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Foreword

The Headache Series is enhanced by this second volume, edited by Messoud Ashina
and Pierangelo Geppetti, both well-known scientists in the headache pathophysiol-
ogy area, to whom a delicate task has been assigned: to render the most updated
picture of pathophysiology of headache disorders involving all the many prestigious
actors who dominate the scenes of this shimmering theatre. Their different disci-
plinary backgrounds, primarily neurology but also pharmacology, guaranteed a
combined-vision, factual planning of this important chapter in Headache Medicine.

The operation has been brilliantly carried out and the completeness of the vol-
ume is now in front of the readers’ eyes and is available indiscriminately to every-
one with a clinical-scientific-educational interest towards Headache Medicine.

The European Headache Federation thanks the Editors for their essential contri-
bution to this complex and fine volume and every author of each chapter for playing
an important role in spreading headache culture through the medical world.

The education/dissemination path within the EHF project of the Headache Series
has concluded its second important step.

Paolo Martelletti
Sapienza University, Rome, Italy

Rigmor Hgiland Jensen
University of Copenhagen, Copenhagen, Denmark






Preface

The purpose of the second Headache Series book endorsed by the European
Headache Federation is to bring together in one book much of the diverse body of
work on the pathophysiology of headaches.

We hoped to provide the reader with recent advances in the pathophysiology of
migraine, cluster headache, and tension-type headache. The topics we have chosen
for the book should be of interest to headache basic and clinical science researchers
as well as researchers in the pharmaceutical industry. We also believe that this book
will also be attractive to senior undergraduate and graduate students in the health
sciences, whose interests include headache.

The book is organized into an introductory chapter on the anatomy of headache,
which is essential to understand the pathophysiology of headaches, followed by
topical chapters focusing on animal and human models, genetics, imaging, neuro-
physiology, and biochemistry. We also asked experts in the field to provide the cur-
rent status and future perspectives on the pathophysiology of headaches.

We hope that this book will not only provide interesting reading but also serve as
a useful reference in the field of headache research.

Copenhagen, Denmark Messoud Ashina
Florence, Italy Pierangelo Geppetti

vii






Contents

10

Anatomy of Headache. . .......... ... ... ... ... ... ........ 1
Hayrunnisa Bolay, Karl Messlinger, Maria Dux, and Didem Akcali
Animal Models of Migraine. ... ............................. 31

Anna P. Andreou and Michael L. Oshinsky

Animal Models of Tension-Type Headache
and Trigeminal Autonomic Cephalalgias . ..................... 67
Cristina Tassorelli, Rosaria Greco, and Simon Akerman

Geneticsof Headache . . .......... .. .. ... .. ... .. .. .. ... 83
Cherubino Di Lorenzo, Filippo M. Santorelli,
and Arn M.J.M. van den Maagdenberg

Human Models of Primary Headaches. ....................... 101
Henrik Winther Schytz and Guus G. Schoonman

Imaging of Mligraine. . . ........ .. .. ... .. .. .. .. . .. . ... 117
Michaela Andelova, David Borsook, and Till Sprenger

Imaging of Other Primary Headaches . .................... ... 137
Sarah Miller and Manjit S. Matharu

Neurophysiology of Migraine. . . ............................. 155
Gianluca Coppola, Francesco Pierelli, Petter M. Omland,

and Trond Sand

Neurophysiology of Other Primary Headaches................. 175
Anna Ambrosini and Gianluca Coppola

Biochemistry of Primary Headaches. . . ....................... 185

Paola Sarchielli, Stefano Caproni, Cinzia Costa,
Delia Szok, and Janos Tajti



11

12

13

14

Pathophysiology of Migraine: Current Status

and Future Directions. . . . ............................

Jakob Mgller Hansen and Dan Levy
Pathophysiology of TTH: Current Status

and Future Directions. . . . ............................

Sait Ashina and Lars Bendtsen

Pathophysiology of Cluster Headache: Current Status

and Future Directions. . . . ............................

Mark Obermann and Manjit Matharu

Pathophysiology of Medication Overuse Headache:

Current Status and Future Directions . .................

Signe Bruun Munksgaard and Frank Porreca

Contents



Chapter 1
Anatomy of Headache

Hayrunnisa Bolay, Karl Messlinger, Maria Dux, and Didem Akcali

1.1 Introduction

Clinical and experimental observations provide evidence for an essential contribu-
tion of peripheral, intracranial, as well as extracranial nociceptive processes in the
generation of headaches [1]. A large body of evidence supports the hypothesis that
most types of headaches, including migraine, are of trigeminovascular origin,
caused or influenced by nociceptive afferents innervating the cranial meninges, par-
ticularly the dura mater encephali and large intracerebral blood vessels [2]. The
primary role of the meningeal sensory innervation in generating headaches fits well
to the intraoperative studies of Ray and Wolff and other investigators [3, 4], who
demonstrated that headache-like pain, but not other sensations, can be evoked by
electrical, mechanical, thermal, or chemical stimulation of dural blood vessels and
sinuses or large intracerebral arteries. Importantly, the painful sensations were
referred to the trigeminal dermatomes where typically headaches are localized [5].
These early studies formed the basis of many anatomical and physiological exami-
nations in animals regarding the pathophysiology of headaches. Recordings of
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action potentials from trigeminal nerves [6] and the trigeminal ganglion [7] as well
as higher neurons in the spinal trigeminal nucleus [8, 9] and in the thalamus [10, 11]
provided further evidence for an important role of the trigeminovascular system in
meningeal nociception.

1.2 Peripheral Structures Involved in Headache States

1.2.1 Trigeminal and Other Cranial Nerves Associated
with Headache

1.2.1.1 Organization of the Trigeminal Ganglion and Meningeal
Representation

Due to the limited experimental access to intracerebral arteries, most of the morpho-
logical and nearly all functional studies have focused on the innervation of the cra-
nial dura mater and the dural venous sinuses. Using neuronal tracing, afferents
around the middle meningeal artery have been found predominantly originating in
the ophthalmic division (V1) of the ipsilateral trigeminal ganglion but to a minor
extent also in the maxillary (V2) and mandibular (V3) divisions [12, 13]. The basal
dura mater in the middle cranial fossa was represented mainly in V3. New retro-
grade tracings in the rat confirmed that meningeal nerves innervating the territorium
of the middle cranial fossa, which is mainly supplied by the middle meningeal
artery, origin predominantly in V3 and to a lesser extent in V2 [14]. The finding that
all three divisions of the trigeminal nerve, though not equally, contribute to the
innervation of the meninges is in accordance with old anatomic observations in
primates [15]. Moreover, retrograde labeling of nerve fibers around basal intracra-
nial arteries and the superior sagittal sinus, from which in humans headache can be
provoked [3], appeared not only in the rat trigeminal ganglia but also in the first and
second spinal ganglia [16] projecting to the cervical dorsal horn.

1.2.1.2 Afferent Innervation of the Meninges and Intracerebral Arteries

The innervation of the human cranial dura mater, which has firstly been described
centuries ago by the anatomists Arnold [17] and Luschka [18], is regarded as pivotal
for the generation or aggravation of headaches. Neuroanatomical studies demon-
strated the close relationship between meningeal blood vessels and nerve fibers of
different origin (Fig. 1.1a). Besides the trigeminal fibers originating in the ipsilat-
eral trigeminal ganglion [19, 20], a network of sympathetic fibers mainly from the
superior cervical ganglion [21, 22] and a comparatively sparse innervation by para-
sympathetic fibers originating in the sphenopalatine and otic ganglia has been
described [23, 24]. The innervation of intracerebral (pial) blood vessels is similarly
organized [25] but with a higher proportion of parasympathetic fibers coming
mainly from the internal carotid and sphenopalatine ganglia [26].
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Fig. 1.1 Histochemical
demonstration of afferent
and efferent innervation of
the rat dura mater and
markers of trigeminal
ganglion neurons. (a)
Confocal image of putative
sympathetic and afferent
nerve fibers in the

rat dura mater labeled by
tyrosine hydroxylase (TH,
green) and calcitonin
gene-related peptide (CGRP,
red) immunofluorescence.
Both TH- and CGRP-
immunoreactive fibers form
a dense network around the
middle meningeal artery
(MMA). Scale bar 200 pm.
(b) Confocal image of
trigeminal ganglion neurons Dura mater
labeled by retrograde tracing
with Texas red from the
temporal muscle (see red
nerve fiber, arrowhead) and
with Rhodamine green from
the parietal dura mater. The
yellow neuron with mixed
red and green innervates both
temporalis muscle and dura
mater by afferent collaterals.
Scale bar 50 pm. (¢) Confocal
image of a trigeminal
ganglion section
immunohistochemically
stained for purinergic (P2X;)
receptor channels and nuclei
(DAPI). The majority of
neuronal cell bodies, mostly
small ones, are P2X;
immunopositive. Scale bar
50 pm (Courtesy of S. Vilotti,
SISSA Trieste)

Several immunohistochemical studies described neuropeptide-immunoreactive
nerve fibers in the dura mater [27-29] and around cerebral (pial) blood vessels in
different species including humans [30, 31]. Meningeal nerve fibers immunoreactive
for substance P (SP), neurokinin A (NKA), and calcitonin gene-related peptide
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(CGRP) are thought to belong to the afferent (trigeminal and spinal sensory) sys-
tem, while nerve fibers immunopositive for neuropeptide Y (NPY) are most likely
of sympathetic and those immunoreactive for vasoactive intestinal polypeptide
(VIP) of parasympathetic origin [21, 19]. The peptidergic nerve fibers form a dense
network around blood vessels but can also be found in nonvascular regions [29, 20].
On the light microscopic level, sympathetic nerve fibers can be labeled by tyrosine
hydroxylase (TH) immunoreactivity and thereby discriminated from peptidergic
afferents (Fig. 1.1a). It is important to note, however, that a major proportion of
trigeminal afferents does not express neuropeptides [32]. For differentiation of sen-
sory fibers, other markers have been used such as neurofilament 200, which is pres-
ent in myelinated fibers, and isolectin B4, which characterizes mostly unmyelinated,
non-peptidergic fibers [33].

Electron microscopic examinations revealed myelinated (Ad possibly Ap) and
unmyelinated (C) nerve fibers in the cranial dura mater [29, 34, 35]. An attempt was
made to classify the C fibers according to their three-dimensional structure and their
content of different kinds of vesicles into afferent and autonomic fibers [36]. The
majority of meningeal C and A9 fibers terminate as free nerve endings, but encap-
sulated Ruffini-like receptors and lamellated nerve terminals have additionally been
described in higher vertebrates including man, particularly at sites where cerebral
veins enter the sagittal sinus [34]. Myelinated and unmyelinated axons terminate
also within the arachnoid granulations at different tissue structures suggesting that
they have different mechano- and chemoreceptive functions [37].

1.2.1.3 Extracranial Collaterals of Meningeal Afferent Innervation

Long ago anatomical studies by Luschka [18] on the primate and human meningeal
innervation reported on nerves that penetrate the skull, believed to innervate extra-
cranial tissues. Recently a role for pericranial afferents in headache generation is
again a matter of discussion [1]. Histological examinations in the mouse have
revealed peripherin- and CGRP-immunopositive nerve fibers traversing the bones
of the calvaria between the galea aponeurotica and the meninges [38]. The historical
intraoperative data from Wolff’s group, who observed that noxious stimulation not
only of dural but also extracranial structures like pericranial muscles and arteries
can cause headache, support this concept [3]. Likewise, further experimental and
clinical observations indicated that noxious activation of afferents in pericranial tis-
sues, particularly in the temporal and occipital—cervical regions, can contribute to
headache generation [39, 40] and peripheral sensitization in migraine pain [41].

A couple of new studies have been made using in vitro and in vivo neuronal trac-
ing and electron microscopy in rodents and human skulls to investigate extracranial
projections from meningeal nerves and their origin in the trigeminal ganglion [14].
In particular, anterograde and retrograde neuronal in vitro tracing with Dil revealed
nerve fiber bundles leaving the skull through emissary canals and fissures to inner-
vate the pericranial temporal, parietal, and occipital periosteum as well as deep
layers of the temporal and upper neck muscles. A variety of functional measurements
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in rats confirmed the afferent nature of extracranial afferent collaterals and the
impact of their activation on the intracranial secretion of neuropeptides and their
vasodilatory function [42]. Following in vivo tracing with different dextran amines
applied to the dura mater and the pericranial muscles, some neurons were detected
in the trigeminal ganglion containing tracer from both structures (Fig. 1.1b). These
data affirmed functional afferent connections between intra- and pericranial tissues
and provide a new view on the influence of extracranial meningeal afferent projec-
tions on meningeal nociception and headache generation.

1.2.2 Molecular Signature of Trigeminal Afferents
and Neurogenic Inflammation of the Dura Mater

Meningeal afferents convey the nociceptive information to the central nervous sys-
tem, but through the antidromic release of vasoactive peptides from their perivascu-
lar peripheral terminals, they also promote a sterile “neurogenic inflammation” in
the meningeal tissue characterized by vasodilatation and increased permeability of
blood vessels [43, 44]. Neurogenic inflammation is considered to contribute to the
peripheral mechanisms in the pathophysiology of headaches.

1.2.2.1 Receptors, Transduction, and Conduction Channels

Although headache-like pain is the only sensation induced by activation of intracra-
nial afferents, regardless of the mode of their stimulation [5, 4], the nerve fibers
innervating meningeal tissues consist of a heterogenous population based on their
morphological and immunohistochemical properties (Fig. 1.2).

