness walking, clumsy hands, 

blurred vision and difficulty with speech. The headache is right sided and starts during 

the aura and lasts 1 to 2 days. Every 10 to 20 years the headache progresses to coma 

often with pyrexia. MRI showed multiple high signal foci on T2 weighted images in 

both cerebral hemispheres, no cerebellar atrophy. On examination interictally she has 

normal cognition, mild ataxia on tandem walking and horizontal gaze evoked 

nystagmus.
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IV.12

A 42 year old woman with fortnightly migraine since 8  years of age. Attacks vary in 

severity: a mild attack is preceded by a 5 minute aura o f numbness and weakness in her 

left leg with right sided headache for 24 hours. In a moderate attack the sensorimotor 

disturbance spreads to her arm and face over 30 minutes lasting for 2-14 days associated 

with the headache, blurred vision, clumsy hands, unsteady gait and mild confusion. 

Every 10 years a severe episode results in coma with mild pyrexia and neck stiffness, 

resolving on supportive treatment within a week. CT brain has been normal, MRI 

showed some cortical atrophy and minor periventricular white matter changes and CSF 

contained 20 lymphocytes. On examination 24 hours interictally she had mild ataxia on 

tandem walking and horizontal gaze evoked nystagmus.

V.8

A boy who developed migraine at 12 years of age with an aura o f right-sided 

hemiplegia lasting 30 minutes preceding severe, left-sided headache. He had several 

such episodes over the next 2 years with no intellectual impairment. At 15 he had a 5 

minute episode of blurred vision in the left hemifield followed by persistent left 

hemiplegia with a severe headache and coma. Despite supportive care on ITU his 

neurological state declined. He suffered a generalised tonic-clonic seizure and died 7 

days later. CT brain on admission was normal, MRI brain 4 days later showed a right 

middle cerebral artery infarct. A post-mortem examination was declined.

Relatives with histories of neurological dysfunction but not who did not have 
genetic analysis 
11.2
She was reported to be ‘mentally retarded’ by family members, but no documented 

history of migraine.

II.4

She was said to have had one episode of coma similar to other family members and had 

frequent ‘fits.’

III.7

She was reported to have had learning difficulties since childhood and spent her adult 

life cared for in a nursing home. She had episodes of headache with weakness and 

coma.

Relative with unknown genetic status but with a history of headaches
1.2

She was known to suffer from bad headaches, but no documented history of coma.
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Relatives without the T666M mutation 
With migraine

V.5, V.6 , V.7, V.9 all have migraine without aura. IV. 11 has migraine with visual aura. 

None of these relatives has the CACNAl A mutation and none of them has had 

hemiplegia, ataxia or coma with their migraines.

IV. 1 has migraine with visual aura and IV.2 has migraine without aura.

Although they have not been tested, their father does not carry theT6 6 6 M mutation. 

Without migraine

111.3 does not have migraine and does not carry the CACNAl A mutation.

3.2.4 D iscussion

This kindred emphasises the clinical spectrum and potential severity of FHM. Most 

family members fulfil the 1RS classification for FHM; some do not but should be 

classified as migraine with prolonged aura. We consider that the family as a whole 

should be considered as one with FHM. Although coma and ataxia are well-documented 

features of FHM (Fitzsimons and Wolfenden 1985; Kors et al. 2001), episodes of fatal 

coma without head injury and progressive intellectual impairment have not previously 

been reported.

Complete clinical histories could not be obtained for patients III.4, III.7, III . 8  

and IV. 10. However it is reasonable to assume that the majority of their physical and 

cognitive problems can be attributed to FHM. The intellectual decline experienced by 

these probands appears to have been gradual, punctuated by step-wise events. The co

occurrence of intellectual decline associated with migraine and coma in these patients 

makes it probable that they share a common pathogenesis. The notes available of the 

hospital admission in 1969 of patient III.4 began with confusion and headache 

progressing to coma. Mild CSF lymphocytosis is compatible with a diagnosis of 

migraine. He made a spontaneous recovery in keeping with migraine coma rather than 

an acute psychiatric episode. Migraine with prolonged aura is a known risk factor for 

ischaemic stroke and this risk would have been increased by smoking and hypertension 

for patient III.8 . Patient V . 8  had several episodes of right-sided hemiplegia with 

migraine before admission with left sided visual impairment and hemiplegia. The initial 

CT scan showed no evidence of the right middle cerebral artery infarct seen on the MRI 

4 days later.
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It is of interest that several family members without the mutation (IV. 1, IV.2,

IV. 11, V.5, V.6 , V.7 and V.9) report migraine, two with visual aura but none with 

hemiplegia. This may be a chance association of a common disorder, a phenocopy or 

association with another gene for migraine.

Confusion, altered consciousness and psychosis also been described in patients 

from the other T6 6 6 M families, but only when associated with hemiparesis during 

attacks. Other mutations in the CACNAl A gene have also been described to be 

associated with coma, confusion and psychosis during FHM attacks but again always in 

addition to hemiplegic migraine attacks (Battistini et al. 1999; Chabriat et al. 2000; 

Ducros et al. 1999; Kors et al. 2001; Terwindt et al. 1998; Vahedi et al. 2000; Feely et 

al. 1982; Spranger et al. 1999). Indeed, 70% of FHM families linked to chromosome 19 

have attacks precipitated by minor head trauma and 39% have episodes of 

unconsciousness (Terwindt et al. 1996). Only one episode in this family was preceded 

by head trauma.

Remarkably three members of the family showing the T6 6 6 M mutation had 

progressive cognitive decline after normal early development. Cognitive impairment is 

a symptom not often associated with FHM. Several affected members in the original 

family described by Fitzsimmons (Fitzsimons and Wolfenden 1985) were considered to 

be intellectually slow when compared to their unaffected siblings, one patient was even 

mentally retarded before the onset of the attacks. Recently, a S218L CACNAl A gene 

mutation has been identified in this family (Kors et al. 2001). A second FHM family, 

without a proven CACNAl A mutation, has been reported in which three out of four 

patients showed permanent mild cognitive impairment following the onset of the FHM 

attacks (Marchioni et al. 1995). Futhermore, Vahedi et al described a sporadic patient 

with developmental delay and severe mental retardation, having a de novo Y1385C 

mutation in the CACNAl A gene (Vahedi et al. 2000). Cognitive dysfunction is also 

observed in EA-2 ranging from marked learning difficulties at school to major mental 

retardation requiring life in a specialised institution (Denier et al. 1999). It is unclear 

whether cognitive impairment can be assigned to damage during attacks of FHM or EA- 

2  or to a process of progressive neuronal damage.

