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Abbreviations

ACh Acetylcholine
CGRP Calcitonin gene-related peptide
CNS Central nervous system
CNV Contingent negative variation
CSD Cortical spreading depression
EEG Electroencephalography
EP Evoked potential
mDNA Mithochondrial DNA
nDNA Nuclear DNA
PAG Periaqueductal grey matter
PET Positron emission tomography
rTMS Repetitive transcranial magnetic stimulation
SSRIs, SNRIs Serotonin and serotonin-norepinephrine reuptake inhibitors
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tDCS Transcranial direct current stimulation
TRPA1 Transient receptor potential ankyrin 1
TVS Trigeminovascular system (TVS)

17.1  Introduction

The definition of a migraine attack as ‘nerve-storms’ made by Liveing [1] is per-
haps, as also pointed out by Oliver Sacks [2], the best metaphor to describe the 
sequence of symptoms starting 24–48 h before and lasting up to 24 h after the aura 
and headache phases, which characterizes the overt manifestation of the migraine 
syndrome. Migraine is indeed a complex of symptoms that can be triggered by 
diverse factors, amongst which are alcoholic beverages, stress, sleep disturbances 
and weather conditions [3] including lightning storms [4]. Such triggers are not 
causes, however, because for a factor to be possibly causal, it must be present also 
outside of an attack as a predisposing factor.

Genes could cause the fertile ground that predisposes to the recurrence of 
migraine attacks. The ‘holy grail’ of migraine genetics has not yet been found, how-
ever, probably because the migraine predisposition is not linked to a single gene, but 
to multiple genetic peculiarities that, taken individually, cause subtle non- pathogenic 
anomalies, but perturb the brain’s equilibrium allowing triggers to ignite an attack, 
when they occur in combination [5]. Although mutations of single genes are not 
found in the common forms of migraine, contrary to familial hemiplegic migraines, 
it is well known that migraine runs in the family with a predominant maternal 
transmission.

Neurophysiology had the primacy of unraveling for the first time that in migraine 
the brain has peculiar functional characteristics even between attacks, i.e. when the 
patient is completely, or almost completely, asymptomatic.

In this book several chapters illustrate how the migraine brain has been explored 
with virtually all hitherto available neurophysiological methods. Various functional 
abnormalities were detected not only at the cortical level, as the general clinical 
hypersensitivity of the migraine could suggest, but also, albeit subtle, at the spinal 
(Perrotta, Chap. 8; Vollono, Chap. 7; Uglem, Chap. 11), brainstem (Vollono, Chap. 7) 
and thalamic and thalamocortical levels (Coppola and Pierelli, Chap. 6).

The first conclusion emerging from these studies is, therefore, that there is a 
global dysfunction of sensory information processing in the nervous system of 
migraine patients for all sensory modalities, except for the olfactory one (Chen 
et al., Chap. 2; Coppola and Magis, Chap. 3).

The second neurophysiological hallmark is that most of these abnormalities are 
reversible, as they are evident outside of a migraine attack, but either improve or 
sometimes worsen just before, i.e. during the premonitory phase, or during an attack 
(Sand et al., Chap. 1; Coppola and Magis, Chap. 3, Chen et al., Chap. 2; Coppola 
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and Pierelli, Chap. 6), possibly accompanied by abnormal sensorimotor integration 
(Boran et al., Chap. 9). Pharmacological therapies can often contribute to the nor-
malization of cortical activities.

The third distinguishing feature of migraine is that neurophysiological responses 
are in part different when evoked by noxious or innocuous stimuli, likely because of 
a central sensitization in pain processing (Coppola and Magis, Chap. 3; de Tommaso 
et al., Chap. 10). Whether or not these alterations are due to a general deficit in pain 
inhibition by the endogenous pain control systems both at spinal and brainstem 
(Vollono, Chap. 7; Perrotta, Chap. 8) and frontal levels (de Tommaso et al., Chap. 10) 
remains to be determined [6]. Further studies are necessary to determine the causal 
link between the functional abnormalities during wakefulness and the alterations in 
quality and structure of sleep detected with polysomnography (Engstrøm and Rains, 
Chap. 5).