TRP Channels

Chemosensitive meningeal afferents likely contribute to sensitization of the noci-
ceptive pathway [45]. Successful prevention of cluster headache and migraine
attacks with the topical, desensitizing application of capsaicin to the patients’
nasal mucosa has focused attention to the significant role of capsaicin-/chemosen-
sitive population of trigeminal afferents [46, 47]. Chemosensitive meningeal
afferents express different members of the transient receptor potential (TRP)
channel family. Sixteen percent of the neurons in the trigeminal ganglion of
humans and 21-31 % of dural afferent neurons in rodents have been found to
express the transient receptor potential vanilloid 1 (TRPV1) channel [48, 32]. The
TRPV1 receptor is a nonspecific cation channel, which can be activated by nox-
ious heat, acidic pH (pH < 5.3), and different compounds like some endogenous
membrane lipid metabolites (anandamide, N-arachidonoyl dopamine) and exoge-
nous capsaicin or resiniferatoxin.
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Fig. 1.2 Schematic representation of the trigeminovascular system of the cranial dura mater with
arterial vessel (AV), venous vessel (VV), central canal (circle) and mast cell (MC) and the afferent
projection to the trigeminocervical complex with a second-order neuron in the subnucleus caudalis
(Vc) and an inhibitory interneuron. One and the same single (AS or C) fiber may innervate the dura
mater and, with collaterals projecting through the skull, the periosteum. Afferent fibers may con-
tain and release CGRP in the periphery and the CNS. The /left inset shows some important trans-
duction channels (TRPV1, TRPA1, P2X;, ASIC3), receptors (5-HT,, PAR-2), and voltage-gated
conduction channels (Ca,, Na,, K,) and the proposed signaling between the afferent ending, AV
and MC. The right inset shows the proposed nociceptive transmission in superficial laminae of the
trigeminocervical complex to Vc neurons expressing glutamate (Glu) receptor channels (NMDA,
AMPA) and metabotropic glutamate receptors (mGluR). CGRP signaling is probably between
terminals of primary afferents facilitating neurotransmitter release. Inhibitory neurons act pre- and
postsynaptically on GABA and glycine (Gly) receptors, targeted by descending serotonergic and
noradrenergic inhibitory pathways and segmental connections

The transient receptor potential ankyrin 1 (TRPA1) ion channel, another member
of the TRP receptor superfamily, has recently emerged as another important recep-
tor activated by noxious chemical agents [49]. TRPA1 receptors can be activated by
noxious cold, different environmental irritants like acrolein, and also by pungent
ingredients of plant origin, like cinnamaldehyde and umbellulone that is the major
volatile constituent of the “headache tree” Umbellularia californica [50, 51].
Endogenous activators of the receptor recently defined are some prostaglandin
metabolites, hydrogen peroxide and nitroxyl (HNO), the one-electron-reduced sib-
ling of nitric oxide (NO) [52]. Both endogenous and exogenous activators of the
TRPA1 modify cysteine residues of the receptor (e.g., by forming disulfide bonds).
Similar to TRPV1, activation of trigeminal afferents through TRPA1 receptors
induces nociceptive responses and release of CGRP (Fig. 1.2). Histological and
functional observations have revealed colocalization of TRPV1 and TRPA1 in tri-
geminal ganglion neurons [50, 53].
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In humans, inhaled irritants may stimulate TRPA1 receptors of extracranial tri-
geminal afferents that innervate the nasal mucosa and may project collaterals to
meningeal blood vessels. Nociceptive stimulation of extracranial tissues may acti-
vate intracranial collaterals by an axon reflex mechanism, releases vasoactive neu-
ropeptides in meningeal tissue, and increases intracranial blood flow [42].

ASIC Channels

Some dural afferents express acid-sensing ion channels (ASICs), predominantly the
ASIC3 subtype responding to low meningeal pH [54]. ASICs belong to the ENaC/
DEG (epithelial amiloride-sensitive Na* channel and degenerin) family of ion chan-
nels [55]. Relative small changes in the meningeal proton concentration activate the
ASIC3 channel initiating an afferent signal in the trigeminal nociceptive pathway. The
reason for an acidification of the local meningeal pH can be ischemia of the dura
mater possibly developing as a consequence of cortical spreading depression that has
been linked to the aura phase of migraine attacks [56, 57]. Degranulation of dural mast
cells as a result of neurogenic inflammation of the dura mater can be an additional
source of acidic metabolites leading to the activation of sensory nerve endings.

Purinergic Receptors

Purinergic (P2X, and P2X;) receptor channels that may contribute to the transduc-
tion of nociceptive signals have been localized to trigeminal ganglion neurons
innervating the dura mater (Fig. 1.1c). Purine receptor immunoreactivity is present
predominantly in medium- and small-sized neurons that are mainly non-peptidergic
and unmyelinated [33]. An important pathophysiological function of purinergic
receptors may be peripheral sensitization of the trigeminal nociceptive pathway
through the communication between different clusters of neurons within the tri-
geminal ganglion. In vitro studies have provided evidence that CGRP release from
neurons stimulates the ERK1/2 MAP kinase signaling pathway in surrounding sat-
ellite glial cells and increases P2Y1,2 receptor-mediated intracellular calcium
responses, which leads to the release of inflammatory cytokines from the activated
satellite cells. Increased levels of cytokines have been shown to result in local
inflammatory reactions and modulation of the neuronal function [58, 59]. By this
way, CGRP may function as a paracrine factor to stimulate adjacent glial cells
within a cluster and to cause excitation of more distant neurons and glial cells
located in other clusters, thereby propagating an inflammatory signal across the
entire ganglion [33, 60].

5-HT Receptors
One of the most effective classes of drugs for the treatment of migraine pain is

the triptans, serotonin 1B/1D/1F (5-HTg;pnr) receptor agonists. While the
5-HT,p receptors appear to be located primarily on vascular smooth muscle
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mediating vasoconstriction, the 5-HT p,r receptors are located on the peripheral
and central terminals of meningeal afferents [61, 62] (Fig. 1.2). Activation of
these G protein-coupled receptors inhibits the release of transmitters from the
trigeminal afferents leading to the attenuation of the central transmission of
nociceptive signals.

The presence of 5-HT; receptors on trigeminal nerve endings and middle
meningeal arteries has been demonstrated recently. Vasodilatation induced by
the activation of trigeminal 5-HT; receptors seems to be the result of CGRP
release from the nerve terminals [63].

Calcium Channels

Activation of voltage-gated P/Q-type and N-type calcium channels has a key
role in the regulation of synaptic function. Clinical and experimental data pro-
vide evidence that changes in the channel structure influence the release of neu-
rotransmitters in the nociceptive transmission (Fig. 1.2). A rare hereditary form
of migraine with aura and hemiparesis is the familial hemiplegic migraine type
1 (FHM-1). The FHM-1 gene encodes the pore-forming Cay2.1 subunit of P/Q-
type Ca** channels. The mutation of the channel structure results in a gain of
P/Q-type channel activity in trigeminal neurons and a selective increase in low-
voltage-activated T-type currents in the small (IB4") neuron population. This
condition may lead to hyperexcitability of small, probably peptidergic, trigemi-
nal neurons [64, 65].

Clinical and experimental observations provide evidence for N-type voltage-
gated calcium channels (Cay2.2) as therapeutic targets for chronic pain conditions.
N-type calcium channels are present in the presynaptic terminals of primary affer-
ent sensory neurons, especially in Ad and C fibers [66]. Blocking the channel func-
tion has a significant antinociceptive effect. In an experimental migraine model,
inhibition of the channel function reduced neurotransmitter release from the pri-
mary sensory neurons and decreased the excitability of second-order neurons in the
trigeminal brainstem [67].

Sodium Channels

The voltage-gated sodium channels with the pore-forming alpha-subunits Nay1.7
and Nay1.8 have emerged as molecules involved in peripheral pain processing and
in the development of an increased pain sensitivity associated with inflammation
[68]. In experimental models of meningeal nociception, amitriptyline, a tricyclic
antidepressant, which is used to prevent migraine attacks, blocked the Nay1.8 cur-
rents in trigeminal ganglion neurons and alleviated nociceptive behavior induced by
electrical stimulation of the superior sagittal sinus. These results strongly support
the contribution of Nay1.8 channels to the pathophysiology of migraine and provide
a novel guideline to migraine prophylaxis [69].
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Potassium Channels

A subtype of voltage-gated K* channels, Ky7 expressed in nociceptors, is recog-
nized to be one of the most important regulators of resting membrane potential and
action potential firing threshold. Expression of this K* channel contributes strongly
to the excitability of the nociceptors. The analgesic drug flupirtine opens Ky7 chan-
nels and by this way exerts an analgesic effect in migraine, chronic musculoskeletal
pain, and neuralgia [70, 71]. Some of the nonsteroidal anti-inflammatory drugs such
as diclofenac used in migraine therapy have also strong K7 channel opener activity,
which may at least partly be responsible for their analgesic effect [72]. Recent
observations indicate an NO-mediated Ky7 channel inhibition in trigeminal gan-
glion neurons that correlate with increased excitability and release of CGRP in noci-
ceptors. It was suggested to contribute to excitatory effects of NO in headaches [73].

1.2.2.2 Mast Cells and Immunocytes in the Dura Mater

Activated meningeal nociceptors releasing the neuropeptides CGRP and SP, which
induce direct vascular effects, can also activate and degranulate dural mast cells
[74]. The local release of inflammatory mediators such as histamine from activated
mast cells is believed to further stimulate meningeal nociceptors possibly promot-
ing headache (Fig. 1.2). Clinical observations have shown that infusion of histamine
induces headaches preferentially in migraineurs [75, 76].

The cranial dura mater is rich in connective tissue-type mast cells in both humans
[77] and rodents [78] that are in close apposition to meningeal nociceptive nerve
fibers and blood vessels [78]. This anatomical situation allows a multidirectional
communication between blood vessels, nociceptors, and mast cells leading to the
sensitization or activation of the trigeminal nociceptive pathway and changes in
meningeal blood flow [79]. Direct vascular effects of histamine released by acti-
vated mast cells are mediated by multiple receptors localized on different histologi-
cal components of the arterial vessel wall (Fig. 1.2). Relaxation of dural arteries is
mediated by H2 receptors of vascular smooth muscle cells and by endothelial H1
receptors. In addition, H1 receptors on smooth muscle cells may mediate vasocon-
striction [80].

Additional molecules known to be released from activated mast cells such as
prostaglandins, leukotrienes, cytokines, and tryptase may also take part in the sen-
sitization or activation of meningeal nociceptors [81]. The serine protease tryptase
released from mast cells upon stimulation cleaves and activates the proteinase-
activated receptor 2 (PAR-2) of meningeal nociceptors amplifying the initial vaso-
dilation caused by sensory neuropeptides and possibly also the central transmission
of nociceptive signals [82] (Fig. 1.2).

Resident macrophages of the dura mater expressing the inducible nitric oxide
synthase (iNOS) are considered to play a significant role in delayed headache
induced by infusion of the so-called NO-donor nitroglycerin. Following administra-
tion of nitroglycerin, a strong activation of iNOS was observed in the macrophages
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along the branches of the middle meningeal artery together with an upregulation of
pro-inflammatory cytokines. Cytokines and NO synthesized by macrophages can
sensitize small unmyelinated trigeminal afferents and generate headache. Activation
of trigeminal afferents, in turn, promotes neuropeptide release and local blood flow
changes in the meninges [83]. Nuclear factor kappa B (NF-kB) seems to mediate
the transcriptional signal to iNOS and inflammatory cytokines. Since NF-kB can be
activated by diverse pathological and inflammatory stimuli such as oxidative stress
and bacterial and viral metabolites, its activation may provide the substrate within
meningeal macrophages that contributes to headaches in response to different exog-
enous agents in susceptible individuals [84].

1.3 Central Structures Involved in Headache States

1.3.1 Subcortical Structures Implicated in Headaches

1.3.1.1 Morphofunctional Organization of the Trigeminocervical
Complex and Meningeal Representation

The central processes of trigeminal ganglion neurons forming the trigeminal nerve
enter the brainstem at the pontine level and terminate in the trigeminocervical com-
plex, which consists of the pontine principal sensory nucleus (Vp) and the spinal
trigeminal nucleus (Vsp) (Fig. 1.2). Basically, the thick myelinated mechanorecep-
tive trigeminal afferents terminate in the Vp, whereas both large-diameter and
small-diameter fibers descend in the spinal trigeminal tract (SVT) projecting to the
Vsp, which is subdivided into three subnuclei [85]: a rostral subnucleus oralis (Vo),
a middle subnucleus interpolaris (Vi), and a caudal subnucleus caudalis (Vc). The
Vc is often referred to as the medullary dorsal horn (MDH) because of the smooth
transition to the anatomically and functionally similar spinal dorsal horn. Olszewski
[85] identified three histologically different regions in the MDH: an outer marginal
region, the substantia gelatinosa, and a deep magnocellular region. Later Gobel
et al. [86] proposed a laminar subdivision of the MDH similar to Rexed’s nomencla-
ture of the spinal dorsal horn [87] in which lamina I corresponds to the marginal
layer, lamina II to the substantia gelatinosa, and laminae III and I'V to the magnocel-
lular region. The most ventral lamina V merges with the medullary reticular forma-
tion [88] without clear boundary. Groups of neurons intermingled in the spinal
trigeminal tract down to the transition of Vi and Vc are referred to as the interstitial
islands of Cajal or as the paratrigeminal or interstitial nucleus [89]. The neurons of
these islands are regarded as nociceptive, similar to the neurons in laminae I and II
of the Vc [10, 90].