This kindred emphasises the importance of considering a differential diagnosis 

of migraine with prolonged aura in unusual cases o f confusion, coma, stroke-like events 

and progressive intellectual decline.
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3.3 Benign paroxysmal torticollis of Infancy

3.3.1 Introduction

Benign paroxysmal torticollis of infancy (BPTI) is an underrecognised, self-limiting, 

benign disorder characterised by recurrent episodes of head tilt secondary to cervical 

dystonia (Snyder 1969). Attacks occur without warning and with no specific triggering 

factors, although often with remarkable regularity. Episodes settle spontaneously 

usually within a few hours, but may last up to 7 days, only remitting in sleep (Balslev et 

al. 1998). Episodes usually begin between within the first 12 months of life and resolve 

by 5 years occurring between every 2 weeks to every 2 months. Infants may be 

hypotonic during an attack (Andermann et al. 1994) or have tortipelvis (Roulet and 

Deonna 1988) or an abnormal trunk posture (Sanner and Bergstrom 1979; Deonna and 

Martin 1981)

BPTI is often accompanied by symptoms similar to some of the non-headache 

features o f migraine including vomiting, ataxia, pallor, irritability, apathy, and 

drowsiness. As the child grows up the syndrome resolves spontaneously and may be 

replaced by benign paroxysmal vertigo of childhood and in later childhood by more 

migrainous features. A family history o f a similar childhood syndrome is common and a 

family history of migraine is usual. Neuroimaging should be performed to exclude a 

posterior fossa lesion, but investigations are otherwise unrevealing. Likewise, 

neurological examination interictally is normal and children do not show any 

developmental delay.

We report 4 new cases, 2 of whom are from the kindred described in section 3.1 

with familial ataxic migraine.

3.3.2 C a se s

Cases were ascertained from the neuropaediatric headache clinic at the Hospital for Sick 

Children, Great Ormond Street, London
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case age at 
onset

age when 
stopped

accompanying 
features of 
torticollis

subsequent 
migraine phenotype

family history CACNAl A 
mutation

1 4 mths 4 yrs miserable,
vomiting,
headache,
vertigo

paroxysmal vertigo, 
headache and 
vomiting, 4-5 yrs

2 aunts: 
migraine

?

2 3 mths 18 mths crying,
vomiting.

paroxysmal vertigo, 
pallor, vomiting 
from age 2 yrs

mother: 
migraine 
without aura

?

3 4 mths 2 yrs aggressive, eyes 
roll up, 
vomiting, 
unsteady

episodic ataxia and 
dysarthria from 2 
yrs

familial ataxic 
migraine

+

4 6 mths 18 mths irritability,
vomiting

episodic ataxia, 
vertigo, dysarthria 
and headache from 
childhood

familial ataxic 
migraine

+

Table 3-2 Clinical characteristics of cases with benign paroxysmal torticollis 
of infancy

Casel. 4 year old girl. At 4 months of age she started to hold her head to the side either 

to the right or the left. It would click into position with the head being as far on the side 

as possible, almost reaching the shoulder. If straightening of her head was attempted she 

seemed uncomfortable. Initially this happened once a month but became more persistent 

between the ages o f 1 to 4 years with episodes lasting up to 2 months without let up.

The shorter episodes were associated with feeling unwell, for instance vomiting several 

hours into the attack and tugging at her ear. With age the attacks were associated with 

nausea, vomiting, headache and vertigo. These episodes gradually resolved but were 

replaced at he age of 4 year by episodes of dizziness and unsteadiness progressing to 

headache, vomiting and eventually sleep. These attacks lasted a few hours and occurred 

every couple of months, unprovoked. The attacks reduced in frequency by the age of 5 

years. Interictal examination was normal. She has two aunts with migraine but no 

family history of prolonged aura. MRI brain scan and interictal EEG are normal.

Case 2. A 16 year old boy who between the ages of 3 and 18 months had episodes of 

head tilting. These would last a few hours, occurring monthly, either to the right or the 

left. He would cry with the attacks and later in the attack vomit. They resolved after 

infancy but at the age of 2 he developed episodes lasting 3-4 days, occurring every 8  to 

11 weeks o f vertigo, pallor and vomiting. His mother has migraine without aura but 

there is no other family history of migraine with aura
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Case 3. A 3 year old boy with attacks since the age of 4 months. They start with tilting 

of the head to the left that lasts for 15-30 minutes in association with some general 

increase in aggressive behaviour. His eyes then roll up, he vomits and becomes 

unsteady. Since the age of 2 years the head tilting has been less prominent but the 

unsteadiness more marked and episodes occurring on a weekly basis. He has mild 

interictal ataxia. He is the youngest generation of the kindred with F AM (fig. 3-1) and a 

known CACNAl A mutation. Attacks have so far been unresponsive to medication with 

pizotifen, acetazolamide and flunarizine.

Case 4. The father of case 3, is now a 29 year old man. His mother recalls that as an 

infant, between 6  and 18 months of head tilting for 1 0  to 2 0  minutes before irritability 

and vomiting. With age these episodes were replaced by episodes o f unsteadiness, 

slurred speech and headache

3.3.3 Discussion

Four new patients with the unusual syndrome of BPTI are described. They present 

further evidence that it may be considered as a childhood migraine equivalent and may 

be associated with calcium channel dysfunction.

The clinical pattern of BPTI in most cases is for the syndrome to manifest in 

infancy, with or without other migrainous features, progressing in early childhood to 

benign paroxysmal vertigo of childhood (Dunn and Snyder 1976), through to migraine 

with or without aura in adulthood. Episodes are typically triggered by stress, fatigue, 

excitement or cold (Wilmshurst et al. 2001). The cases in our series have so far 

followed this overall pattern.

The IHS recognises ‘childhood syndromes that may be precursors to or 

associated with migraine’. These include abdominal migraine, cyclic vomiting 

syndrome and benign paroxysmal vertigo. It is likely that these disorders are related to 

migraine because of complete recovery between attacks, a family history of a similar 

syndrome or o f migraine, the presence of symptoms more closely resembling migraine 

in the same or other attacks and the development o f migraine at follow up. As yet, BPTI 

is not recognised amongst this classification, but the reported cases largely fulfil the 

above arguments. Surface EMG recordings have observed continuous electrical 

discharge from the sternocleidomastoid in BPTI, confirming that the torticollis is 

dystonie (Kimura and Nezu 1998). The dystonia should be considered to be an atypical,
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prolonged (when persisting for more than one hour), motor aura. This can occur before, 

with or without other migraine features (such as vomiting and pallor) within the same 

individual in the same way that typical migraine aura can occur before, with or without 

headache. Since the episodes may occur with or without other migrainous features the 

torticollis cannot be an antalgic reaction to a headache nor a drug reaction (Roulet and 

Deonna 1988).

The propensity to this atypical aura may be mediated by calcium 

channelopathies. The father and son in our series are part of the F AM kindred 

associated with the CACNAl A mutation described above. Other family members with 

the same genotype did not recall a history of BPTI. However, this may be ascertainment 

bias and underestimates the true occurrence of the condition: when other parts of the 

attack are so florid, as in FHM, intermittent torticollis for a few months in infancy may 

easily be forgotten.

The other two children had neither a family history of BPTI nor migraine with 

atypical aura, although one had a family history of migraine with aura. These 2 children 

were not screened for CACNAl A mutations.

It is intriguing to speculate as to why a given mutation may produce a spectrum 

of phenotypic manifestations at different stages in life. The expression of the gene may 

be modulated either by other genes, in particular genes coding for the p (Escayg et al.

2000) and y (Rousset et al. 2001) subunits of the Cay2.1 channel that may be activated at 

different stages in development, or biochemical/hormonal changes, such as cyclical 

hormonal profiles at menarche. Additionally there is evidence for switching of calcium 

channel subtypes in certain brainstem regions during the early postnatal period in rats 

(Iwasaki et al. 2000; Iwasaki and Takahashi 1998).