Fourth, although it is commonly postulated that the migraine aura is caused by 
cortical spreading depression, there is to date only indirect evidence in favor of this 
phenomenon from neuroimaging and, partly, from neurophysiological studies 
(Ambrosini and Coppola, Chap. 14).

Fifth, the abnormalities in information processing of painful or innocuous stim-
uli found in adult migraineurs can also be found in adolescents and even in subjects 
defined as being ‘at risk for migraine’ because they are born from parents affected 
by migraine and hence probably carry a higher genetic load (Coppola et al., Chap. 
12; Valeriani and Gazerani, Chap. 15).

Sixth, the recurrence of cephalic pain is associated with cognitive disturbances 
and leads to behavioural, often ineffective, strategies to avoid pain, which is reflected 
in abnormalities of neurophysiological responses to cognitive tasks (Mickleborough 
et al., Chap. 4). In fact, various cognitive dysfunctions have been described in the 
various phases of the migraine cycle [7–13] and worsen when migraine becomes 
chronic [14–16].

Seventh, it seems obvious, but cannot be taken for granted, that all these func-
tional alterations can determine transient or lasting plastic changes at the synaptic 
level (Coppola and Antal, Chap. 13). This can be responsible for changes in syn-
chrony of temporal activation and in functional dynamic connectivity between brain 
areas and for their modification by sensory stimuli (Sand et al., Chap. 1; Chen et al., 
Chap. 2; Coppola and Magis, Chap. 3; de Tommaso et al., Chap. 10). These plastic 
synaptic modifications may be at the basis of the micro- and macro-structural 
changes of cerebral white and grey matter that have been identified since several 
years with modern neuroimaging techniques [6].

Eighth, we have only recently gained some insight in the neuroanatomical cor-
relates of the various ictal and interictal dysfunctions, evidenced by neurophysiol-
ogy. Several recent studies show how the cerebral hyperresponsiveness observed 
with evoked potentials in migraine is associated with macro-structural changes, 
abnormal functional connectivity or a mismatch between the increased neural activ-
ity and brain energy availability in patients between attacks (Lisicki and Chen, 
Chap. 16).

17 Neurophysiological Model of Migraine Pathophysiology: Bringing the Past…

https://doi.org/10.1007/978-3-030-56538-1_6
https://doi.org/10.1007/978-3-030-56538-1_9
https://doi.org/10.1007/978-3-030-56538-1_3
https://doi.org/10.1007/978-3-030-56538-1_10
https://doi.org/10.1007/978-3-030-56538-1_7
https://doi.org/10.1007/978-3-030-56538-1_8
https://doi.org/10.1007/978-3-030-56538-1_10
https://doi.org/10.1007/978-3-030-56538-1_5
https://doi.org/10.1007/978-3-030-56538-1_14
https://doi.org/10.1007/978-3-030-56538-1_12
https://doi.org/10.1007/978-3-030-56538-1_15
https://doi.org/10.1007/978-3-030-56538-1_4
https://doi.org/10.1007/978-3-030-56538-1_13
https://doi.org/10.1007/978-3-030-56538-1_1
https://doi.org/10.1007/978-3-030-56538-1_2
https://doi.org/10.1007/978-3-030-56538-1_3
https://doi.org/10.1007/978-3-030-56538-1_10
https://doi.org/10.1007/978-3-030-56538-1_16


226

17.2  Neurophysiological Model of Migraine Pathophysiology

As evidenced by the numerous neurophysiological studies performed over the 
migraine cycle, migraine is not a static brain disorder, but instead a disorder with 
a protean pathophysiological signature that changes depending on the phase of its 
cycle. It involves the nervous system in many ways and at various sites (see 
Fig. 17.1).