Anatomical and electrophysiological studies [91, 92] revealed that the TBNC is
topographically organized in ventrodorsal and in rostrocaudal direction. Mandibular
afferents terminate preferentially in the dorsal region of each trigeminal subnucleus
(dorsomedial in the MDH), ophthalmic afferents terminate ventrally (ventrolateral
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in MDH), and maxillary terminals are interposed. The rostrocaudal organization of
the trigeminocervical complex is less clear, but within the Vc the rostrocaudal axis
of the face is represented from rostral to caudal [93]. Early anatomical [94] and
neurophysiological [95] studies suggest that each subnucleus receives information
from all parts of the head. Jacquin et al. found mandibular nerves in the rat project-
ing to all trigeminal subnuclei, although the anterior oral afferents tended to termi-
nate most heavily in the rostral trigeminocervical complex, whereas the posterior
perioral-auricular afferents terminated preferentially in the caudal aspect of the
complex [96]. Tracing from the superficial temporal artery revealed afferent termi-
nals mainly in the rostral cervical spinal dorsal horn and sparsely in the Vi and Vc
of the spinal trigeminal nucleus [97]. Because of a lack of tracing studies, it is not
clear if a similar somatotopic distribution in ventrodorsal and rostrocaudal direc-
tions exists for intracranial trigeminal structures.

Also based on clinical observations and animal studies, it has been recognized
that the Vc is primarily responsible for processing nociceptive and thermoreceptive
information from the face and head, whereas the Vp is involved in processing tactile
information (Fig. 1.2). Isolated lesions of the Vc caused ipsilaterally complete or
partial loss of pain and temperature sensation, whereas tactile sensations remained
nearly intact [98]. This clinical experience led Sjoqvist [99] to develop the method
of trigeminal tractotomy for the relief of facial pain, in which the spinal trigeminal
tract at the level of the obex was transected. The clinical data were supplemented
with a large body of neurophysiologic evidence based on trigeminal tractotomy or
experimental lesions of different subnuclei demonstrating that the Vc in the percep-
tion of pain in trigeminal tissues is essential, whereas for the processing of nocicep-
tive information from intraoral and orofacial tissues, more rostral regions of the
trigeminocervical complex are important as well [100, 101].

Transganglionic cholera toxin and HRP tracing of afferents innervating the rat
superior sagittal sinus labeled central terminals in the ipsilateral Vc and Vi but also
in the ventrolateral area of the C1—-C3 spinal dorsal horn on both sides [16]. Labeling
was seen in laminae I and II with HRP but in laminae III and IV with cholera toxin
[16]. These findings are largely confirmed by electrophysiological recordings from
second-order neurons with afferent input from the dura mater in rat [9, 102].

Apart from the abovementioned study [97], the projection of nociceptive affer-
ents to specific laminae of the trigeminocervical complex has again mainly been
studied for facial inputs using axonal tracing in cat and rat. Hayashi and Jacquin
et al. found high-threshold mechanoreceptive (nociceptive) Ad afferents forming
extensive terminal arbors in the superficial Vi and, most pronounced, in lamina I
and, to a lesser extent, outer lamina II of V¢ [96, 103]. In the rat, a second termina-
tion area was localized in laminae III to V of V¢ [96]. Corneal afferents, which are
thought to be mainly nociceptive, terminate mainly in the outer laminae of Vc [104].
Corresponding to the distribution of nociceptive afferent terminals in the Vsp, SP-
and CGRP-immunoreactive nerve fibers have been demonstrated in different spe-
cies preferentially around the substantia gelatinosa of Vc and the transition zone
between Vi and Vc (Vi/Vc) [105, 106]. Colocalization of immunoreactivity for
TRPV1 receptors with SP and CGRP was found in axon collaterals in the dorsal
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parts of Vp, Vo, and Vi and in terminals and fibers throughout lamina I and the outer
zone of lamina IT (Ilo) of the Vc [107]. Trigeminal rhizotomy in the cat caused dis-
appearance of most of the CGRP-immunoreactive fibers throughout the trigemino-
cervical complex, whereas a considerable number of SP-immunoreactive fibers
remained intact [108, 109] suggesting that these are of central origin.

Electron microscopic immunohistochemistry in the cat Vsp revealed CGRP immu-
noreactivity within the substantia gelatinosa in axon terminals which were presynap-
tic to dendritic profiles and postsynaptic to other fibers [110]. Likewise, the presence
of CGRP receptors in rat and human Vc was found by immunohistochemistry
restricted to trigeminal afferent endings in superficial layers (laminae I and II) of the
Ve [111, 112]. This implies that CGRP as a central neuromodulator may exert its
effects presynaptically to spinothalamic and other second-order neurons (Fig. 1.2).

1.3.1.2 Projections to Thalamic and Other Subcortical Nuclei

Nociceptive information from cranial and upper cervical structures is transmitted
via the trigeminal and spinal afferent system to the higher diencephalic and cortical
pain-associated areas. According to the well-delineated conventional pathway, the
cell bodies of second-order neurons in the trigeminocervical complex mainly proj-
ect to third-order neurons in the thalamus and then carry information to somatosen-
sory cortical areas. The majority of the caudal part of the trigeminal nucleus (Vc)
and the cervical dorsal horn neurons send axons to two contralateral thalamic nuclei
that relay ascending somatosensory information to the primary somatic sensory cor-
tex: the ventroposteromedial thalamic nucleus (VPM) and the posterior thalamic
nuclear complex (Po) [113-115]. Trigeminal Vc neurons also project to the poste-
rior part of the ventral medial nucleus (VMpo), the ventral caudal part of the medial
dorsal nucleus (MDvc), and the nucleus submedius (Sm) of the thalamus [116]
(Fig. 1.3). Projections to the thalamus have distinct molecular characteristics as
glutamatergic trigeminothalamic projection neurons in the Vc; Vi and Vo mainly
express the glutamate transporter VGLUT?2. The sensitization of second-order and/
or third-order neurons within the system is an important factor in the development
of allodynia during the migraine attack. A recent study revealed that the thalamic
reticular nucleus (TRN) was activated following cortical spreading depression
(CSD) ipsilaterally in freely moving conscious rodents [117, 118]. Unilateral TRN
activation during CSD implicates its potential role in lateralized headache percep-
tion and attention, regarding the fact that the parabrachial nuclei (PBN) and amyg-
dala have direct projections on the TRN involved in drawing attention to emotional
stimuli [119].

Tracing studies revealed that the Vc also projects to other brainstem and dience-
phalic structures such as the brainstem reticular formation, nucleus of the solitary
tract, superior salivatory nucleus, A5 cell group region, lateral periaqueductal gray
matter, inferior colliculus, parabrachial nuclei, hypothalamus, and cerebellum [114,
120]. Trigeminal neurons send axons to the ipsilateral cerebellum, and trigeminocer-
ebellar projection neurons predominantly express the glutamate transporter
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Fig. 1.3 Schematic representation of ascending nociceptive pathways in perception of headache.
Bipolar neurons in the trigeminal ganglion (7G) conduct noxious signals from peripheral nocicep-
tors of perivascular trigeminal afferents to nociceptive laminae in the spinal trigeminal nucleus
(Vc) through AS and C fibers. Transmission of nociceptive impulses to second-order neurons in the
dorsal Vc is a critical step in pain transmission. Trigeminal projections from the Vc to third-order
neurons in the thalamic ventroposteromedial (VPM) nuclei are relayed to the primary and second-
ary somatosensory cortex. The latter pathway is also known as a lateral pain system and related to
the sensory discriminative aspects of headache perception. The Vc also projects to a large number
of the brainstem and diencephalic structures including the rostral ventrolateral medulla (RVLM),
parabrachial nucleus (PBN), periaqueductal gray matter (PAG), amygdala, and hypothalamus. The
pathway from Vc-PBN-amygdala-medial thalamus to the anterior cingulate cortex (ACC) and
insula is known as medial pain pathway and is involved in affective aspects of headache. The pre-
frontal cortex plays a role in cognitive evaluation of headache perception. The thalamic reticular
nucleus (TRN) seems to be involved in attention and emotional components of pain perception.
Reciprocal connections between subcortical structures and cerebral cortex are not shown for clar-
ity. ACC anterior cingulate cortex, Amyg amygdala, Ins insular cortex, Noc nociceptor, MDvc
thalamic mediodorsal ventrocaudal nucleus, PAG periaquaductal gray matter, PBN parabrachial
nucleus, PFC prefrontal cortex, Po posterior group, RVLM rostroventrolateral medulla, SI and SII
primary and secondary somatosensory cortices, Vc caudal trigeminal brainstem nucleus, VMpo
thalamic ventromedial posterior nucleus, VPM ventroposteromedial thalamic nucleus, 7G trigemi-
nal ganglia, TRN thalamic reticular nucleus

VGLUTI [121]. Trigeminal projections also target the lateral reticular formation,
mainly the rostral ventrolateral medullary reticular formation (RVLM), which par-
ticipates in viscero-sympathetic reflexes. It was shown that trigemino-RVLM axons
can be CGRP immunopositive [122].
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The parabrachial nuclei (PBN), particularly their lateral parts, are an important
projection site for trigeminal nociceptive information. The majority of nociceptive
neurons in lamina I mainly in the Vc and Vi send axons to the PBN where many
neurons respond preferably to noxious stimuli [90, 123, 124]. When retrograde
tracer was injected into the PBN, projection neurons were detected ipsilaterally in
lamina I of the Vc [125] though bilateral projection from the Vc to parabrachial
nuclei has been identified [124]. Many of the neurons in the lateral parabrachial area
project to the ventromedial hypothalamus and central nuclei of amygdala.
Parabrachial-projecting neurons in the Vc have a topographic distribution [126].
Corneal afferents rather synapse with parabrachial-projecting neurons in the tri-
geminal nucleus and barely target neurons projecting to the thalamus. The trigemi-
nal projections to the PBN are related with autonomic emotional responses to pain
[127-129]. It is noteworthy that the PBN has reciprocal connections with forebrain
areas and the insular cortex [130] and receives input from the amygdala [131]. The
PBN was activated during CSD in rodents [132].

The amygdala, as a part of the trigemino—parabrachio—amygdaloid pathway, is
another important subcortical nociceptive relay station. The central nucleus of the
amygdala receives noxious information indirectly from the superficial lamina of the
Vc through the lateral parabrachial area [133]. The amygdala, particularly the baso-
lateral amygdaloid (BLA) nucleus, projects to the perirhinal area, the agranular
insular area, and the mediodorsal thalamic nucleus. A direct amygdalofugal path-
way to the trigeminal nuclear complex also exists in rodents. Particularly, the central
amygdaloid nucleus sends extensive unilateral projections to all the trigeminal sen-
sory nuclei, in addition to relatively light projections to the contralateral Vc [134].
Activation of amygdaloid nuclei along with the ipsilateral Vc was identified follow-
ing CSD in awake freely moving rodents [135].

The perception of trigeminal pain is significantly modulated by the hypothala-
mus in the diencephalon. A considerable number of Vc neurons directly send their
axons to hypothalamic regions [102]. Vc neurons projecting to the hypothalamus
respond exclusively to noxious stimulation of the dura mater. In turn, the paraven-
tricular nucleus, the lateral hypothalamic area, the perifornical hypothalamic area,
the All nucleus, and the retrochiasmatic area send projections to the Vc.
Hypothalamic projections are preferentially involved in the processing of menin-
geal and cutaneous inputs from the ophthalmic branch of the trigeminal nerve [136].
The latter finding indicates a somatotopic modulation of the Vc neurons by the
hypothalamus. Descending hypothalamic projections to the V¢ are bilateral, except
those from the paraventricular nucleus that exhibit an ipsilateral predominance.

1.3.1.3 Descending Antinociceptive Systems

The transmission of nociceptive information to second-order trigeminal neuron is
controlled by the inhibitory pathway descending from the periaqueductal gray mat-
ter (PAG) and from the rostral ventromedial medulla (RVM) (Figs. 1.3 and 1.4). The
PAG located in the mesencephalon around the Sylvius aqueduct is the key structure
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Fig. 1.4 Schematic representation of top-down, descending modulation of headache. The trans-
mission of nociceptive information to second-order trigeminal neurons is controlled by inhibitory
pathways descending from the periaqueductal gray (PAG) and from the rostral ventromedial
medulla (RVM). Cortical inputs from pain-processing cortical areas such as the somatosensory
areas, the insular cortex, the prefrontal cortex, and the anterior cingulate cortex project to the
PAG. The hypothalamus, amygdala, PBN, locus coeruleus, and Raphé nuclei send projections to
the descending pain inhibitory system. The dorsolateral prefrontal cortex (DLPFC) is related to
attentional modulation of pain, the rostral anterior cingulate cortex (rACC) is implicated in placebo
response, and morphine, noradrenaline, and serotonin are essential players in that system. rACC
rostral anterior cingulate cortex, Amy amygdala, Ins insular cortex, LC locus coeruleus, PAG peri-
aquaductal gray matter, PBN parabrachial nucleus, DLPFC dorsolateral prefrontal cortex, RN
Raphé nucleus, RVM rostroventromedial medulla, S/ primary somatosensory cortex, Vc caudal
trigeminal brainstem nucleus

in descending pain modulation with its powerful inhibitory properties on pain per-
ception. Higher cerebral cortical structures, such as the hypothalamus and amyg-
dala, have been also implicated in the descending modulation of nociceptive activity
[137-139]. Cortical inputs from pain-processing cortical areas such as the somato-
sensory areas, the insular cortex, the prefrontal cortex, and the anterior cingulate
cortex to the PAG were demonstrated in several species [140, 141]. It is suggested
that the RVM is the final relay station for descending antinociceptive information
from the forebrain [142], as inputs from higher brain centers converge on the PAG
and the RVM to exert pain-suppressive effects. Stimulation of the RVM as well as
PAG stimulation has been shown to suppress nociceptive responses [143].