How could the CACNAl A mutation cause dystonia? Dystonia is generally 

accepted to have a central mechanism of pathogenesis. The most likely explanation for 

CACNAl A mutations in the generation o f dystonia involves the cerebellum. The role of 

the cerebellum in dystonia in both humans and animal models has been established by 

both functional imaging and electrophysiological methods (Eidelberg et al. 1998; Kluge 

et al. 1998; LeDoux et al. 1998). It is of note that one of the manifestations o f the 

CACNAl A mutation (Cacnala^^) in the tottering mutant mouse is paroxysmal dystonia. 

The cerebellar cortex, where the gene is abundantly expressed, probably contributes to 

the expression of tottering mouse dystonie episodes (Campbell et al. 1999). These 

dystonie episodes induce c-fos mRNA expression in the cerebellar circuitry, including
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cerebellar granule and Purkinje neurons, deep cerebellar nuclei, and the postsynaptic 

targets of the deep nuclei. Removal of Purkinje cells by a Purkinje cell degeneration 

mutation completely abolishes the dystonie episodes. Cay2.1 calcium channels may 

predominately mediate inhibitory GAB A release onto Purkinje cells, at least in the 

mouse (Stephens et al. 2001). A loss of function Cay2.1 mutation may episodically 

remove the GABAergic inhibition and produce sustained over activity o f motor 

pathways.

An alternative hypothesis for the generation of dystonia may involve peripheral 

neurotransmitter release. It has also been shown that spontaneous acetylcholine release 

is increased by approximately 100% and 40% at the neuromuscular junction in 

homozygous and heterozygous tottering mice respectively, in addition to abnormal 

stimulated release of ACh in homozygous mice (Plomp et al. 2000). However, this goes 

against the generally accepted central mechanism of dystonia and does not explain the 

specificity of the dystonia for the cervical region.

Clinical evidence for a role of the cerebellum in BPTI is suggested by two case 

reports. One child with frequent intermittent dystonie posturing of the neck and arm in 

infancy showed decreased glucose metabolism in the cerebellar cortex, as well as the 

basal ganglia and decreased perfusion in the basal cortex and temporal cortex (John et 

al. 2000). The second child who had alternating hemiplegia of childhood associated 

with epilepsy and head and neck dystonia had progressive cerebellar vermian atrophy 

on neuroimaging (Saito et al. 1999). Whilst no CACNAl A mutations have been 

detected in alternating hemiplegia of childhood (Haan et al. 2000), the cerebellar 

atrophy is similar to that in CACNAl A mutations (Elliott et al. 1996), suggesting a role 

for a calcium channelopathy in this syndrome (Saito et al. 1999). However, headache is 

so rare in alternating hemiplegia of childhood that it could be argued that it is better 

classified amongst CADASIL and MELAS under the heading of ‘migraine-like 

headaches associated with progressive neurological disorders’.

A history of torticollis may not be apparent if  the other manifestations of the 

attack are more florid, and by itself it is often not a cause for concern. However, the 

recognition of the symptom at the start of the attack may increase the certainty of a 

childhood migraine equivalent when there is diagnostic uncertainty and direct 

appropriate anti-migraine therapy.
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3.4 Diffusion weighted imaging of persistent migraine aura

3.4.1 Introduction

Persistent migraine aura offers a stable, albeit relatively rare, patient cohort with which 

to study the pathophysiology of migraine aura. Given recent elegant work in the 

gyrencephalic cortex of the cat showing diffusion weighted imaging (DWI) changes 

spreading across the brain with the initiation of CSD (James et al. 1999), it could be 

asked to what extent changes in DWI signals can be observed in various types of 

migraine aura.

Diffusion weighting is achieved by two strong diffsion-sensitizing gradients 

placed symmetrically around the 180^ radiofrequency pulse of a spin-echo T2 sequence. 

The gradients lead to dephasing and subsequent rephasing of water protons. Protons in 

areas of normal diffusion randomly change phase as they diffuse from one region of the 

magnetic field to another, leading to incomplete spin rephasing and thereby signal 

attenuation. Areas of restricted diffusion retain the signal and appear hyperdense on 

DWI. The degree of phase shift and signal loss depends also on the strength and 

duration o f the ‘diffusion’ gradient, expressed by the ‘B ’ value. The degree o f water 

proton mobility can be quantified by the apparent diffusion coefficient (ADC) and 

requires scanning with at least 2 B values. ADC maps are solely based on differences of 

tissue diffusion, independent of any T 2 effects. Areas of restricted diffusion that appear 

hyperintense on DWI appear hypointense on ADC maps. Not all hyperintense regions 

on DWI are associated with low ADC values since both ADC and T2 influence signal 

intensity on DWI. For instance, in some chronic infarcts the T2 can become dominant 

and the lesions the lesions appear bright on DWI despite normal or even supranormal 

diffusion (‘T2 shine through’) (Neumann-Haefelin et al 2000).

Perfusion weighted imaging (PWI) is achieved using bolus tracking with a 

contrast agent such as gadolinium with serial multislice T2 weighted images every 1 to 

2  seconds over 1 to 2  minutes to monitor the signal decrease with the passage o f the 

contrast agent. From the time curve of the signal change the mean transit time (MTT) 

and the relative cerebral blood volume (rCBV) can be calculated. The relative cerebral 

blood flow is proportional to the area under the curve of the time-signal intensity graph. 

Maps of relative cerebral blood flow (rCBF) can also be calculated: CBF=CBV/MTT 

(Jager 2000).

We sought to explore the DWI and PWI changes in a small, but homogenous, 

group of patients with migraine with persistent aura.
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3.4.2 M ethods

3.4.2.1 Cases

Patients were selected from those referred to the Headache Group at the National 

Hospital for Neurology and Neurosurgery. All patients had persistent visual aura 

symptoms and normal conventional neuroimaging. Clinical features are summarised in 

table 3-3.

Case 1
39 year old female developed headaches at the age of 7 to 8  years. Around the age of 11 

years she developed persistent flashing lights which have never left her. These are 

described as thousands o f small yellow, white or silvery dots over the whole o f both 

visual fields. They can be seen even with the eyes closed. The vision can be blurred in 

the left hemifield on waking. Episodically, bigger flashing lights appear and gradually 

disappear. In addition to these persistent symptoms, she has weekly throbbing 

headaches, worse on the left side associated with vomiting, photophobia and 

phonophobia and vertigo lasting for 24 to 72 hours. These headaches are sometimes 

preceded by zigzag visual disturbance for about an hour and displace the flashing lights 

as they move across the field of vision. She has a past history of depression, currently 

controlled with paroxetine, and of esotropia corrected at the age o f 4 years. The visual 

symptoms have proved refractory to acetazolamide, amitriptyline, pizotifen and 

propranolol and acute treatment with intranasal ketamine. Examination including 

fundoscopy, Humphrey visual fields and neuro-otological assessment was normal 

except for acuity reduced to 6 / 1 2  in the right eye, probably because of the childhood 

strabismus. She has a normal MRI, EEG, ERG and VEPs.

Case 2
27 year old female had experienced migraine since the age of 13 years, occurring once 

every 3 months, preceded by 30 minutes of flashing lights in both visual hemiflelds.