In a neurophysiological model of migraine pathophysiology, genetic predisposi-
tion, due to peculiarities in nuclear (nDNA) and/or mitochondrial (mDNA) DNA, 
has a pivotal role. As mentioned before, asymptomatic ‘at-risk’ subjects have the 
same neurophysiological pattern as interictal migraineurs [17–19]. Moreover, the 
neurophysiological responses of parents correlate closely with those of their chil-
dren [20]. In chronic migraine, there is a close relationship between genetic poly-
morphisms, neurophysiological patterns and acute medication overuse [21, 22]. 
Unlike in familial hemiplegic migraine, the genetic basis of the aura in the common 
forms of migraine aura remains elusive; the neurobiological link between the aura 
and activation of the trigeminovascular system also remains speculative in humans. 
Interestingly, visually induced electrical and biochemical brain responses as well as 
neuromuscular junction safety factor differ between patients with strictly visual 
auras and those with complex neurological auras [23–26].

Fig. 17.1 Schematic representation of the pathophysiological model of migraine developed 
according to the data provided by neurophysiological studies. The figure shows the areas of the 
nervous system involved, their link (with a continuous line when evident, with a dotted line when 
only hypothesized) to form a cybernetic system. In the figure are also represented some of the pos-
sible non-modifiable and modifiable factors able to disrupt the system and determine the activation 
of the cerebral visceral alarm system par excellence, the trigeminal-vascular system. The final 
product is the triggering of a migraine attack, which tries to rebalance the system. In chronic 
migraine this system never stops being re-balanced because the TVS is always active (daily head-
ache) and reinforced by the central sensitization process. See the text for more explanations
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The proteins certain genes code for set the level of excitability of different brain 
structures. In migraineurs, for instance, they may influence the propensity to 
develop peripheral and/or central sensitization, they may reduce the efficiency of 
pain control systems from the frontal lobes to the upper brainstem, or more gener-
ally, they may alter the synaptic hyperpolarization/depolarization activity that 
underlies neuronal plasticity, i.e. learning and memory functions. These are pre-
cisely functions that are altered in migraine, such as habituation to sensory stimuli 
and short- and long-term adaptation processes induced by non-invasive transcranial 
brain stimulation. The studies analysing high-frequency EEG/EP oscillations indi-
cate that thalamic activation of sensory cortices is abnormal in migraine and thala-
mocortical afferents are known to be under the tonic control of the brainstem and 
limbic system. This type of functional alteration is called ‘thalamocortical dys-
rhythmia’, which is likely to be responsible for the general hyperresponsiveness of 
the migraine brain [27].

Unfortunately, clinical neurophysiology methods have provided little informa-
tion on another diencephalic structure, the hypothalamus, that has received renewed 
attention during the last 5 years [28]. Modern neuroimaging studies support indeed 
with reasonable certainty the historical view [29] of the hypothalamus as a cerebral 
structure playing a crucial role in the periodicity of migraine attacks, its anterior 
part being more active up to 48 h before an attack during the pre-ictal phase when 
premonitory symptoms may occur [28, 30, 31]. An abnormal activation of the ante-
rior hypothalamus also appears to be present during chronic migraine [32–34], con-
firming that chronic migraine could be considered, brain activity-wise, as a 
never-ending attack [35]. The hypothalamus is anatomically connected to the two 
most important pain control areas, the one located in the frontal lobes [36] and the 
one located in the midbrain [28, 37], and therefore has antinociceptive functions 
[38]. In addition, the neuroendocrine (orexinergic and non-orexinergic) hypotha-
lamic system that is critically involved in coordinating appropriate physiological 
and behavioural responses to aversive and threatening stimuli [39, 40] like headache 
may be involved in this pathophysiological model. We speculate that the hypothala-
mus, together with the trigeminovascular system (TVS), the major alarm system of 
brain viscera, forms an important neural system designed to maintain brain homoeo-
stasis by regulating homoeostatic needs, such as energy balance, osmoregulation 
and emotional response [41]. Whether the visual cortex that is also activated pre- 
ictally in most imaging studies [28, 30, 31] and both directly or indirectly connected 
with the hypothalamus has a primary or secondary role in initiation of the migraine 
attack remains to be determined.