There are distinct neuronal subpopulations within the RVM that project caudally.
Depending on the features of nociceptive stimuli (such as strength and duration),
RVM neurons could yield either excitatory (on cells) or inhibitory (off cells)
response to a noxious stimulus. Both neuronal subtypes are activated by electrical
stimulation of the PAG. Morphine applied into the PAG or given systemically
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suppresses on-cell activity and increases off-cell activity [144]. Supraspinal opioid
receptors play a key role in descending inhibitory controls relaying through the PAG
and RVM.

In addition, there are serotonergic RVM cells projecting to the spinal cord [145]
which contribute to descending antinociceptive inhibition by stimulation of the RVM
or PAG [138, 146]. Descending projections from the noradrenergic neuronal cell
groups in the locus coeruleus, subcoeruleus, A5, and A7 have a significant antinoci-
ceptive influence through spinal a2-adrenoceptors [146, 147]. It is notable that the
locus coeruleus has direct inputs from the central nucleus of the amygdala, preoptic
area, and paraventricular nucleus of the hypothalamus. GABAergic and glycinergic
interneurons within the nociceptive laminae of the Vc mediate inhibitory effect on the
transduction of nociceptive impulses to second-order neurons [148].

The amygdala plays a key role in emotional behavior, as inputs from the tri-
gemino—parabrachio—amygdaloid pathway contribute to pain-induced changes in
affective behavior and direct amygdalofugal projections to the PAG-RVM system
provide feedback modulation of emotions on pain [137]. Through the latter path-
way, application of opioids into the amygdala has been shown to induce antinoci-
ceptive effects [137] (Fig. 1.4). The parabrachial nuclei have direct projections to
the trigeminocervical complex [149], and their electrical stimulation also exerted
inhibitory effects on the activity of nociceptive neurons in the Vc.

Neurons of the paraventricular nucleus of the hypothalamus (PVN) send descend-
ing projections to laminae I and II of the Vc as well as the superior salivatory nucleus
(Fig. 1.4). The latter nucleus gives rise to parasympathetic outflow to the cephalic
vasculature, particularly in response to trigeminal activation, and could modulate neu-
rogenic inflammation in the meninges [56, 150, 151]. Stimulation of the hypothalamic
A11 nucleus has been shown to decrease the dural stimulation-evoked responses of
Vc neurons. As a whole, those findings support the top-down modulation of the hypo-
thalamus on Vc activities particularly driven by meningeal nociceptors.

The hypothalamic nuclei, particularly the paraventricular nucleus and/or arcu-
ate nucleus, are involved in stress-induced analgesia [152]. Electrical stimulation
of the hypothalamus results in antinociception. The hypothalamic PVN, PAG,
and central nuclei of the amygdala take part in the stress-induced analgesic sys-
tem [153]. It is notable that the rostral ACC, which is rich in opiate receptors,
also participates in the endogenous analgesia [154]. During the analgesia induced
by opioids or placebo, functional connectivity between the rACC and PAG has
been found [155].

1.3.2 Cortical Areas Associated with Discriminative
and Affective Aspects of Nociception

Perception of headache is a complex function of the cerebral cortex and involves
distinct parts of the brain, which processes sensory discriminative, affective—emo-
tional, and metacognitive aspects of nociception. Pain studies demonstrated that the
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activation of a cortical network of brain structures involving the somatosensory cor-
tices SI and SII, the insular cortex, the anterior cingulate cortex (ACC), and the
frontal cortex (DLPFC, orbitofrontal) is associated with nociceptive experience.

1.3.2.1 Cortical Structures of Discriminative Head Pain

The sensory discriminative and affective—motivational aspects of pain are transmitted
through different systems and encoded in distinct cortical regions. The bottom-up
organization of pain perception occurs through at least two major ascending path-
ways, the lateral and medial nociceptive systems [156]. The lateral nociceptive system
comprises lamina I neurons projecting to the primary and secondary somatosensory
cortex via the lateral thalamus and is involved in sensory discrimination of nocicep-
tion [157, 158] (Fig. 1.3). Accordingly, it was demonstrated that manipulation of pain
intensity was associated with changes mainly in the SI cortex, while the subjective
ratings of pain unpleasantness were correlated with activity in the ACC [159].

Nociceptive stimulation of the ophthalmic branch of the trigeminal nerve, which
preferably provides nociceptive information mediating headache, also activates
similar cerebral cortical regions such as the somatosensory cortex, the insula, and
the anterior cingulate cortex [160]. Descending cortical projections from the cere-
bral cortex to the trigeminal nucleus caudalis (Vc) have been demonstrated. Cortical
projections originate contralaterally from insular (Ins) and primary somatosensory
(SI) cortices. Projections from the primary sensory cortex terminate in deeper lam-
ina, while projections from the insular cortex target solely superficial nociceptive
laminae (laminae I and II) [161, 162] and inhibit trigeminal nociception, and men-
ingeal-driven nociceptive inputs onto Vc were shown to be facilitated and inhibited
by projections from the insula and SI, respectively [162].

1.3.2.2 Cortical Structures of Affective Pain Modulation

The medial nociceptive system that is directed toward the anterior cingulate cortex
(ACC) through the parabrachial nucleus (PBN), parafascicular nucleus, and amyg-
dala is involved in the affective—emotional aspects of nociception [157, 163, 164]
(Fig. 1.3). Furthermore nociceptive information may be transmitted to the forebrain
from the PBN and amygdala. The prefrontal cortex and the orbitofrontal cortex are
implicated in the evaluation of affective experiences [165]. These pathways may
contribute to the emotional aspects of pain and to the interactions between hedonic
and cognitive processes of pain.

The majority of trigeminal ganglion neurons project multisynaptically to the
anterior cingulate cortex (ACC). Iwata et al. [164] demonstrated by employing
extracellular unit recordings that the ascending somatosensory pathways to the
ACC from the trigeminal primary afferents arise mainly from Ad and A fibers but
not from C fibers. The ACC predominantly receives projections from the lateral
parabrachial nucleus. The parabrachial nuclei convey incoming nociceptive
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information from the Vc to the basolateral amygdaloid BLA nucleus [133]. The
anatomical connections from Vc-parabrachial-BLA-ACC are thought to be involved
in emotional and autonomic functions during trigeminal nociception.

The insula and amygdala, as components of the medial nociceptive pathway, have
been implicated in evaluative and affective processes. The insular cortex sends projec-
tions to trigeminal nucleus caudalis. Tracing studies identified that many neurons in
the granular and dysgranular insular cortex project to the laminae I/II of Vc bilaterally
with a contralateral predominance. It is important to note that the direct projections
from the insula only target to laminae I/II while sparing the lamina V of Vc [166].
Strong projections from the insular cortex to the bilateral rostral ventromedial medulla
(RVM) and the nucleus of the solitary tract were detected. Bilateral insular projections
with an ipsilateral predominance to the parabrachial nucleus were shown [161]. The
insula is one of the important cortical pain-associated centers, and nociceptive pro-
cessing of Vc neurons may be directly modulated through the insula or indirectly
through brainstem nuclei such as PAG, PBN, and RVM. The insular cortex is pivotal
in interoception and homeostatic functions [167]. Lesions of the insula are often asso-
ciated with increased tolerance of pain.

Pain perception was also modulated by expectations and attention, and studies
implicated the role of the dorsolateral prefrontal cortex (DLPFC) and the orbito-
frontal cortex (OFC) during distraction and anticipation. The DLPFC may have a
“top-down” mode of inhibition on the ascending nociceptive systems and is related
with attentional modulation of pain (Figs. 1.3 and 1.4). In support of the pain modu-
latory function of the DLPFC, the anatomical connections between prefrontal corti-
ces and the midbrain structure periaqueductal gray (PAG) were demonstrated by
using diffuse tensor imaging [168]. Increased DLPFC activity was correlated with
reduction in the affective component of nociceptive pain [169] and increased activ-
ity in the anterior cingulate cortex (ACC) along with increased activity in the
PAG. Since the DLPFC activation was associated with decrease of nociception,
repetitive transcranial magnetic stimulation (TMS) application to DLPFC was used
for chronic migraine and fibromyalgia management [169, 170].

1.3.2.3 Functional Connectivity and Cortical Networks

Acute pain is a complex experience that is associated with activation of many struc-
tures in the brain that is often called pain matrix. The main components of the pain
network are cortical structures of SI, SII, IC, ACC and PFC and the thalamus, which
is the gate to sensorial input to the cerebral cortex and pacemaker for thalamocorti-
cal oscillations. The functional connectivity of such a network is important, and
recent imaging studies have been focused on the alterations of functional connectiv-
ity during resting state (default mode network) or task performance. Chronic head-
ache disorders have often been reported to be associated with changes in the brain
networks during resting state and/or in response to stimuli.

Resting-state abnormalities were found in brain regions associated with pain
processing and cognition in migraine patients [171-173]. Functional connectivity
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studies in patients suffering from temporomandibular disorders (TMD) revealed an
increased connectivity of the anterior insula and anterior cingulate cortex. The latter
finding was suggested to indicate an adaptation of the pain modulatory system early
in the chronification process [174].

The resting-state functional connectivity of the hypothalamus was increased
with parts of the frontal, parietal, and temporal cortex interictally in cluster head-
ache patients [175]. However, the increased resting-state functional connectivity of
the hypothalamus with the ACC and the posterior cingulate cortex (PCC) was
detected during acute spontaneous cluster headache attacks. Functional MR studies
revealed a diffuse abnormality of brain functional connectivity in cluster headache
patients, which extends beyond the pain matrix primarily to cerebellar, frontal, and
occipital areas [176, 177]. A recent case study demonstrated that cerebral activation
of the ipsilateral trigeminal root entry zone, ventral pons, red nucleus, basal ganglia,
cerebellum, prefrontal cortex, insula, and cingulate cortex was associated with ipsi-
lateral hypothalamic activation during the cluster headache attack [178].

Structural MR studies in medication overuse headache (MOH) patients demon-
strated increased gray matter thickness in the midbrain including periaqueductal gray
matter and nucleus cuneiformis, which was partially reversed by the treatment in par-
allel to clinical improvement. It was proposed that the decreased gray matter in the
orbitofrontal cortex could be predictive of poor response to treatment in MOH [179].

1.4 Gender Differences in Headache Anatomy

Gender differences in the epidemiology of headache disorders are well known;
however, experimental headache studies conducted on females are significantly
scarce [180, 181]. After reviewing the literature on headache and gender differ-
ences, it can be concluded that the medial pain pathway related to the affective—
motivational aspects of headache seems to be more involved in women, which is
briefly presented in the following section: (a) Capsaicin-induced trigeminal sensiti-
zation as detected by the visual flair and allodynic areas was greater in women
particularly during menstruation phase compared to men [182]. (b) In women the
resting cerebral metabolic glucose utilization in the orbitofrontal area was greater
than in men [183]. (c) During negative affects such as anxiety and anger, the cere-
bellum, midbrain, thalamus, and ACC were more activated in women [184]. (d) In
default mode network, there is a difference in insular processing between men and
women’s brain [185]. (e) In migraineurs, the posterior insular and precuneus corti-
ces are thicker in women [186]. (f) Heat pain induced greater activation in the PFC,
ACC, insula, and thalamus in women [187-189].

Experimental animal studies are in line with human data: (a) In female mice, the
functional connectivity between nodes of descending antinociception and affective
system was stronger compared to male mice [63]. (b) Female rats exhibited signifi-
cant sex differences in activation pattern of temporomandibular joint-responding
neurons in the trigeminal brainstem and their projections on subcortical structures
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[190]. (c) In female rats, the density of dural mast cells is higher than in males, and
estradiol promotes an increase in mast cell numbers along with a change in the phe-
notype [191]. (d) There are estrogen receptors and terminals in PBN subregions that
are related to pain modulation [192]. (e) Estrogens modify nitroglycerin-induced
c-fos expression in PVH, SON, SPVC, and CGRP expression in female rat brain
[193]. (f) Cortical spreading depression susceptibility of FHM-1 knock-in mice was
increased in female sex which was influenced by gonadal hormones [194, 180].
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Chapter 2
Animal Models of Migraine

Anna P. Andreou and Michael L. Oshinsky

The headache research field is privileged to have in its preclinical laboratories well-
established animal models that significantly facilitate and improve our understand-
ing of headache mechanisms, in particular in terms of the molecular signalling and
brain networks involved. A variety of pharmacological screening approaches for
novel therapeutics and for the improvement of advanced pharmacological agents
can be achieved in translational research utilising these models. The available
migraine models have been developed based on our understanding of migraine from
clinical, migraine patient-specific evidence. These clinical phenotypes have been
successfully employed to model features of the disease physiology in animals and
to provide reproducible meaningful physiological measures in the laboratory.

2.1 Animal Models of Migraine

2.1.1 What Defines an Animal Model?

Any disease model, in humans or animals, needs to fulfil three essential criteria: (1)
provide trustful replication of disease physiology, (2) demonstrate good efficacy of
known disease treatments and (3) demonstrate a lack of efficacy of clinically known
unsuccessful disease treatments. The end goals of the development and use of
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animal models are to enhance our understanding of disease mechanisms and to aid
the discovery of novel anti-migraine treatments.