The frequency o f the migraines increased at the age of 22 to 5 times per month, usually 

with aura but occasional episodes of migraine without aura. After a particularly bad 

attack at the age of 23 she has had persistent shimmering over the entire visual field 

bilaterally although the headache subsided after the usual time. This is described as like 

looking at a road on a hot hazy day. The effect is strongest in the lower half of the field 

o f vision and around the peripheries. On top of this she periodically has tiny pinpoints 

o f bright light that last for 30 seconds. She still experiences a background, featureless
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headache for one week per month, migraine without aura once every few months and a 

migraine headache with aura once every 4 months associated with an exacerbation of 

the aura for 2 0  minutes during which she describes herself as almost blind, or like 

looking away from a bright light. She is otherwise fit and well and on no regular 

medication. Examination was normal, including fundoscopy, Humphrey visual field 

testing, colour vision, pupillary reflexes and visual acuity. MRI brain scan and VEPs 

were within normal limits.

Case 3
33 year old female first experienced visual symptoms at the age of 30 years. This was 

described as zigzag lines and blurred vision over the left hemifield whilst sitting talking. 

There was no associated headache or other neurological symptoms. It settled after about 

15 minutes. 6  months later she had a similar phenomenon on the right side lasting about 

an hour. She described it ‘like her vision being shunted inwards’. She felt slightly light 

headed and that the visual world had ‘altered in perspective’. Her vision has never been 

quite the same since with a constant feeling of looking at a bright light over the right 

hemifield with superimposed flashes of light every few minutes. She has exacerbations 

o f the visual disturbance for 20 to 60 minutes every 3 to 6  months. Her background 

visual disturbance has become progressively worse after each of these attacks. Although 

the visual episodes have never been associated with headache, she has left sided 

throbbing headaches of moderate intensity twice a week associated with photophobia, 

phonophobia and exacerbated by movement. She is otherwise fit and well and on no 

regular medication. Examination including fundoscopy, Humphrey visual fields and 

VEPs were normal.

Case 4

46 year old female with a 20 year history of migraine. These would typically starting 

with 1 0  to 15 minutes of flashing lights in both visual hemifields, resolving before the 

onset of headache that lasted up to two months with a continuing but non-disabling 

feeling of a muzzy head, flashing lights and a zigzag pattern in her vision. Episodes 

occurred 4 to 5 times per year. At the age of 42 she experienced an episode with a more 

severe headache, incoordination, difficulty with speech and writing. A MRI scan at the 

time showed a small area of signal change in the left sylvian fissure and left occipital 

lobe. She was subsequently found to have bacterial endocarditis that was treated 

successfully. However since then she has had persistent headache and visual symptoms,
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the latter described as blotches in her central vision, coloured at times, more visible with 

her eyes closed. The visual symptoms fluctuate, being worse for one week out of every 

two. These symptoms have been refractory to treatment with pizotifen, sodium 

valproate, flunarizine, topiramate, and dothiepin. Examination is entirely normal, 

including Humphrey visual field tests, fundoscopy and visual acuity. Repeat T2 

weighted MRI 3 years after the acute event was normal.
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Age of 
onset o f 
visual 
symptoms

Precipitating
factor

Description Exacerbations Location Headache Normal
investigations

39 11 None Small
yellow/white 
dots, blurring 
left hemifield

Episodes o f 
bigger flashing 
lights; zigzag 
lights 1 hour 
before headaches

Both
hemifields

Migraine since 
7 yrs. W eekly 
migraine with 
aura

MRI, BEG, 
ERG, VEP

27 23 None Shimmering 
pin points o f 
light

20 minutes 
‘almost blind’ 
before some 
headaches

Both
hemifields, 
worse in 
lower half

M igraine since 
13 yrs.
Migraine with 
aura every 2 
months

MRI, VEP

33 30 None Like looking 
at a bright 
light, flashes 
o f  light

20-60 minutes 
every 3 months

Right
hemifield

Left sided 
migraine twice 
weekly not 
associated 
with aura

MRI, VEP

46 42 Bacterial
endocarditis

Coloured
blotches

Worse every other 
week

Central
vision

M igraine with 
aura for 20 
years. 
Persistent 
headache since 
persistent aura

MRI

Table 3-3 Clinical characteristics of eases with persistent visual aura
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3.4.2.2 Imaging

All subjects were imaged using axial T2-weighted fast spin echoplanar and proton 

density imaging. DWI was performed using B values of 500, 750 and 1000 s/mm^. 

Subjects were cannulated and PWI obtained after a bolus of gadolinium contrast given 

via the antecubital vein to produce maps o f rCBV, MTT and rCBF. ADC maps were 

derived from the diffusion weighted trace images after eliminating the T2 shine through 

effect.

Regions of interest analysis was performed comparing the occipital lobes with 

the frontal and parietal lobes and by making free hand drawings around the territories 

supplied by the anterior, middle and posterior cerebral arteries. In the subject 3 with 

unilateral symptoms, the occipital lobes bilaterally were also compared.

Segmentation of grey and white matter was achieved with free hand drawings 

around the respective areas.

3.4.3 R esults

All subjects had structural T2 weighted imaging scans within normal limits. No 

significant difference was seen in either perfusion or diffusion between the occipital 

lobes compared to the frontal and parietal lobes or between the occipital lobes in 

bilaterally in case 3. Similarly, no significant difference was seen between the arterial 

territories o f the posterior, middle or anterior cerebral arteries with the above 

parameters.

Additionally, segmentation into grey and white matter showed no difference 

between the grey matter of the above lobes.

The abnormal aortic valve in case 4 produced an abnormal perfusion curve that 

persisted into the venous phase, implying possible tricuspid as well as aortic valve 

pathology.

3.4.4 D iscussion
This small study has not demonstrated any significant differences in occipital lobe 

perfusion or diffusion in patients with prolonged aura. Three of the four subjects had 

completely bilateral symptoms and thus a right-left comparison could not be performed 

between the occipital lobes. Data on normal values of perfusion and diffusion in various 

lobes is lacking, but our subjects showed similar values between all lobes studied.

The subjects in the study had persistent symptoms for a minimum of 2.5 years. 

Although previous studies with SPECT showed decreased cortical blood flow in an
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isolated case of a 12 month history of migraine with prolonged aura (Luda et al. 1991) it 

would be surprising if markedly reduced cortical perfusion could persist for years 

without permanent ischaemic change. The visual phenomenon is more likely to be due 

to a change in neuronal activity that can be detected by functional imaging. This 

emphasises that aura is primarily due to neuronal dysfunction and any changes in blood 

flow are secondary.

The techniques used in this study could not analyse changes on a voxel by voxel 

basis. Thus, small regional difference in occipital lobe diffusion or perfusion may have 

been missed. However, all patients described a fairly diffuse visual abnormality 

covering the visual hemifields. Thus it is unlikely that the abnormality, if  any, is very 

localised.

It must also be considered that the symptoms reported by these patients were not 

in fact persistent visual aura, but explicable by some other process. We think this is 

unlikely because most had other neurophthalmological examinations and investigations 

including VEPs and ERGs. No alternative explanation could be proffered by an 

ophthalmologist in those assessed by one. The symptoms described by each patient 

were similar in quality, if not quantity to their ‘usual’ aura, which in most cases still 

happened intermittently. These symptoms were also very similar to those described in 

other case series with small dots and rain-like particles being more common than 

fortification spectra and scotomata.