The high level of cortical responsivity between attacks of migraine is extremely 
energy-consuming for the brain [42]. A combined interictal study of VEP and FDG- 
PET has shown that in the visual cortex of migraineurs neuronal activation by far 
exceeds glucose uptake, and thus metabolic supply, during visual stimulation [43]. 
A mismatch between cerebral energy demands and energy reserve can lead to a 
critical disequilibrium able to activate the hypothalamo-TVS homoeostatic system 
and to ignite the migraine attack [42]. In a cybernetic system, like the human brain, 
the ignition of this system, whilst generating the headache and associated symptoms 

17 Neurophysiological Model of Migraine Pathophysiology: Bringing the Past…



228

of an attack, can be considered as the only means to bring the brain back into bal-
ance, i.e. to avoid ‘rupture’ of cerebral homoeostasis. In chronic migraine, this 
hypothalamo-TVS system in a certain way ‘never stops’ being active [35]. This is 
likely favoured by unmodifiable factors, such as the genotypes mentioned above, 
and persisting, though modifiable, factors, such as behavioural alterations like over-
use of symptomatic drugs and biorhythm imbalances, for example, due to insuffi-
cient physical activity, forced rupture of circadian rhythms or inadequate dietary 
habits. All these factors are likely to contribute to an increase in oxidative stress, 
promote a persistent pro-inflammatory state and alter basal metabolism [44], all 
contributing in an additive way to unbalance the cerebral cybernetic system and thus 
increase the propensity for activation of the hypothalamo-TVS system.

17.3  Possible Therapeutic Interventions Based 
on Neurophysiological Evidence

Various targets for therapeutic intervention in this construct of migraine pathogen-
esis are schematized in Fig. 17.2.

As mentioned above, migraine affects the nervous system at multiple levels, 
from the first sensory division of the trigeminal nerve to the cortex, through the 
brainstem aminergic nuclei (raphe, locus coeruleus), diencephalon, basal forebrain 
(nucleus basalis) and periaqueductal grey matter (PAG). The subcortical structures 
seem to play a key role both in the interictal cortical hyperresponsive sensory pro-
cessing and in attack generation. Not only the brainstem structures but also the 
diencephalon, hypothalamus and thalamus are actively involved in preparing and 
starting the migraine attack [31]. Therefore, drugs acting at these CNS sites might 
mitigate both attacks and subcortico-cortical neurophysiological abnormalities.

There is convincing evidence from neurophysiological and functional imaging 
studies that central nervous system changes precede the activation of the 
TVS. Although the pain is most likely generated in the peripheral portion of the 
TVS, notable via the release of calcitonin gene-related peptide (CGRP) in menin-
geal sensory afferents [45], neurophysiological signs of peripheral trigeminal sensi-
tization between attacks are scarce and subtle, whilst there is robust evidence of 
central sensitization (Uglem, Chap. 11). Because of their high molecular weight, the 
novel anti-migraine monoclonal antibodies blocking CGRP transmission act in 
principle exclusively in the peripheral portion of the TVS, and yet they have a pro-
phylactic effect. It is of interest in future neurophysiological studies to verify if they 
exert a pure peripheral effect or are also able to modify central areas involved in 
migraine pathophysiology, such as the hypothalamus or periventricular organs 
where the blood-brain barrier is lacking. If the former is the case, the monoclonal 
CGRP/rec mAbs may act as a long-lasting attack treatment rather than as a genuine 
preventive treatment supposed to mitigate the interictal central nervous system dys-
functions that may lead to a migraine attack.
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https://doi.org/10.1007/978-3-030-56538-1_11


229

A disturbance of the serotonin metabolism has been described in migraine 
patients [46]. The efficacy of the serotonin transmission-modifying drugs in both 
the acute and prophylactic treatment of migraine is well accepted.

Amongst the monoamine reuptake inhibitors, a pharmacological class used in 
migraine prophylaxis, the tricyclic agent amitriptyline is the only with some evi-
dence for efficacy. By contrast, the selective serotonin and serotonin-norepinephrine 
reuptake inhibitors (SSRIs, SNRIs) have not been found to be consistently effective 
in migraine, but available information is too scarce to allow any definitive 
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conclusion. Nevertheless, these agents were shown to have specific effects on corti-
cal responsivity [47, 48], suggesting that more studies in migraine prophylaxis may 
be worthwhile [49].