Migraine is the most well-studied type of the primary headache, and the animal
models used in migraine research have proven their modelling potentials in terms of
screening clinically effective and ineffective treatments. Their major disadvantage,
however, lies in their ability to replicate a complete disease phenotype, although this
does not necessarily hamper their use in drug discovery or pathophysiology studies.
Migraine is a complex neurological disorder that involves specific characteristics,
spontaneous or biologically (stress, lack of sleep and missing meals are few of the
well-recognised migraine triggers) triggered episodic attacks, characterised by
intense headache that becomes worst with movement, accompanied by nausea, pho-
tophobia, phonophobia or even osmophobia and occasionally aura [1]. Outside the
headache and aura phase, the attack onset appears to occur earlier during the pre-
monitory phase [2]. Even in the interictal phase, migraine sufferers may have a dif-
ferential processing of sensory information, as indicated by their lack of habituation
to normal stimuli [3]. The migraine animal models are somewhat limited as they
model aspects of the migraine syndrome and not the entire spectrum of symptoms.
Currently, no animal model exists that replicates all components of migraine, par-
ticularly the sensory disturbances seen during the attack, as well as the premonitory
phase events and the lack of habituation. This disadvantage largely reflects the lack
of understanding we have on the migraine pathophysiology itself, and it is partly
compromising the human models of migraine too. However, despite their inability to
model the full spectrum of migraine, the migraine animal models are considered
among the most successful neurological disease models, as they do model aspects of
the disease and are indeed reliable tools for pharmacological investigations. As a
comparison, the widely used cerebral infraction model (middle cerebral artery occlu-
sion model) in the field of stroke research fails to prove the efficacy of the sole clini-
cally available treatment, the tissue plasminogen activator [4].

Animal models of migraine are mostly acute system activation models. Acute
migraine models are more widely used and are divided into three large categories
with regard to the aspect of migraine pathophysiology they model: (A) Models of
activation of the involved pain pathway, the trigeminovascular system — the trigemi-
nal nerve innervation of dural structures, mainly blood vessels, and the trigeminal
ganglion. This model mainly reproduces the process of events that are thought to at
least replicate components of the pain perception that occurs during the headache
phase of a migraine attack. (B) Models of cortical spreading depression that repro-
duce the possible events occurring during aura. (C) Models of nitric oxide (NO)
signalling (provocation models). This model is based on clinical studies establish-
ing that NO donors can trigger a migraine attack in sufferers after a delay of hours
[5] and even reproduce premonitory symptoms and nausea in some patients [6, 7].
Neither in humans nor in animals NO donors induce a migraine aura or attenuate
cortical excitability. Additionally, the identification of monogenic mutations as the
cause of rare types of migraine has further allowed the development of genetic mod-
els with knock-in mutations in their genome [8]. A combination of the above model-
ling assays in these genetically modified animals has been further employed to
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answer the enigma of migraine neurobiology. In the past few years, some attempts
have been made to develop chronic, conscious migraine models; however, the char-
acterisation of the produced phenotype, as well as their efficacy to migraine treat-
ments, is yet to be validated among different laboratories.

2.1.2 Ethical Considerations

The use of animals in experimental research is under strict regulatory control by differ-
ent authorities. The considerations around the use of animals in medical research
evolve around three directions, known as the 3Rs: reduction, measures to ensure that
the minimum number of animals will be used; refinement, how to achieve objectives
with minimum animal suffering; and replacement, how to achieve the same objectives
without using animals. Any research design should justify the 3Rs. Migraine is a com-
plex disease, and the determination of neuronal changes not only requires the presence
of neurons at a state of nociceptive condition but also requires intact brain pathways
that influence each other. As such, pathway investigations cannot be ethically con-
ducted in humans; there is no feasible alternative that would entirely replace the use of
living animals that would allow the objectives to be met. Good laboratory practices
should be used, however, to minimise animal suffering and to reduce the number of
animals used. The majority of migraine models have been thus developed in anaesthe-
tised animals, in which suffering is considered minimum. In preclinical research in
general, however, there is growing concern that poor experimental design and lack of
transparent reporting contribute to the frequent failure of preclinical animal studies to
translate into treatments for human disease. In 2010, the Animal Research Reporting of
In Vivo Experiments (ARRIVE) guidelines were introduced [9-11], and adapted by
many regulatory authorities and medical journals, to help improve reporting standards.
The guidelines refer to common good laboratory practice and should be seen in the
same perspective as the guidelines established for clinical trials in humans.

2.1.3 Migraine Pathophysiology

Migraine pathophysiology is extensively analysed elsewhere in this book; however,
for the purposes of better understanding the neurobiology utilised in animal models,
a brief description is given below.

The migraine headache is perceived to be felt on intracranial structures, such as the
dura mater and intracranial vasculature [12]. The sensory innervation of these structures
arises from the trigeminal nerve, mainly from unmyelinated C-, and thinly myelinated
Abd-fibres, which have their cell bodies in the trigeminal ganglion. Nociceptive activa-
tion of these trigeminal fibres is referred to as “trigeminovascular activation” [13]. The
trigeminal fibres that transmit sensory information from intracranial structures synapse
on second-order neurons within the trigeminocervical complex (TCC; trigeminal
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nucleus caudalis, C1 and C2 spinal levels). These neurons give rise to the main ascend-
ing trigeminothalamic pathway that relays sensory information to third-order neurons in
the contralateral thalamus. The thalamus, mainly the ventroposteromedial thalamic
nucleus (VPM) and the posterior thalamic nucleus (Po), is acting as the last gate before
sensory information is transmitted to cortical areas involved in the processing of pain
perception. A complex of descending networks from multiple brainstem, midbrain and
cortical nuclei modulate the excitability of the ascending trigeminothalamic pathway
[14]. In the absence of any evidence of malfunction in the trigeminovascular system [ 13,
15], a disruption of normal endogenous descending modulatory tone in the brain may
play a critical role in migraine. However, what really alters the excitability of the ascend-
ing trigeminothalamic pathway, in a manner that a migraine attack may develop in sus-
ceptible individuals, remains to be revealed.

The migraine aura is now believed to result from the neurophysiological event
called cortical spreading depression (CSD) [16]. CSD is a wave of cortical neuronal
depolarisation, followed by depressed activity and associated with blood flow changes
[17]. In migraine patients, CSD is believed to spread out from the occipital cortex, but
it remains enigmatic how CSD is triggered in patients during migraine aura.

Accumulating evidence exists as to why the trigger of migraine attacks should be
sought in the hypothalamus [18]. The strongest, direct evidence for hypothalamic
activation in migraine patients arises from brain imaging studies. These studies
demonstrated, using positron emission tomography (PET), increased blood flow in
the posterior region of the hypothalamus during the very early stages of spontane-
ous migraine attacks [19] and during the premonitory phase of the NO donor, nitro-
glycerin (NTG)-induced migraine attacks [20].

2.2 Models of the Peripheral Trigeminovascular System

Animal models investigating changes in the peripheral branch of the trigeminovas-
cular system, i.e. the dural environment and vasculature and the trigeminal fibres
innervating these, are believed to model peripheral events that are likely to occur
during a migraine attack. As our understanding of migraine has progressed over the
years, some of these models are now considered redundant, particularly those dem-
onstrating a pure vascular site of action. Nevertheless, their utilisation in the triptan
era, as well as the lessons learned from them, makes knowledge around these mod-
els an integrated facet of the scientific progression in the field.

2.2.1 Vascular Models

Vascular animal models had been developed during the first epoch phase of scien-
tific exploration in migraine models and were based on the view that extracerebral
vasodilation could occur during a migraine attack. Indeed, successful migraine
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treatments include drugs which do not cross the blood-brain barrier (BBB) and
evoke vasoconstriction, such as sumatriptan and ergot alkaloids [21]. Identification
of elevated levels of the vasodilatory peptide calcitonin gene-related peptide (CGRP)
in patients during a migraine attack [22] further reinforced, at the time, the theory
of an integrated vascular involvement in migraine pathophysiology. However, a role
for cephalic vessels in the development of migraine as a syndrome has been criti-
cised over the years. Magnetic resonance angiography data during NTG-triggered
migraine attacks suggests no association with vasodilation of cerebral or meningeal
vessels [23]. It is now well established that not all vasodilatory peptides trigger a
migraine attack [24], while following intravenous infusion of other vasodilatory
peptides, a migraine attack is triggered hours after the cease of the vasodilatory
effects [25]. Vasodilation alone may be an epiphenomenon of migraine attacks,
which is not sufficient to induce pain. Additionally, not all vasoconstrictive thera-
pies alleviate migraine symptoms, while many of the clinically effective anti-
migraine drugs do not have a vasoactive action [26]. Nevertheless, the use of
vascular models in migraine research made it clear that it is not the vasodilation, as
such, that is important in migraine pathophysiology but the induction of second
messenger signalling pathways that vasoactive substances induce through their
interactions with G-protein-coupled receptors. Vascular models have thus allowed
the collection of reliable information for the vasodilatory role of neuropeptides
found in the trigeminal nerve endings, measurement of intracellular calcium changes
and second messengers’ concentration.

Nevertheless, the vascular models of migraine are worth referring to, not only
due to their use during the triptan era but also for their usefulness in evaluating the
vasoconstrictive profile of potential anti-migraine therapeutics, which can be con-
traindicated for some patients. In combination with immunocytochemical methods
on isolated cerebral vessels, the anatomical localisation of receptors, such as of
5-HT g and CGRP receptors, had become more clear [27, 28]. Additionally, with the
new development of CGRP antibodies [29-31], the models may be found once
again useful in identifying the long-term effects of vasodilation blockade (due to
CGRP) on the actual vascular bed.

2.2.1.1 Constriction of the Carotid Arteriovenous Anastomoses

This model was used in the early phases of triptans’ validation as potential thera-
peutic agents. The model aimed to replicate clinical evidence showing that the ante-
rior jugular oxygen saturation is reduced to the ipsilateral side of the headache
during a migraine attack [32], probably due to dilation of the carotid arteriovenous
anastomoses, which will reduce the available oxygenated blood through its thrust
into the veins [33]. This was further thought to explain clinical observations in some
patients, such as facial paleness, swelling and reduced facial temperature of the
frontal vein ipsilateral to the headache. The model did not gain much interest in the
field, not only due to its technical difficulties but also due to that fact that arteriove-
nous anastomoses do not appear dysfunctional in humans, particularly due to the
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intact sympathetic nervous system. Decreased oxygenation of blood has been also
supported to have a causative role in a minority of migraine patients with right-to-
left shunts; however, studies support an unlikely significant role in migraine trigger-
ing or chronification [34].

The model used primarily anaesthetised pigs, in which the strong sympathetic
influence is suppressed, allowing ~80 % of the total carotid blood flow to be shunted
via arteriovenous anastomoses into the jugular venous circulation [35]. Alternatively,
vasoconstriction of potential drugs in vasosympathectomised dogs was also
employed [36]. Sumatriptan, ergot alkaloids and o-adrenoceptor agonists were
shown to reduce carotid arteriovenous anastomotic shunting [21, 37]. The model
has thus been used to predict a clear vascular site of action of potential treatments.
Such a complicated and demanding model these days can be easily replaced by
in vitro vascular preparations.

2.2.1.2 Constriction of Cephalic Blood Vessels

More direct vascular models that investigate the pure vasoconstriction properties of
therapeutics were also developed both as in vivo and in vitro setups. In vitro vascular
models use isolated cranial vessels (including human arteries) and isometric mea-
sures of vessel diameter in order to study the contraction or relaxation of vascular
segments mounted in organ baths during application of potential anti-migraine drugs.
This model has been successfully used to evaluate the vascular action of triptans and
demonstrated the 5-HTp receptor efficacy of sumatriptan [38]. Using this model,
Mpller-Schhweinitzer and Weidmann suggested as early as in 1977 [39] that the anti-
migraine efficacy of ergotamine was due to a pure vasoconstrictive action.

A variety of specific acute anti-migraine drugs, including sumatriptan and ergot
alkaloids, have been shown to produce selective vasoconstriction of cephalic blood
vessels in an in vivo vascular model [21], utilising initially dogs and rabbits, and rats
and guinea pigs later. The vasomotor role of endogenous neuropeptides of the peri-
vascular trigeminal nerve endings has been further studied in this model by local
luminal and abluminal applications [40, 41]. Using intravital microscopy over a
cranial window that allows direct measurements of the dural blood vessel diameter
or blood flow, it was shown that topical or intravenous administration of CGRP
induces vasodilation, which is blocked by the CGRP antagonist CGRPy_3; [42, 43].
Exogenous CGRP acts directly on CGRP receptors on the smooth muscle of dural
arteries and compounds that inhibit CGRP-induced dilation demonstrate at least
their partial action on the smooth muscles of blood vessels [44]. Similarly, systemic
administration of NO donors causes reproducible dural blood vessel dilation [45,
46]. A number of compounds including triptans, CGRP antagonists, cannabinoid
receptor 1 (CB1) agonists and nitric oxide synthase (NOS) inhibitors have been
found to attenuate this chemically induced vasodilation [45, 47].

A major limitation of the above model when studying the effects of vasodilatory
peptides, such as CGRP, is the resulting hypotension and potential activation of auto-
regulatory mechanisms [41]. The subsequent vasodilation of the cranial vasculature
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makes the involvement of an actual vasomotor pharmacological interaction or of an
autoregulation mechanism activated in response to hypotension difficult to interpret
[48]. An alternative to the potent hypotension induced by intravenous administration
of vasodilators was suggested by Gupta and colleagues, who demonstrated that
intracarotid administration of CGRP induces maximum middle meningeal artery
dilation with minimum blood pressure effects [49]. This route of administration can
be successfully adopted for other vasodilatory substances, including NO donors.