182



4 Discussion
The above studies emphasise the importance of the non-headache symptoms in the early 

phases o f migraine. Partly because of their diffuse and multi-faceted nature they are 

often poorly recognised as being part of the migraine process. Yet they form an integral 

part o f the migraine spectrum, are frequently disabling in their own right, will certainly 

give insight into the pathogenesis o f migraine and may have implications for the pre

emptive treatment o f migraine.

4.1 Premonitory phase

The current theory of migraine pathogenesis favours a neurovascular hypothesis with 

disruption of trigeminal nociception at the level o f the level of the brainstem as the 

initiating event, with the premonitory symptoms being a reflection of the early changes.

There is good evidence from previous electrophysiological studies of neuronal 

changes starting several days before the migraine attack. The electronic diary study has 

now given clinical evidence to support this for the first time. However, the results of the 

nociceptive blink reflex, functional imaging and NO metabolite studies have not added 

support to this body of evidence.

These findings pose several questions. How strong is the evidence for an 

identifiable premonitory phase with clinical and physiological features or are the 

electrophysiological and clinical studies flawed? If there is a premonitory phase, is it 

simply a continuum of the headache phase, of the aura phase, or a separate entity? How 

early does this phase start? Why do some patients not experience premonitory 

symptoms? If there is a genuine premonitory phase at what level in the central nervous 

system do these symptoms arise from? How do we reconcile the absence of evidence in 

the techniques used in this thesis with evidence from other quarters of premonitory 

changes?

First, we should examine the evidence that the premonitory phase is an 

identifiable entity. The symptoms described by patients in the diary study may have 

been coincidentally associated with the premonitory phase. The most frequently 

described symptoms of fatigue and tiredness have a high prevalence in the general 

population and are probably higher in the migraine population with co-morbid 

depression. Other symptoms may in fact have been pre-menstrual symptoms that in turn 

allowed subjects to predict their migraines and, via somatisation, elaborate other day- 

today symptoms such as irritability, change in urination and constipation. The true
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baseline frequency of all these symptoms should be assessed using the same 

methodology in an age and sex matched population with the same frequency o f co- 

morbid disorders including depression and vertigo. Nevertheless, this does not explain 

the high frequency of more predictive symptoms such as yavming, which is neither a 

common symptom of depression nor a pre-menstrual symptom. Additionally the 

positive predictive rate of premonitory symptoms in the diary study was 72%, well 

above that expected by chance alone.

Looking at the electrophysiological data, the evidence for an increasing lack of 

habituation characterising the days preceding the attack is mounting and has been 

replicated by several authors using different techniques. However, these studies still 

show varying changes depending on the methods used, with normalisation reported the 

day before, day of, or day after the attack depending on the study and some changes 

found may be explained by an association between menstruation and migraine. 

Furthermore, these changes have not yet been specifically linked to premonitory 

symptoms.

However the evidence for a premonitory phase associated with specific 

symptoms is highly compelling on a theoretical level, from clinical experience of 

patients reporting premonitory symptoms, from the electrophysiological data, from 

clinical experience o f pre-emptive treatment with domperidone taken the night before 

an attack and the electronic diary study showing the reliability of prediction of migraine 

from premonitory symptoms.

Even if the concept of migraine developing from increasing dysfunction of 

central trigeminal pain control pathways is compelling this does not necessitate a 

separate premonitory phase with distinct symptoms generated at the level o f the 

brainstem but rather a continuum from one phase to the next. While a few symptoms, 

notably yawning, were quite specific to the premonitory phase, perhaps one of the most 

striking aspects was the high frequency of similar symptoms in both the premonitory 

and headache phase, in particular a low level of head and neck pain evolving into a 

migraine headache, emphasising the continuum from one phase to another rather than 

regarding the phases as discrete stages. This suggests that there may not be a true 

discrete premonitory period with a separate pathophysiology, but simply a phase of the 

migraine when symptoms are developing. However, electrophysiological data is at odds 

with the concept of a continuum, at least at the cortical level, demonstrating an 

increasing lack of habituation before a migraine with abrupt normalisation of the day of 

the migraine. It is hard to speculate as to why this may be since we do not fully
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understand the mechanisms surrounding the changes in cortical excitability. It may 

simply emphasise that the cortex and its excitability are bystanders to changes at other, 

probably brainstem, levels. One could speculate that when a certain critical level of 

dysfunction is reached in the brainstem as the migraine develops there may be an 

alteration of the predominant ascending projections to the cortex that change the state of 

cortical excitability.

In the diary study we considered that premonitory symptoms should start within 

72 hours of the headache. This is a somewhat arbitrary cut off and indeed there may be 

an increasing abnormality o f cortical information processing as measured by the CNV 

amplitude from 5 days before the headache (Siniatchkin et al. 2000). It remains to be 

seen whether migraineurs can recognise symptoms this early before a migraine.

Where in the trigeminal nociceptive system this phase, and indeed the earliest 

changes in the migraine cycle, is generated is still highly speculative. That head pain, 

although often present, is a relatively minor feature suggests that peripheral (at the 

trigeminovascular junction) and central (at the TNC) sensitisation are unlikely to be the 

primary mechanisms. Although electrophysiology has demonstrated increasing lack of 

habituation in the pre-migraine days (including changes in CNV and evoked potentials) 

that probably reflect changes in cortical excitability, the debate continues as to whether 

there is a fundamental hypo and hyper-excitability. Whilst this may in turn reflect 

alterations in subcortical, perhaps brainstem serotonergic, pathways, the direct evidence 

for this is lacking and no consensus has been reached as to the nature of these 

subcortical changes. From a clinical point of view, against a cortical genesis is the 

absence o f cortical localising symptoms and signs in the premonitory phase.

The brainstem theory o f premonitory symptoms is highly speculative based on 

the similarity of many premonitory symptoms to effects generated by activation of 

various brainstem regions, evidence from animal models of brainstem activation after 

stimulation o f intracranial pain sensitive structures that is modulated by anti-migraine 

drugs and brainstem activation on small functional imaging studies. The high frequency 

of vegetative symptoms such as nausea, yawning, change in appetite and urinary 

frequency in particular suggests that dysfunction of brainstem nuclei that have links to 

trigeminal pain control pathways may be responsible for this phase. Extrapolation from 

animal experiments involving craniotomy and stimulation of intracranial structures may 

bear little relevance to the far more complex, spontaneously arising human disorder. 

These techniques also only address the trigeminal nociceptive pathways and not the 

myriad non-headache features that may arise from diverse central structures including
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the NTS and hypothalamus. The human evidence for the generation of migraine at the 

brainstem level, although an attractive theory that fits neatly with the longitudinal 

organisation of supraspinal modulation of trigeminal nociception is based largely on the 

functional imaging study of Weiller et al. Critics of this study would point out that it 

was a small study of 9 subjects based on a statistical technique, the study has yet to be 

replicated (except for similar regions showing activation in case reports of primary 

headache disorders) and the brainstem was not the primary area o f interest in the study 

with the midbrain region of activation only being found on post hoc analysis of the data.