Interactions between serotonin and other monoamines, such as acetylcholine, 
have been described in animal models [50–52], indicating that the serotonergic sys-
tem could be only one of the possible targets for migraine treatment. As a matter of 
fact, thalamocortical projections supposed to be dysfunctioning in migraine 
(Coppola and Pierelli, Chap. 6) are chiefly cholinergic, and in neurophysiological 
studies acetylcholine (ACh) can influence cortical responsivity in animals [53, 54] 
and in humans as far as thalamocortical activity [55] or cortical inhibitory functions 
are concerned [56]. Interestingly, in animals, ACh significantly increases firing in 
nociceptive afferents of meningeal trigeminal nerves [57] whilst muscarinic recep-
tor activation decreases overall the excitatory/inhibitory ratio and inhibits both ini-
tiation and propagation of cortical spreading depression [58]. Nicolodi et al. found 
in an open-label proof-of-concept study that a 2-month treatment with donepezil, a 
second-generation acetylcholinesterase inhibitor, reduced the frequency of migraine 
attacks, cumulative hours with headache and pain severity; its efficacy was superior 
to that of propranolol [59]. Acetylcholinesterase inhibitors could contribute to sta-
bilize the aminergic innervation of the thalamus and cortex and to inhibit cortical 
spreading depression. Placebo-controlled trials of acetylcholinesterase inhibitors in 
migraine prevention are thus worthwhile.

Many neurophysiological [60, 61] and neuroimaging [62–64] studies suggest 
that the glutamatergic neurotransmission is abnormal in migraine. Genes that are 
involved in glutamate signaling may be implicated in migraine [65]. Glutamate 
receptor inhibitors possess antinociceptive properties in animal models of trigemi-
novascular nociception [66] and hence are promising drugs for acute migraine treat-
ment [67]. There is some evidence in favour of an association between certain 
glutamate receptor polymorphisms and somatosensory evoked responses in chronic 
migraine with medication overuse headache [22].

Another path to explore is the metabolic facet of migraine pathophysiology. MR 
spectroscopy, PET scan and blood studies of glucose and insulin metabolism have 
established that the mitochondrial energy metabolism is altered in the brain of 
migraine patients between attacks [68]. This is supported by therapeutic trials of 
so-called metabolic enhancers (nutraceuticals) acting on the respiratory chain [69] 
and of ketogenic diet [70]. The latter, besides enhancing mitochondrial metabolism, 
is able to modulate cortical excitability, as illustrated by the normalization of visual 
and somatosensory evoked potentials in episodic migraine patients after 1 month of 
ketogenic diet [71, 72]. Further studies are necessary to determine if the neurophysi-
ological patterns can predict the therapeutic response and if the normalization of 
cortical evoked responses is due to an enhancement of inhibitory circuits or a reduc-
tion in excitatory activity, or to an effect on both.

As mentioned above, external trigger factors likely contribute to an increase in 
oxidative stress that may promote a persistent pro-inflammatory state and alter the 
basal energetic metabolism of the migrainous brain [44, 68]. Sensory neurons of 
the trigeminal nerve express transient receptor potential ankyrin 1 (TRPA1) 
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cation channels, which are of particular interest in migraine since they sense a 
large series of reactive by-products of oxidative stress and seem to contribute to 
the transition from an acute to a chronic pain condition [73]. TRPA1 activators 
can trigger migraine attacks and analgesic and specific anti-migraine drugs are 
able to inhibit or desensitize TRPA1 channels. Novel TRPA1 antagonists may 
represent a new class of drugs to mitigate the oxidative stress response and to treat 
migraine [74].