2.2.2 Neurovascular Models for Peripheral Investigations
of the Trigeminovascular System

Neurovascular animal models aim to reflect more appropriately the involvement of
the peripheral nerve fibres in the modulation of the dural vascular tone.

2.2.2.1 Neurogenic Dural Vasodilation and Blood Flow Model

The involvement of CGRP in migraine pathophysiology has been crucial in the devel-
opment of experimental animal models of migraine. Migraine patients appear to have
elevated levels of CGRP in the cerebral circulation during a migraine attack [22],
although these findings have been criticised in other studies [50]. Using animals, it was
later shown that stimulation of trigeminal nerve fibres innervating the dura mater
induces the release of CGRP [51], which results in dural blood vessel dilation via
CGRP receptors located on the vascular smooth muscle [46]. Further to the vasodila-
tion, an output of trigeminovascular activation is a neurogenic, CGRP-driven, repro-
ducible increase in meningeal blood flow [52, 53]. How CGRP release may be triggered
in migraine patients is not clear, although an antidromic activation of the trigeminal
system as an epiphenomenon of central mechanisms has been suggested, but not fully
supported [54]. Nevertheless, the model directly activates the nociceptive pathway
thought to be involved during the migraine headache phase. Thus, the vasodilatory
reaction and blood flow increase of dural vessels following stimulation of the trigemi-
nal fibres is used as an indirect indication of trigeminal system activation, and it models
peripheral aspects of the migraine attack. It is important to note the correct interpreta-
tion of the model that it is not the CGRP-induced vasodilation or blood flow change as
such that should be aimed to be blocked but the activation of the peripheral trigeminal
fibres. CGRP itself is not known to sensitise trigeminal fibres either and thus does not
contribute to nociceptive activation [55]. In this model, as vasodilation is a result of
neuronal fibre activation, the model is known as neurogenic dural vasodilation (NDV)
and permits the study of the peripheral branch of the trigeminovascular system.

In the NDV model, trigeminal fibre stimulation is mostly achieved through appli-
cation of electrical stimulation from bipolar electrodes positioned near dural arter-
ies, such as the middle meningeal artery, on a closed cranial window. The model
utilises mostly intravital microscopy which permits the direct study of cranial blood
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vessels’ diameter or laser Doppler flowmetry for detection of dural blood flow
changes. Electrical stimulation of the closed cranial window causes a neurogenic
reproducible dilation and increase of blood flow of the underlying dural vessels, via
activation of the trigeminal nerve fibres. Vessel dilation is due to CGRP release from
pre-junctional trigeminal nerve endings innervating the dural vessels [46, 52, 53,
56], which binds to CGRP receptors on the smooth muscle of dural vessels resulting
in vasodilation. The CGRP antagonist CGRP;_3; is able to completely inhibit NDV,
further indicating the importance of this peptide in NDV and the usefulness of mod-
elling, at least partly, the pharmacology of the trigeminovascular system. The model
is performed in anaesthetised rodents, and good laboratory practice that can assess
the depth of anaesthesia, changes in blood pressure and temperature must be
employed during its use, to allow for reliable outcomes to be delivered.

Beyond perivascular electrical stimulation, it was further shown that employ-
ment of chemical stimulation of the trigeminal fibres, through capsaicin, for exam-
ple, could be also used to study neurogenic vasodilation. Capsaicin-induced
vasodilation is elicited by the release of CGRP, as it can be blocked by a CGRP
antagonist [57]. Capsaicin binds on the transient receptor potential vanilloid type-1
(TRPV1) found mostly on small diameter sensory fibres and depolarises them [58].
The induced vasodilation occurs due to the release of, among other peptides,
CGRP. However, TRPV1 antagonism does not block NDV induced by perivascular
dural electrical stimulation [59], indicating that electrical stimulation of the trigemi-
nal fibres does not activate TRPV1 channels. This may further suggest that TRPV1
receptors do not play a significant role in, at least the antidromic, activation of the
peripheral side of the trigeminovascular system. Additionally, although NO can
itself act as a smooth muscle relaxant [60], there is evidence suggesting that NO
activates trigeminal neurons by inducing CGRP release [61]. A synergistic relation-
ship between CGRP and NO may exist, as CGRP receptor activation can increase
the expression of inducible nitric oxide synthase (NOS) and stimulate NO release
from glial cells in the trigeminal ganglion [62, 63]. NOS inhibitors were also effec-
tive in modulating dural blood flow [63].

This model mainly tests the action of systemic administration of potential anti-
migraine compounds. Since CGRP receptor antagonists are clearly effective in
acute migraine treatment [64, 65], the pharmacology of the mechanisms responsible
for CGRP release from trigeminal fibres is of direct relevance to the development of
newer migraine therapies, particularly for the newly described CGRP antibodies
that currently undergo clinical trials [29, 30]. The model has the proven ability to
predict the anti-migraine therapeutic potential of compounds, as triptans and dihy-
droergotamine were effective in inhibiting NDV, potentially by inhibiting the pre-
synaptic release of CGRP from trigeminal fibres [47, 52, 53, 66—68]. The lack of an
inhibitory NDV effect following neurokinin-1 receptor (NK1) antagonism, which
will block the vasodilatory effects induced by substance P (SP) [66, 69], similarly
to the poor results obtained with the use of NK1 antagonists in clinical trials [70,
71], further validates the good efficacy of this model. Thus, a series of compounds
which include calcium channel blockers [72], cannabinoids [73], adenosine Al
receptor agonists [56], orexin 1 receptor agonists [74] and 5-HTr and 5-HT,
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agonists [75] and nonsteroidal anti-inflammatory agents (NSAIDS) [76] that are
able to inhibit NDV may indeed represent potential new migraine therapeutics.

The NDV model can be used in combination with the vascular model of CGRP
infusion to compare a vascular over a neuronal side of action of potential therapeu-
tics. Thus, the use of intravital microscopy can further facilitate dissecting the phar-
macology of the trigeminovascular system and the potential site of action (vascular
and/or neurogenic) of therapeutic compounds. Compounds that attenuate NDV, but
not CGRP-induced dilation, are more likely to have a direct action on CGRP release
from the pre-junctional site of the trigeminal fibres. Examples of such compounds
include clinically active therapeutics, such as topiramate, rizatriptan and sumatrip-
tan [44, 67], as well as potential anti-migraine treatments such as orexin 1 receptor
agonists and calcium channel blockers [74, 77]. Additionally, from a biological per-
spective, female hormones were shown to enhance NDV through increased CGRP
release from perivascular nerves and not through vascular changes, suggesting a
trigeminal neuronal mechanism through which female hormones may exacerbate
migraine in women [78].

Despite being proven as a highly predictive model of anti-migraine efficacy of
treatments acting peripherally, the NDV model has important limitations. Clinically
active compounds that have central neural system site of actions cannot be screened
using this model. For example, the efficacy of many potential anti-migraine com-
pounds that act centrally such as 5-HT i receptor agonists, dopamine receptor ago-
nists and kainate receptor antagonists are not seen using this model [56, 68, 75, 79,
80]. Thus, caution must be used when testing compounds using the NDV model,
which should be used along other models for a better understanding of the actual site
of action of different therapeutics. Similarly, clinically active preventatives, such as
propranolol, valproate and flunarizine, were unsuccessful at inhibiting NDV, which
suggests a lack of action at the peripheral end of the trigeminal nerve [45, 56, 68]. On
the other hand, as these preventatives have a clinically effective action in reducing
the frequency of attacks over prolonged administration, the acute nature of the model
cannot be used to investigate the long-term effects of treatments. As migraine is
believed to be a disorder of the brain, the translational effectiveness of the model can
be somewhat questioned.

2.2.2.2 Neurogenic Inflammation and Plasma Protein
Extravasation Model

An earlier theory in migraine suggested that activation of trigeminal sensory fibres
leads to sterile neurogenic inflammation characterised by plasma protein extrava-
sation, vasodilation and mast cell degranulation within the meningeal environment.
This is thought to be mediated by neuropeptide release from trigeminal sensory
fibres and that it could induce pain [68, 81-83]. This theory has derived from indi-
rect evidence mainly from preclinical studies, in which trigeminal ganglion stimu-
lation or chemical activation of meningeal trigeminal fibres induces vascular and
mast cell changes, with a concurrent vasodilation due to increased release of CGRP



40 A.P. Andreou and M.L. Oshinsky

and SP. Release of tachykinins and endothelin-3 further promotes vascular perme-
ability leading to protein leakage from post-capillary venules, also known as
plasma protein extravasation (PPE), and activation of dural mast cells [84].
Activation of dural mast cells will result in the release of inflammatory mediators
that, along with other inflammatory mediators of neurogenic origin, such as SP and
CGRP, could produce long-lasting activation and sensitisation of trigeminal noci-
ceptors [85]. These events are in line with the occurrence of nociceptive neuro-
genic inflammation of the dura mater in rodents [86]. The rodent model considers
inflammation to play a key role in migraine pathophysiology; however, although it
is generally accepted that the initiation of a sterile inflammatory response could
induce nociceptive-like behaviour in animals [87], it is not clear whether this is
sufficient to induce migraine. More importantly, how neurogenic inflammation
may be induced during migraine attacks cannot be reliably answered. In patients,
despite the efficacy of nonsteroidal anti-inflammatory drugs (NSAIDs) in provid-
ing, at least some, pain relief of migraine headache, no PPE has been detected with
retinal angiography in patients during acute attacks of migraine or cluster headache
[15], further questioning the validity of the model. In this model, SP seems to be
the primary mediator responsible for PPE, as gene knockout studies confirm that
neurogenic inflammation is via tachykinin receptor activation on endothelial cells
[88], whereas CGRP alone does not induce PPE [86]. Interestingly, in contrast to
CGRP, SP levels are only moderately different during migraine attacks [89].

In the neurogenic inflammatory model, plasma protein extravasation into the
meninges is mainly induced by electrical stimulation of the trigeminal ganglion.
PPE is detected by measuring the amount of extravasated albumin in the dura mater,
using radiolabelled bovine serum albumin or of Evans blue which can bind directly
to albumin. After unilateral stimulation of the trigeminal ganglion, the dura mater is
removed and the ratio of the average labelled intensity of the stimulated side com-
pared to the non-stimulated side is calculated. Intravenous administration of sero-
tonin and of various neuropeptides, including SP, neurokinin A and bradykinin can
additionally lead to meningeal PPE. Parasympathetic activation seems to also result
in neurogenically mediated meningeal PPE [90].

The hypothesis of a sterile neurogenic inflammation in migraine was supported
initially by the fact that PPE can be blocked by a number of clinically active treat-
ments, such as ergot alkaloids [81]; cyclooxygenasesl/2 (COX1/2) inhibitors,
including indomethacin [91, 92]; and 5-HTlypr agonists [93-95] including
sumatriptan [96]. However, the subsequent failure of neurogenic inflammation
blockade to demonstrate an efficacy in a clinical setting further contributed to the
unreliability of the model and the characterisation of the theory of neurogenic
inflammation in migraine pathophysiology as inadequate. Neurokinin-1 antagonists
which block PPE in rodents [97, 98] were ineffective in patients [71, 99], while the
specific PPE blockers, CP-122,288 and 4991w93, and a number of endothelin
antagonists which prevent tachykinins and endothelin-3 from inducing PPE were
not effective in aborting migraine attacks in the clinic [100], despite blocking neu-
rogenic inflammation in this animal model. For these reasons, the neurogenic
inflammation model following electrical stimulation of the trigeminal ganglion and
assessment of PPE stimulation is now considered redundant.
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2.3 Trigeminovascular Activation Model for Central
Neural System Mechanisms

Migraine is now established as a brain disorder, given the lack of clinical evidence
of peripheral changes that could trigger a migraine attack [101, 102]. A number of
brain areas are consistently seen to be activated during all phases of a migraine
attack [7, 20, 103], suggesting an important role of CNS structures in the develop-
ment of migraine pathophysiology. The field is thus moving towards investigations
that will allow the development of novel CNS-based therapeutic approaches.
Studying the central components of the trigeminovascular pathway and modelling
of central events that are likely to occur during a migraine attack offers good poten-
tials for the development of new, efficient therapeutics.

The trigeminovascular activation model is thought to mainly reproduce the process
of events that at least replicate components of the pain perception that occurs during the
headache phase of the migraine attack. It is based on the fact that stimulation of the
meninges, particularly around blood vessels, induces headache-like pain in humans
[104-106]. The pain arises from the direct stimulation of trigeminal fibres that inner-
vate the meninges [106] and is a result of the activation of the ascending trigeminotha-
lamic pathway [13]. It is reasonable to assume that such stimulation is also nociceptive
in other species and will activate the same sensory pathways involved in the perception
of pain during migraine. In animals, activation of the trigeminovascular system can be
induced by a variety of stimuli: trigeminal ganglion electrical stimulation through bipo-
lar stimulating electrodes positioned stereotaxically in the ganglia, chemical stimula-
tion of the meninges by direct application of an inflammatory soup or capsaicin on the
dura mater, electrical stimulation of perivascular dural areas through a bipolar stimulat-
ing electrode or even mechanical stimulation evoked by repeated von Frey filaments
testing on dural structures. Although the latter two approaches have been widely used,
the choice of stimulation needs to be carefully selected. The lack of an inflammatory
response in humans during migraine attacks and considerations for the integrity of the
BBB function following chemical stimulation make mechanical and electrical stimula-
tion of dural sites the only model for which objective, clinical evidence exists and
confirms its painful nature, although it is also a non-physiological stimulus. As dis-
cussed earlier, although it is highly doubted that a significant sterile inflammatory
response occurs on the meninges during a migraine attack, some kind of local release
of peripheral inflammatory markers which will induce abnormal neuronal hyperexcit-
ability in the TCC may explain sensitisation in migraine [87].