Despite these counter-arguments, it remains likely that if there is a premonitory 

phase at the start o f the migraine process it is likely to be generated at the level o f the 

brainstem. A unifying hypothesis would be that dysfunction of a brainstem nucleus 

involved in supraspinal trigeminal nociceptive pathways, triggered by changes in the 

internal or external environment, modulated by episodic dysfunction of as yet 

undetermined genes, but probably including the Cav2 . 1  calcium channel, causes 

dysfunction of the trigeminal nociceptive system and simultaneously produces the 

characteristic quiescent behavioural changes of migraine. Which of the many brainstem 

nuclei is, or are, responsible for premonitory symptoms, how this is triggered and how 

this is linked to development of the rest o f the migraine is not resolved.

Functional imaging, despite poor resolution scanning, has suggested a region in 

the dorsal rostral brainstem, an area that encompasses the locus coeruleus, DRN and 

PAG. Stimulation of the LC has been shown in experimental animals to reduce cerebral 

blood flow through a a 2 -adrenoceptor-linked mechanism, particularly in the occipital 

cortex, with an overall reduction in cerebral blood flow by 25% despite extracranial 

vasodilatation (Goadsby et al. 1982). This is unlikely to be the main mechanism behind 

the generation of migraine because changes in cerebral blood flow are within 

physiological limits in migraine and it does not account for the non-headache features of 

migraine. The main serotonergic nucleus in the brain stem, the midbrain DRN, can also 

increase cerebral blood flow when activated. In addition, changes in subcortical 

serotonergic pathways may be partly responsible for changes in cortical excitability 

demonstrated with electrophysiological techniques such as IDA?. It is also known that 

ovarian steroid hormones, estrogens and progestins, affect the function of the serotonin 

neural system at various levels and this may provide a cellular mechanism whereby 

changes in the menstrual cycle can affect migraine (Bethea et al. 1998).

The vlPAG is an obvious choice for either initiation or maintenance of migraine 

since activation produces pain response patterns of quiescence, somnolence and
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depressor activity akin to that seen in migraine. Furthermore its importance to the 

trigeminovascular system in emphasised by the observation that stimulation of this area 

inhibits SSS-evoked trigeminal neuronal activity in the cat (Knight and Goadsby 1999).

This PAG activation induces changes including alteration of subcortical 

serotonergic activity, perhaps at the level of the NRM, which in turn both may generate 

a change in cortical excitability that may support CSD (and aura), and also create a 

positive feedback loop of peripheral and central trigeminal sensitisation. This change in 

cortical excitability may only be sufficient to generate aura in those individuals with (a 

second) gene polymorphism that produces further changes in cortical excitability.

Indeed the episodic change in state o f cortical calcium channels, as described by Hans, 

could possibly be triggered by such a change in cortical activity. The intimate 

interconnection of brainstem nuclei connected to the vlPAG including NTS, NRM, and 

PB nuclei and locus coeruleus may account for other non-headache symptoms such as 

nausea (NTS) and yawning (dopaminergic activity of the locus coeruleus). In particular, 

connections to the LC may alter intracranial vessel diameter, initiating a cascade of 

trigeminovascular nociception.

A conundrum of this argument is that if we assume activation of the vlPAG 

system to be central in this cascade, why is pain a prominent feature of migraine? Two 

theories may explain this. Firstly, PAG activation is corrective i.e. pain is mediated by 

another mechanism and the vlPAG is then activated, producing quiescent pain 

behaviour but when a critical level of nociception is reached the PAG fails to 

compensate and normal regulation of nociception breaks down generating 

hypersensitivity to trigeminal sensation including pain, light and sound. It could be 

argued that in the premonitory phase pain the vlPAG is active, antinociception is in 

force, pain is not prominent but quiescent pain behaviour has started. Only when there is 

peripheral and central trigeminal sensitisation to such an extent that PAG 

antinociception is no longer adequate does pain become prominent. However, this 

hypothesis does not suggest how the trigeminal nociception is initiated.

Alternatively, the PAG activation is causative. Studies o f PAG stimulation have 

shown antinociception along with specific pain behaviour. However, it is conceivable 

that under certain circumstances activation of the PAG may mediate pro-nociception via 

complicated connections with other brainstem structures and a variety of 

neurotransmitters. The interneuronal circuitry with a tonically active GAB A inhibitory 

network influenced by many inhibitory and facilitatory pathways makes these 

discrepant functions possible within one nucleus. It must be borne in mind that this
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theory of migraine pathogenesis does not rely on clear-cut PAG activation or 

inactivation but rather dysfunction probably mediated by abnormally functioning Cav2 . 1  

channels.

The PAG may be primary in this or mediate a secondary effect from another 

region. Against the PAG being the primary source of the dysfunction is that the PAG 

serves as an integrator for ascending and descending influences rather than a generator 

o f pain modulation. It may be more logical to assume that the primum agens in this 

cascade lies higher ‘upstream’ in an area capable o f generating an effect which has 

descending input to the PAG to exert its many and varied behavioural and nociceptive 

effects. A prime candidate for this would be the lateral and preoptic area of the anterior 

hypothalamus. Recent animal studies of the effect of mild stress, such as a novel 

environment, have shown increased Fos expression only in the anterior and 

lateroanterior hypothalamus, whereas more intense physical stress activates a more 

diffuse area. Further evidence for a central role of the hypothalamus in pain modulation 

has been suggested by a PET study of brain activation during acupuncture in 16 healthy 

subjects. Stimulation of non-analgesic points activated the insula, ACC, the midbrain 

and the cerebellum. However, stimulation of a classic analgesic point additionally 

produced activation of the hypothalamus (Hsieh et al. 2001). The resolution on these 

images was not great enough to differentiate activation of different hypothalamic 

regions.

Further clues to the involvement of the hypothalamus and its brainstem 

connections in migraine may be deduced from its role in the non-headache features of 

migraine. Generation and maintenance of sleep has been linked to the preoptic/anterior 

area o f the hypothalamus (Steininger et al. 2001). As emphasised in the diary study, 

fatigue and sonmolence are prominent features of migraine and 50% of migraineurs find 

sleep a useful adjunctive treatment of their migraine (Martins and Parreira 2001). 

Anorexia is a very common feature of migraine, and loss of appetite during migraine 

coincides strongly with the onset and duration of the head pain in most sufferers, and 

brief noxious stimulation of the dura in conscious rats produces a transient suppression 

of food intake. This durai stimulation induces Fos expression in laminae I and V of the 

medullary dorsal horn (areas that process nociceptive signals), and in parabrachial and 

hypothalamic neurons positioned to suppress feeding behaviour, including the superior- 

lateral parabrachial nucleus and the dorsomedial area of the ventromedial nucleus of the 

hypothalamus (Briski and Gillen 2001; Malick et al. 2001).
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It is interesting to speculate whether this hypothalamic link may be a potential 

mechanism by which relatively minor changes in environment for instance sleep pattern 

can trigger migraine. The hypothalamus may not only be able to mediate the effect of 

biological rhythms on the periodicity of migraine, but may also account for the 

profound effects of stress and emotion in triggering migraine attacks. Furthermore, 

activation and morphological correlates of the posterior hypothalamic grey has been 

demonstrated in cluster headache.

Once activated by another region such as the hypothalamus, the vlPAG may 

maintain the migraine, generating non-headache symptoms via its links to other nuclei 

and trigeminal nociception via activation of the TNC.