For clinical practice, it is of interest that non-pharmacological strategies are able 
to modulate cortical pre-activation levels and excitability and can be useful in 
migraine prophylaxis. Contingent negative variation (CNV) biofeedback, a psycho-
physiological intervention, was effective in treating migrainous children [75]. 
Although the effect could be related to other factors than the self-regulation, it sug-
gests that further therapeutic trials of neurofeedback are worthwhile in migraine, 
including adult migraineurs.

Other means to modify activity and metabolism of cortical neurons are repet-
itive transcranial magnetic stimulation (rTMS) and transcranial direct current 
stimulation (tDCS), both of which can induce long-lasting modifications of cor-
tical excitability. These neuromodulatory methods have shown promising results 
in treating major depression [76, 77]. Unfortunately, despite the great interest in 
these methods, the results obtained so far in the acute or preventive treatment of 
migraine are scarce and partly contradictory [78]. Peripheral nerve neurostimu-
lation such as cervical vagus nerve stimulation or external trigeminal neuro-
stimulation can also be effective as adjunctive therapies in migraine [79]. 
Further studies are needed to determine whether these non-invasive neurostimu-
lation methods are more effective if they are selected and adapted according to 
the interictal peripheral and cortical neurophysiological profile of migraine 
patients, as demonstrated in a proof-of- concept study [80] and in other func-
tional brain disorders [81].

17.4  Perspectives on Neurophysiology in Migraine

More than 3000 years passed since the first description by Hippocrates of migraine 
as a periodic syndrome encompassing aura, hemicranial pain and associated gastro-
intestinal symptoms: ‘he seemed to see something shining before him like a light, 
usually in part of the right eye; at the end of a moment, a violent pain supervened in 
the right temple, then in all the head and neck....vomiting, when it became possible, 
was able to divert the pain and render it more moderate’ [82]. But only about 
150 years have passed since the first recognition of migraine as a paroxysmal brain 
disorder by Liveing: ‘A form of centrencephalic seizure, the activity of which is 
projected rostrally upon the cerebral hemi-spheres, and peripherally via the auto-
nomic nervous system’ [29].

The temporal resolution of modern neurophysiological techniques, in combina-
tion with the high spatial resolution of modern MRI techniques, has enabled 

17 Neurophysiological Model of Migraine Pathophysiology: Bringing the Past…



232

neuroscientists to make giant strides in understanding the pathophysiology of 
migraine. Given the progress made since 1959, when Golla and Winter [83] used 
old-fashioned four-channel EEG to study the brain in migraine, the time is ripe for 
substantial advances in disentangling its multiple pathophysiological facets. 
Progress in the next few years will largely depend on a better understanding of the 
mechanisms underlying cortical hyperresponsivity in migraineurs, of the underpin-
nings of its variations over the migraine cycle and of its relation with brainstem- 
thalamocortical rhythms and activity of subcortico-(thalamo-)cortical aminergic 
pathways. It will also be necessary to disentangle the link between the fluctuations 
in cortical responsivity and the activation of the hypothalamo-TVS pathway, as well 
as the link between the latter and the migraine aura. It is of uttermost importance to 
gather more data on the geno-phenotype correlations in the various migraine forms. 
Moreover, since migraine has many comorbidities, ranging from psychiatric to 
chronic pain disorders, it is of fundamental importance to acquire more information 
on possible electrophysiological links with the various comorbid disorders, jointly 
with a better clinical characterization of patients. Finally, the link between meta-
bolic factors, cortical spreading depression and TVS activation needs to be clarified, 
in particular with regard to the possible role of the oxygen/ATP sensing system, 
involving hypoxia-inducible factor (HIF), and to the role of metalloproteinases able 
to break down the blood-brain barrier and to allow brain-derived factors accessing 
the TVS system.

To conclude, given the multiple anatomical and functional peculiarities found in 
the brain of migraine patients even between attacks, we think it is time to move from 
the original definition of migraine as ‘non-organic central pain’ by Federigo Sicuteri 
[84] to that of ‘biobehavioural organic maladaptive central pain’, which incorpo-
rates the biological and behavioural aspects of the disorder, as well as the accompa-
nying morpho-functional plastic alterations.
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