Central activation of the trigeminovascular system in this model can be assessed
with multiple assays, analysed below in detail.

2.3.1 Fos Immunoreactivity

Fos is the protein product of the immediate early gene c-fos, which is rapidly and
transiently activated in response to several forms of stimuli, including extracellular
stimuli and intracellular second messenger systems. Extracellular stimuli activate
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membrane receptors and initiate a second messenger cascade that results in the
upregulation of the immediate early genes, which produces transcription factors
including the Fos protein. c-fos mRNA, which can be also detected in tissue, reaches
its peak about 30—40 min poststimulus, while the levels of the nuclear protein Fos
peak about 2 h poststimulation. Expression of the gene can be measured via Northern
blot analysis or in situ hybridisation. The protein is normally visualised using
immunocytochemical techniques. Quantification of Fos, although not accurate, is
usually done through microscopic blinded counting of Fos-positive profiles and less
frequently through Western blot analysis, both considered as semi-quantitative
approaches.

Identification of Fos expression following trigeminovascular activation has
been widely used in this model. Although Fos is not a specific marker of nocicep-
tion, and other extracellular signal-regulated kinases have been implicated in medi-
ating nociceptive signalling in the brain [107], this protein has been the choice of
assessment cellular activation in a number of studies. In the field of migraine
research, Fos immunoreactivity has been used to identify populations of cells acti-
vated in response to either electrical [108] or chemical [109] noxious stimulation
of structures innervated by the trigeminal nerve. Fos has been shown to be expressed
in the TCC [108, 110, 111] and other brain areas that could be activated with such
nociceptive stimulations. For example, it was found that electrical stimulation of
the superior sagittal sinus (SSS) resulted in increased expression of Fos in the peri-
aqueductal grey [112] and in various hypothalamic nuclei, including the ventrome-
dial nucleus, the supraoptic nucleus and the posterior hypothalamus [113]. Like
other markers of cellular activation, Fos can be expressed in multiple locations as
a result of polysynaptic activation. It can be thus used to map network pathways
that become activated during trigeminovascular activation, and this has been one of
the great advantages of using the Fos model. However, caution must be used when
detecting this protein, since it is not expressed in all brain areas. For example, the
basal thalamus where the ascending trigeminothalamic pathway projects does not
appear to express Fos [114].

Beyond the anatomical studies, expression of Fos in the TCC, as a model of tri-
geminovascular activation, has been widely used for the investigation of various
compounds. Triptans and ergotamine have been shown to reduce Fos expression in
the TCC in response to electrical stimulation of the SSS or chemical stimulation of
the dura mater [110, 115]. Interestingly, the less lipophilic sumatriptan did not have
a significant effect in this model [116], thereby demonstrating a central site of action
of second-generation triptans. Fos activation in the TCC seems to be dependent on
serotonergic mechanisms, as serotonin-depleted rats expressed a greater quantity of
Fos in response to application of inflammatory soup on the dura mater, as compared
with controls [117]. Melatonin [118] and valproate [119] were also shown to reduce
Fos expression in the TCC. Additionally, the CGRP antagonist olcegepant signifi-
cantly inhibited the capsaicin-induced expression of Fos throughout the TCC [120].
More interestingly, neurokinin-1 receptor antagonists and PPE inhibitors had no
effect over Fos immunoreactivity [121, 122], further demonstrating the potential of
this model in screening possible therapeutics with a clinical benefit.
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The main limitation of the Fos model is that it does not offer any further infor-
mation on the type of activation, of the cell type or of the neurotransmitters
involved. For example, glia cells will equally express Fos [123], as well as gluta-
matergic (excitatory) and GABAergic (inhibitory) neurons. Additionally, potent
antinociceptive agents, such as the NMDA receptor antagonist MK-801, may also
induce Fos expression in some brain regions of interest [124]. It is thus difficult to
discriminate neurons activated in response to ascending or descending transmis-
sion of nociceptive or antinociceptive signals [125]. Additionally, induction of the
Fos protein to quantifiable levels requires a strong consistent stimulation that may
not be physiological [126] and that lack of Fos expression does not equate to lack
of neuronal activity [111]. Nevertheless, its ability to respond to polysynaptic
activation, enabling mapping of pathways of neuronal activation at many syn-
apses down the line, is certainly a great advantage. Using combined immunohis-
tochemical techniques, it can be further used for double labelling or for
co-localisation studies. As the Fos staining occurs in the nucleus of the cell, it can
be readily co-localised with many antigens that are expressed in the cytoplasm or
on the cell surface.

2.3.2 Metabolic and Blood Flow Measurements
in Central Nuclei

Trigeminal nerve activation in animals, through stimulation either of the SSS or
of the trigeminal ganglion, has been shown to cause an increase in regional cere-
bral blood flow and metabolic activity in the TCC, brainstem regions, thalamus
and frontal and parietal cortex [127, 128]. This has been considered to model
changes in regional cerebral blood flow during migraine attacks, where in the
headache phase cerebral blood flow may be abnormally high, often outlasting the
headache phase [129]. Facial blood flow was also shown to increase during tri-
geminal ganglion stimulation [130], perhaps reflecting the facial and neck tender-
ness seen in some patients during the headache phase of migraine. Metabolic
activity is measured using 2-deoxyglucose autoradiography and quantitative den-
sitometry, while a laser Doppler probe is placed in the nucleus of interest for
measuring blood flow changes. Autoradiography is not as widely used these days,
given its risk. Microdialysis through an appropriate pore cannula in the region of
the TCC has been also used to detect changes in neurotransmitter release [131]. In
this model, sumatriptan, dihydroergotamine and N-Methyl-D-Aspartate (NMDA)
receptor antagonism [132] have been shown to inhibit blood flow changes in
response to trigeminal ganglion.

This model is now considered somewhat redundant, as in humans reductions of
cerebral blood flow during migraine with acute anti-migraine treatments are not
reported [133], suggesting that blood flow changes do not adequately reflect the clin-
ical manifestation of head pain. This model served as a precursor to the electrophysi-
ological measures of trigeminovascular activation in the central pathway [83, 128].
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2.3.3 Electrophysiological Recordings in the Ascending
Trigeminothalamic Pathway

Electrical, mechanical or chemical stimulation of dural vessels in animals, mainly
of the SSS and the MMA, excites second-order neurons of the ascending trigemino-
thalamic pathway. State-of-the-art electrophysiological techniques can thus be used
to record this neuronal activity [134]. More specifically, trigeminovascular stimula-
tion has been shown to excite neurons in the TCC [135-138] by releasing glutamate
along with CGRP from primary Ad- and C-trigeminal fibres [139], in the thalamus,
mainly the ventroposteromedial and posterior nuclei [140, 141], and more recently
in different cortical regions, primarily the somatosensory S1 cortex [142]. Activated
neurons in the TCC and thalamic nuclei are either nociceptive-specific or wide-
dynamic range. Electrical stimulation is usually the preferred method of trigemino-
vascular stimulation, as poststimulus analysis of the activation latency can better
determine the activation of neurons in response to stimulation of Ad- and/or
C-trigeminal fibres, while extracellular single neuron electrophysiological record-
ings have been used by most laboratories using this model.

The trigeminovascular model in combination with electrophysiological record-
ings has been proved a highly reliable model for testing a wide range of compounds,
in particular of potential anti-migraine therapeutics that cross the BBB. The efficacy
of compounds in this model is assessed in their ability to attenuate evoked trigemi-
novascular activation. Experimental pharmacological studies have shown that abor-
tive anti-migraine drugs, such as dihydroergotamine [134], second-generation
triptans [141, 143] and other 5-HT 1, receptor agonists [144], act on second- and
third-order neurons to inhibit neuronal activation. Systemic administrations of
CGRP antagonists, which are effective in clinical trials of migraine treatment [64],
were also shown to decrease the activity of neurons with meningeal input [145].
Further to predicting anti-migraine efficacy of acute treatments, topiramate, a pre-
ventive anti-migraine compound, was also effective in inhibiting trigeminovascular
activity in the TCC and VPM [146].

A number of potential anti-migraine compounds and the pharmacology of their
receptors have also been studied in this model. As glutamatergic transmission plays
a key role in trigeminovascular nociception [147], ionotropic glutamate receptors
(iGIuR) [146-153] were shown to be involved in trigeminovascular nociceptive
transmission and, among others, demonstrated a central mechanism of action of kai-
nate receptor antagonists [80]. Inhibitors of the orexin hypothalamic peptides were
recently shown to suppress trigeminovascular activation recorded in the TCC [154].
Pharmacological modulation by adenosine A, cannabinoid 1, TRPV1 and dopamine
2 receptors was also found to induce neuronal inhibition, without concomitant vaso-
constriction, suggesting a novel avenue for the treatment of migraine [73, 155, 156].

Beyond systemic administration of compounds, the combined use of electro-
physiological recordings with microiontophoresis allowed an even greater under-
standing of the involved pharmacology along the trigeminothalamic pathway.
Microiontophoresis allows the direct application of charged compounds onto
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neurons while recording their electrophysiological properties. As recordings in the
TCC or thalamus following systemic administration of compounds cannot provide
proof of concept on the actual site of action of test compounds, which could be local
or on multiple nuclei that could modulate the ascending pathway, the employment of
microiontophoresis can confine the action of compounds to second- and/or third-order
neurons. Furthermore, microiontophoresis allows the dissection of the inhibition of
investigational compounds upon post- or presynaptic receptors. Microiontophoretic
application of ergot alkaloids [157] and triptans in the TCC [158] and VPM [141]
reversibly inhibited second-order trigeminal neurons demonstrating a central action
of these compounds. These studies gave impetus to the development of more brain-
penetrant 5-HT 1/, receptor agonists [159]. Furthermore, microiontophoresis of the
CGRP receptor antagonist olcegepant in the TCC reversibly inhibited SSS electrical
stimulation-induced trigeminocervical activation [160], and the same was shown for
the thalamus, given the presence of CGRP receptors within the VPM nucleus [161].
In addition, the clinically active preventives propranolol [140] and valproate [162],
but not gabapentin, were able to inhibit responses to L-glutamate and to trigemino-
vascular stimulation in the VPM, while topiramate was shown to act both in the TCC
and VPM by blocking kainate receptors [153].

In addition to the use of this model in pharmacological screening of potential
anti-migraine compounds, a small number of studies attempted to model some
aspects of the physiological properties of second- or third-order neurons with regard
to convergent inputs from the periphery or from brainstem and midbrain nuclei.
This can be achieved by simultaneous electrophysiological recordings of neurons of
the ascending trigeminothalamic pathway, while modulating electrically or pharma-
cologically the activity of distal nuclei or peripheral nerves. This approach led to the
demonstration of convergent inputs from trigeminal sensory afferents that innervate
both dural and facial structures [137], in particular those innervated by the ophthal-
mic division of the trigeminal nerve over second-order neurons. Additionally, these
neurons receive afferents arising from the greater occipital nerve (GON) of the C2
dorsal root, which innervate cervical structures [163]. This property of second-order
neurons is considered of great importance for the efficacy of occipital nerve blocks
and stimulation in the treatment of chronic migraine [164]. The convergence of tri-
geminal and occipital fibres on second-order neurons might be also involved in the
referral of pain from trigeminal to cervical structures and contribute to the clinical
phenomena of cervical hypersensitivity in migraine [138].

Direct electrophysiological recordings from trigeminocervical neurons and mod-
ulation of higher modulatory nuclei have provided important insights into migraine
pathophysiology. This approach has been employed as a great limitation of the
available brain imaging techniques used in humans is the lack of good spatial reso-
lution that will allow the identification of the exact nucleus or the nature of meta-
bolic activation involved. In PET studies, brainstem nuclei have been shown to be
activated during migraine headache [165] and following successful treatment [165].
A number of studies in the trigeminovascular model have suggested that the activity
of the TCC is modulated through inputs from a variety of modulatory nuclei in the
brainstem, such as the PAG [166], locus coeruleus [167] and dorsal raphe nucleus
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[168]. Hypothalamic nuclei have been also shown to modulate the activity of the
TCC, such as the A11 dopaminergic nucleus [169] and the paraventricular hypotha-
lamic nucleus [170]. Although the VPM and Po thalamic nuclei are also known to
receive a variety of inputs form midbrain and brainstem nuclei [171], their modula-
tion by such pathways has not been investigated in the trigeminovascular model.
Importantly though, a recent study demonstrated a convergence of third-order tri-
geminothalamic neurons in the posterior thalamic nucleus, with axons originating
in retinal ganglion cells. This convergence has been suggested to be responsible for
the modulation of thalamic neurons, activated in response to trigeminovascular acti-
vation, by light [172]. The interpretation of this outcome is that the convergence of
photic signals onto dural nociceptive trigeminothalamic neurons that project to the
somatosensory cortex exacerbates nociceptive processing, similar to the exacerba-
tion of migraine headache by light [172].