A further question concerns why the trigeminal nociceptive system is 

specifically targeted? Why does migraine not affect other body regions outside that 

innervated by the trigeminal nerve? It is striking that apart from notable and poorly 

understood exceptions of ‘abdominal migraine’ in children and rare cases of ‘cardiac’ 

migraine it is only the trigeminal nociceptive system that has the propensity to this 

episodic dysfunction. The answer may lie in the considerable somatotopic organisation 

o f the PAG. Stimulation of the SSS in the cat specifically stimulates the ventrolateral 

area of the most caudal PAG (Hoskin et al. 2001), coincidentally the area with the 

functional activity most akin to migraine i.e. quiescent behaviour. Thus if there is 

episodic input from a region, for instance the lateral and preoptic areas of the 

hypothalamus, to the part of a dysfunctional PAG that is involved in trigeminal 

nociception, this may trigger a specifically trigeminal pain.

If there is a premonitory phase characterised by specific symptoms generated by 

brainstem nuclei why did the current studies, other than the diary study, not show 

consistent premonitory changes?

This may have been due to methodological problems. Poor recruitment of 

suitable subjects into the PET and blink reflex studies severely limited the power of 

both to pick up statistically significant changes. The effect of small numbers was 

magnified by the high inter- and intraindividual variance in response in the blink reflex 

study and I have previously discussed ways that this may be improved, including the 

use of multiple pulses, multiple electrodes and maintaining constant levels of patient 

arousal.

The techniques may simply be not sensitive enough to pick up very subtle 

brainstem changes. It is unlikely that there is any disruption of brainstem nociceptive 

mechanisms on a large scale as only a small proportion of migraineurs notice
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premonitory symptoms that are often subtle and non-specific. Functional imaging, in 

particular, is a statistical based technique that may not be appropriate to detect subtle 

changes that may be below the sensitivity o f this technique. Additionally the PET 

technique is based on random generation of particles, the scatter o f which limits the 

absolute upper limit of resolution. Analysis of PET data then requires realigning, 

normalising and smoothing the data over a kernel o f 1 0  mm diameter, creating a 

practical resolution of 6  x 6  x 6  mm. If areas of activation are much smaller then this 

level of resolution they may become non-significant after this data analysis.

Alternatively the changes in the premonitory period may involve pathways other 

than those measured by the techniques we used, which may be more suited to 

investigate pathways involved in other aspects of migraine. For instance, the 

nociceptive blink reflex is designed to detect changes in TNC activity, rather than 

changes in the PAG or hypothalamus. Whilst function in the TNC may be modulated by 

these other nuclei, this may not be at a sufficient level in the premonitory period to be 

detected by the blink reflex and may become more apparent at a later stage in the 

migraine, perhaps when central sensitisation has occurred. We have not yet tested the 

nociceptive blink reflex during a spontaneous migraine to tell whether this is so. 

Similarly, the precise role of NO in migraine, although likely to assume an important 

role, is yet to be established and may involve one or all of the phases and is unlikely to 

by itself be sufficient to generate miraine.

4.2 Aura

I have discussed the many and varied nature of aura symptoms, occurring with and 

without headache, often evolving through childhood development, and the association 

with identifiable genetic mutations. Of fundamental importance in discussing these 

symptoms is whether aura is independent of or an integral part of the headache. It is 

clear that aura is not the generating factor for headache (Goadsby 2001) but it is less 

clear whether subclinical aura features are a necessary by-product of the migraine 

process.

That aura is neither necessary nor sufficient for migraine suggests that aura is 

independent o f headache. This is backed up by genetic studies of FHM suggesting that 

certain genes, those for Cay2.1 channelopathies in the case o f FHM, mediate 

susceptibility to aura, genes that have not been linked to susceptibility to headache. A 

vivid demonstration of this is the kindred described with familial ataxic migraine in 

which only half of gene carriers have headache as part of the ataxic syndrome.
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suggesting that there are different genes for aura and for headache. The genes for the 

two must either be closely linked, to explain the concurrence of aura and headache, or 

the gene product of one alters the expression of the other. The spectrum of aura from 

FHM to typical aura, in particular in light of the higher familial incidence o f migraine 

with aura than without, makes it likely that similar genes modulate the susceptibility, 

albeit in a polygenetic fashion, to typical aura. The variance in type of aura may be 

partly a result o f different genes but also due to modulation of gene expression by other 

genes, particularly those active at different stages in development, importantly p and y 

calcium channel subunits.

It is not yet elucidated how these gene mutations would trigger aura, but they 

have been shown to alter episodically the biophysical properties and density of the 

Cay2.1 channels (Hans et al. 1999), which may alter cell excitability and predispose to 

CSD and thus to aura. In vivo evidence for altered cell excitability has been shown by 

using the tottering and leaner mice mutants. Cortical microdialysis in these mice has 

shown that evoked increases of extracellular glutamate levels produced by KCL- 

induced depolarisation are markedly attenuated in both mutants compared with wild- 

type mice. They also show a 10-fold increased resistance to CSD induced by electrical 

or KCl stimulation, probably related to impaired neurotransmitter release (Ayata et al. 

2000). Once the cortical wave is initiated by exposure to KCL, it travels more slowly 

across the cortical surface and propagation frequently fails entirely, perhaps partly due 

to a depression of glutaminergic (excitatory) neurotransmission. These findings o f 

resistance to CSD are unexpected if there is a simple relationship between the 

CACNAl A phenotype and susceptibility of the FHM cortex to CSD. While it is 

theoretically possible that all the FHM mutations produce opposite effects to those 

found in Cacnala!^ and Cacnala^^'^^ mice, TMS studies in FHM have shown results 

consistent with decreased cortical excitability during attacks (van der Kamp et al. 1997), 

and interictally in migraine with aura (Afra et al. 1998), although not all studies agree 

(Aurora et al. 1998). This reduced excitability to external depolarisation, while not a 

direct measure of CSD threshold, suggests that CACNAl A mutations may not 

predispose to FHM by lowering CSD threshold nor facilitating its spread. The CSD 

phenotype in mice mutants may represent compensatory mechanisms in response to 

physiological consequences of Cay2.1 channel mutations. Nevertheless altered levels of 

neurotransmitter release may contribute to the pathophysiology of the neurological 

deficit in these mutants and FHM.
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The counter argument is that aura is not separate but an integral part of the 

migraine process. It may not be essential to have aura to generate headache and clearly 

there is no correlation between aura severity and headache severity, but it may be found 

that subclinical aura occurs in the vast majority of, perhaps all, migraine. The 

prevalence o f clinical aura increases if the concept of aura is expanded to encompass 

symptoms not always thought of as such. At one end of the spectrum it may include 

dystonie manifestations for instance in BPTI, or coma in FHM, and at the other end 

there is increasing evidence that subclinical aura is a common entity.

This is suggested from several aspects. Firstly, many patients frequently 

complain o f poorly described, rather nebulous, blurred vision for several minutes before 

an attack, which although may not classically fall into the description of aura may well 

be a subtle manifestation. Secondly, functional imaging, in particular the classic study 

o f Woods et al, have shown changes analogous to CSD in subjects with spontaneous 

migraine without aura. However, functional imaging changes have not been 

systematically compared between cohorts of migraineurs with and without aura to 

compare the prevalence of these changes in the 2 groups. Thirdly, interictal ataxia is a 

very common feature of FHM and is usually assumed to be specific to those carrying a 

specific CACNAl A ‘aura gene’. Recent evidence has suggested that even subjects with 

‘migraine without aura’ have subclinical cerebellar signs analogous to those with FHM 

with ataxia (Sandor et al. 2001). Finally, patients with migraine may describe attacks 

with and without aura and it is difficult to imagine that the pathophysiology of these 

attacks in the same individual varies to any great extent and it may be more logical to 

assume at least a subclinical aura in all attacks.

I have discussed above the concept of an ‘aura gene’ distinct from a ‘headache 

gene’, but an alternative hypothesis is that the same genes may be responsible for aura 

and for headache. The association between the CACNAl A gene and cerebellar 

involvement is assumed to be related to the high density of Cay2.1 calcium channels in 

the cerebellum. However, the same channels are expressed in brainstem regions 

concerned with pain modulation, including the ventral PAG (Hillman et al. 1991). In an 

animal model of trigeminal nociception the role of Cay2.1 channels in PAG pro

nociception has been suggested (Knight et al. 2001). Irreversible blockade of Cav2.1 

channels with agatoxin, a funnel web spider toxin, probably via disinhibition of the 

tonically active GABAergic interneurons, causes PAG and then TNC activation. Whilst 

the intemeuronal circuits and neurotransmitters involved in this pathway are far from 

fully elucidated, this does suggest that dysfunction of Cav2 . 1  channels in subtypes of
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migraine may account not only for cerebellar features and prolonged aura but also 

contribute to trigeminal nociceptive dysfunction. This hypothesis goes against separate 

aura and headache genes and creates a more unifying hypothesis linking susceptibility 

to aura and headache, albeit with the relative propensity to each modulated via other 

channel subunits if not genes.

The middle ground between these opposing views of aura and headache being 

separate or inter-linked may be occupied by a theory encompassing a similar genetic 

predisposition to both aura and headache, perhaps a channelopathy, but then each phase 

is modulated by other genetic, perhaps other Cay2.1 channel subunits, or environmental 

factors.

4.3 Conclusion

Migraine may therefore be regarded as a cascade of brainstem dysfunction with neither 

aura nor headache as necessary components but each as by-products of brainstem 

dysfunction, the former via alteration in cortical excitability, and the latter through 

activation o f the TNC that facilitates central and peripheral sensitisation. If the complex 

intemeuronal brainstem pathways and neurotransmitters involved in the initial events 

were better understood, then specifically targeted pre-emptive therapy for those who 

recognise their premonitory symptoms could be designed to halt the cascade.

A unifying theory of migraine pathogenesis is still far from clear but non-headache 

features in the early phases of migraine give insight into possible mechanisms. A 

premonitory phase, although subclinical in most patients, probably indicates a 

secondary dysfunction of a genetically (calcium channelopathy) predisposed vlPAG, 

perhaps triggered by the lateral area of the anterior hypothalamus and surrounding 

areas. As a by-product this generates trigeminal nociception that is further enhanced by 

peripheral and central sensitisation. As a separate effect, the brainstem dysfunction may 

alter cortical excitability, possibly via serotonergic pathways from the NRM, to trigger 

aura in subjects with the genetic predisposition, albeit modulated by polygenetic and 

developmental factors. It is likely that subclinical aura and permanent interictal signs 

are far more common than currently recognised. The premonitory phase probably starts 

as very subtle alterations in very localised areas o f the brainstem and forms a continuum 

with the headache phase. Many standard laboratory techniques are insufficiently 

sensitive or focus on the wrong region to pick up these changes.
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5. Appendix

IHS diagnostic criteria (abbreviated)
1. Migraine

A 5 attacks fulfilling B-D

B Headache attacks lasting 4-72 hours (treated or unsuccessfully treated)

C Headache has at least 3 of the following characteristics:

1 unilateral location

2  pulsating quality

3 moderate or severe intensity (inhibits or prohibits daily activities

4 aggravation by walking stairs or similar routine physical activity

D During headache at least one of the following

1 nausea and /or vomiting

2  photophobia and phonophobia 

E At least one of the following

1 history and/or physical examinations do not suggest one of the 

disorders listed in groups 5-11

2  history and/or physical and /or neurological examinations do suggest 

such disorder, but it is ruled out by appropriate investigations

3 such disorder is present, but migraine attacks do not occur for the first 

time in close temporal relation to the disorder

1.2 Migraine with aura

A At least 2 attacks fulfilling B

B At least 3 of the following 4 characteristics:

1 one or more fully reversible aura symptoms indicating focal cerebral 

cortical and/or brainstem dysfunction

2 at least one aura symptom develops gradually over more than 4 

minutes or two or more symptoms occur in succession

3 no aura symptom lasts more than 60 minutes. If more than one aufa 

symptom is present, accepted duration is proportionally increased.

4 headache follows aura with a free interval of less than 60 minutes. (It 

may also begin before or simultaneously with the aura)

C At least one of the following:

1 . history, physical and neurological examinations do not suggest one o f the 

disorders listed in groups 5-11 of the IHS classification

194



2 . history and/or physical and/or neurological examinations do suggest such a 

disorder, but it is ruled out by appropriate investigations

3. such disorder is present, but migraine attacks do not occur for the first time in 

close temporal relationship to the disorder

1.2.1 Migraine with typical aura:

A Fulfils criteria for 1.2, including all 4 criteria under B 

B One or more symptoms of the following types

1. Homonymous visual disturbance

2. Unilateral parasthesias and/or numbness

3. Unilateral weakness

4. Aphasia or unclassifiable speech difficulty

1.2.1 Migraine with prolonged aura:

Fulfils diagnostic criteria for 1.2 but at least one symptom lasts more than 60 minutes and no 

more than 7 days. If neuroimaging reveals a relevant ischaemic lesion, code 1.6.2 

migrainous infarction regardless of symptom duration

1.2.2 Familial hemiplegic migraine

A. Fulfils criteria for 1.2

B. The aura includes some degree of hemiparesis and may be prolonged

C. At least one first-degree relative has identical attacks

1.2.3 Basilar migraine :

A. Fulfils criteria for .2

B. Two or more symptoms of the following types: visual symptoms in both the 

temporal and nasal fields of both eyes, dysarthria, vertigo, tinnitus, decreased 

hearing, double vision, ataxia, bilateral parasthesias, bilateral pareses, decreased 

level of consciousness

1.2.4 Migraine aura without headache :

A. Fulfils criteria for 1.2

B. No headache

1.2.5 Migraine with acute onset aura: migraine with aura developing fully in less 

than 5 minutes

1.3 Ophthalmoplegic migraine: repeated attacks of headache associated with paresis of

one or more ocular cranial nerves in the absence of demonstrable intracranial lesion

1.4 Retinal Migraine: repeated attacks of monocular scotoma or blindness lasting less

than one hour and associated with headache. Ocular or structural vascular disorder 

must be ruled out
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1.5 Childhood periodic symptoms that may be precursors to or associated with migraine

1.5.1 Benign paroxysmal vertigo o f  childhood

1.5.2 Alternating hemiplegia o f  childhood

1.6 Complications o f  migraine

1.6.1 Status migrainosus'. attack of migraine with headache phase lasting more than 

72 hours despite treatment. Headache-free intervals of less than 4 hours (sleep 

not included) may occur

1.6.2 Migrainous infarction

1.7 Migrainous disorder not fulfdling above criteria
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