Allodynia is an important phenomenon seen in migraineurs [173] and it is thought
to be modelled in animals using chemical stimulation of the trigeminal fibres and
electrophysiological recordings. Topical application of inflammatory agents on the rat
dura has been shown to induce long-lasting activation of the trigeminovascular path-
way and sensitisation of trigeminocervical neurons [109]. In rats, late sumatriptan
intervention [174], but not dihydroergotamine [175], was not able to reverse trigemi-
nocervical sensitisation, suggesting that, similarly to clinical observations, triptans
might not be effective after the onset of central sensitisation. Intravenous or local
meningeal application of COX1/2 inhibitors including indomethacin, naproxen and
ketorolac was able to block sensitisation [176, 177]. In patients, it is believed that
untreated migraine attacks could result in a spread of allodynia to the other side of the
head or the forearm [173], indicating the potential spread of neuronal sensitisation
from second-order neurons to third-order neurons in the thalamus [173]. Sensitisation
of third-order neurons was shown by Burstein and colleagues using this model [178].

Currently, the trigeminovascular activation model assessed by electrophysiologi-
cal recordings is considered as the most successful model of migraine headache.
Perhaps, a disadvantage of the model is the use of anaesthetised animals, in which,
depending on the choice of anaesthetic, nociceptive activation of the trigeminotha-
lamic pathway may be, to some extent, suppressed. It also assumes that a decrease
of the excitatory transmission of the trigeminothalamic pathway is antinociceptive;
however, in a conscious model, such differences may not be observed.

2.4 Nitric Oxide Donors’ Infusion Model

NO donors, such as NTG, have been shown to trigger an early-onset headache and
migraine attack in sufferers after a delay of hours [5, 179]. This biphasic headache
is not reproduced in healthy subjects; however, a mild early-onset headache is often
reported [180], which is also associated with decreased thresholds to mechanical
nociceptive stimuli [181]. NTG has been also reported to reproduce premonitory
symptoms and nausea in some patients [6]. NO donors have never however been
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reported to induce a migraine aura, even in migraine with aura patients. Despite
being characterised as the molecule of the year in 1992 [182] and having awarded
the Nobel Prize to three American scientists for identifying its signalling pathway in
the cardiovascular system, how NO triggers a migraine attack in migraineurs is yet
unknown. In neurons, similar to the smooth muscle cells, NO was found to act
through the stimulation of the enzyme-soluble guanylate cyclase, followed by the
production of the second messenger cyclic guanosine monophosphate which acti-
vates protein kinase G. This results in the reuptake of Ca’** and the opening of
calcium-activated potassium channels. In the smooth muscle cells, this leads to
vasodilation. In neurons, it is thought that protein kinase G may activate other tran-
scription factors which can lead to changes in gene expression that alter the response
of the cell to a variety of other stimuli.

A wide range of methods are employed in the NO donors’ infusion animal model.
In rodents, a NO donor is normally infused systemically at doses higher than those
required to model headache in humans. The NO donor’s dose, modality of adminis-
tration and choice of the time of observations must be carefully controlled when
adopting this model for the study of the trigeminovascular system. Over the years,
this model has been developed to reflect a more representative disease phenotype
and a number of different outcomes can be assessed, from immunohistochemistry
to behavioural changes. Although in initial studies intraperitoneal injections were
performed using enormous doses of NTG that may elicit blood pressure decrease
[183, 184], a more realistic approach is now adopted where NO donors are
intravenously or intracarotidly infused, using smaller doses that elicit minimum
blood pressure effects [76, 184, 185].

In rodents, systemic NO donors, most commonly NTG and sodium nitroprusside
(SNP), have been shown to induce Fos expression in different CNS areas, including
the TCC, brainstem and hypothalamus [183, 186]. A sexual dimorphism in NTG-
induced Fos expression in the TCC and in hypothalamic nuclei has been observed,
with female rodents expressing a higher number of Fos-positive cells, a phenomenon
modulated by estrogens [187]. Small changes in the expression of receptor and
enzyme components, such as CGRP receptor subunits, the soluble guanylyl cyclase
and the nitric oxide synthase, along the trigeminal system have been also reported
following NO donors’ infusion [188, 189]. However, similarly to the human model
[190], the levels of CGRP itself do not appear to change following NTG infusion in
rats [191]. Expression of the cellular activation marker Fos after any stimulus peaks at
2-4 h [107], and that is also the case in the NTG model. It is, thus, scientifically inap-
propriate to claim that the delayed expression of Fos in the trigeminocervical complex
reflects the delayed onset of a migraine attack in humans. Nevertheless, a delayed
occurrence of behavioural changes, which included the development of allodynia and
hyperalgesia in freely moving animals, has been also observed following NO donors’
administration [192, 193]. In a preliminary report, Akerman and colleagues have fur-
ther demonstrated that NTG infusion induces a delayed increase of spontaneous and
evoked firing of second-order neurons in the TCC [194]. It is thus likely that, either
through local signalling pathways in the TCC or through interactions with modulatory
pathways, NO alters the threshold of activation of the pain pathway involved in
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headaches. In which way NO donors may also induce premonitory symptoms [6] or
nausea [7], it is not yet known. Andreou et al. suggested that NO interacts with dopa-
minergic hypothalamic pathways that modulate the activity of the TCC [195]. Indeed,
in a brain imaging study in patients who developed premonitory symptom following
NTG infusion, hypothalamic activation was a prominent outcome [20]. Interestingly,
it has been shown that central dopaminergic neurotransmission is required for the
NO-induced activation of c-fos in subcortical areas [196].

Sumatriptan has been shown to alleviate behavioural changes induced by NO
donors’ infusion [192], as well as to reduce Fos expression in the TCC [185]. NOS
inhibitors and neurokinin-1 and CGRP receptor antagonists were demonstrated to
reduce the number of Fos-expressing cells in the TCC [189]. A CGRP antagonist
was also found to be effective in counteracting NTG-induced hyperalgesia [193].
A role for NSAIDs has been suggested for the NO-induced cellular changes [76].

Although the NO donors’ infusion model is now widely used, mostly due to the
relatively uncomplicated methods that can be used to assess its outcomes, several
considerations need to be addressed. In healthy volunteers, NO donors induce only
a short-lasting mild headache that does not respond to triptans or aspirin [180]. As
the animals we use in the laboratory are otherwise healthy, it is rather difficult to
interpret that NO infusion will result in a pure migraine model, and thus, the effec-
tiveness of sumatriptan in this rodent model is further questioned. It is likely that the
increased doses administered to animals compared to humans may contribute
towards the expression of a more prominent phenotype; however, this is not estab-
lished. In addition, the use of Fos as a system’s activation tool needs careful consid-
eration. As discussed earlier, its expression occurs following a variety of different
stimuli, not just nociceptive-specific stimuli [107]. Thus, the expression of Fos in
different CNS areas following infusion of NO donors just points to the areas that are
susceptible to NO signalling. Nevertheless, from a practical point of view, the model
offers the opportunity to study repeated behavioural changes in non-anaesthetised
animals, which appear to have similar phenotype to that developed in humans [181].
As a pharmaceutical tool, the model needs to be further evaluated with treatments
that have both a positive and negative benefit in the clinic.

2.5 Animal Models of the Aura Symptoms:
Cortical Spreading Depression

Migraine aura involves transient focal neurological deficits, such as visual impairment
and sensory or motor function impairment, and occurs in about 30 % of migraine
patients just before or during the onset of the migraine headache [197]. Occasionally,
these symptoms can even occur alone without the accompanying headache. The symp-
toms described as the migraine aura, with a cortical spreading rate of 2-6 mm™!, are
believed to be the result of cortical spreading depression (CSD), first identified by Leao
in 1944 [198]. CSD itself is characterised as a slow wave of neuronal depolarisation
and glial activation in the cortex, followed by a short-lasting depression and
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accompanied by blood flow changes. Olesen et al. [199] demonstrated in humans that
aura is accompanied by a short phase of hyperaemia, followed by a slowly spreading
oligaemia. It was thought that vascular changes are purely a response to metabolic
changes due to neuronal discharge, but this view has been tackled by results from
Brennan et al. [200], showing the possibility of a dissociation of the spread of regional
cerebral blood flow (rCBF) changes and CSD. The occurrence of CSD causes pro-
found temporary intra- and extracellular changes including pH changes, release of neu-
rotransmitters and ionic shifts accompanied by cellular swelling [201]. CSD in the
neocortex of a variety of species, including human, has been demonstrated to be depen-
dent on activation of the NMDA receptor, and both glutamate and NMDA receptor
agonists are capable of inducing CSD if applied cortically [202]. Interestingly, the
NMDA receptor antagonist ketamine was tested clinically and found effective in treat-
ing the aura symptoms, but not the headache, of migraine patients with aura [203].

What triggers a CSD in patients has yet not been determined. It is thought that
altered cortical excitability may be responsible for lowering the threshold of cortical
activation in some patients. Such a hyperexcitable cortex may thus give rise to a
CSD, but this theory needs to be further elaborated. In animals, CSD can be triggered
by chemical (e.g. K*, glutamate), mechanical or electrical stimulation of the cortex
[83]. In animals, it was reported that CSD can be also triggered by sensory activation
of the brainstem [204]; however, this needs to be further validated. Induction of CSD
may be measured using electrophysiological techniques, commonly field potential
recordings, and blood flow changes through laser Doppler flowmetry. Optical intrin-
sic signal imaging has been also used to monitor blood flow/metabolic changes that
appear in connection with CSD [200]. In freely moving animals, induction of CSD
was shown to induce motor freezing [205], without the development of cutaneous
allodynia or any other nociceptive-like behaviour [206, 207].

The CSD model has been widely used to examine the efficacy of different
treatments. Although CSD is a “yes or no” event, in the literature, treatments are
considered as potentially effective not only when they block induction of CSD
but also when the rate of propagation or amplitude of DC shift and blood flow
changes are suppressed. A reduction of the sum of CSD waves in the case of K*-
induced CSD and an increase in the threshold of electrical activation of the cor-
tex are also considered as important outcomes of therapeutic efficacy [208].
Drugs identified to have a prophylactic effect on CSD in rats after many weeks
of daily treatment are valproate, topiramate, propranolol, amitriptyline and
methysergide [209]. Lamotrigine was also shown to block K*-induced CSD, pos-
sibly through interactions with the glutamatergic system [210]. CSD blockade
with amiloride, via the acid-sensing ion channel 1a, was found to be attributed to
its preventive role in a small open clinical trial [211, 212]. Apart from treatment
with medications, cortical neuromodulation by transcranial magnetic stimulation
has been found to be effective in both K*- and mechanically induced CSD [213,
214]. Triptans are not expected to have an effect in CSD or the aura in humans
[215], although a role for serotonin in the maintenance of balanced cortical acti-
vation has been suggested, given that animals depleted of serotonin demonstrate
an enhanced cortical sensitivity to K* application [216].
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Recent studies in the CSD model have focused on the potential mechanisms through
which CSD may interact with the ascending trigeminothalamic pathway, either periph-
erally through activation of the trigeminovascular system or centrally through cortico-
subcortical networks. Elevated Fos levels can be found due to CSD in various areas of
the brain and in the TCC [217, 218], although contradictory preclinical data exist for the
TCC [219]. Bolay et al. [220] demonstrated that CSD causes vasodilation of meningeal
blood vessels, which is accompanied by activation of the TCC, manifested by the pres-
ence of Fos-positive cells. Recent electrophysiological studies, combining mechanical,
chemical or electrically induced CSD and electrophysiological recordings from trigemi-
nal ganglion or TCC neurons, demonstrated that meningeal nociceptors may be acti-
vated following CSD as spontaneous activity of neurons was facilitated 50 % of the time
[221]. These outcomes suggest that CSD may induce activation of the ascending trigem-
inothalamic pathway through sensitisation of peripheral nociceptors, presumably fol-
lowing the CSD-induced release of substances from the cortex that may activate such
channels through diffusion in the subarachnoid space, as initially suggested by Bolay
et al. [220]. Karatas and colleagues [222] suggested recently that this occurs due to acti-
vation of the gap junction protein Pannexin 1, as inhibition of the signalling cascade
activated by neuronal Pannexin 1 abolished CSD-induced trigeminovascular activation
and dural mast cell degranulation [222]. The role of Pannexin 1 and gap junction mole-
cules in migraine, however, remains to be determined. The gap junction channel modu-
lator tonabersat (SB-220453) was shown to be decreasing the number of CSD waves
induced by K* [223]; however, its efficacy in the clinic is questioned [224]. Other studies
have shown that CSD can alter positively or negatively the activity of second-order neu-
rons, without interactions with peripheral inputs, or the spread of CSD to subcortical
areas in an otherwise healthy brain. This could be achieved through activation of corti-
cospinal pathways, depending on the site of cortical stimulation [225], or indirectly
through cortico-brainstem pathways [226, 227]. Andreou et al. have also shown that
CSD may sensitise the ipsilateral sensory thalamic nuclei VPM and Po, through direct
corticothalamic pathway activation [228, 229]. Whether these changes are sufficient to
elicit the perception of migraine headache in patients is unclear.

Although to date the mechanisms and interactions of CSD with pain pathways
have not been fully understood, recent advances shed some light on possible inter-
active mechanisms and provide important information about the phenomenon itself.
The model serves well the scientific experimentation for the identification of new
drugs specific for migraine aura; however, it remains to be established if agents that
prevent the aura symptoms may also treat the migraine headache or even prevent a
migraine attack from being triggered.

2.6 Genetic Models of Migraine

To date, genetic models of migraine include genetically modified mice in which
known human mutations of familial hemiplegic migraine (FHM) and of familial
advanced sleep phase (FASP) syndrome have been knocked in their genome. The
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genome-wide association studies (GWAS) performed to date have identified a num-
ber of genes that may be associated with more common forms of migraine. These
studies might offer future opportunities for the development of further genetic mod-
els of migraine that could shed light on migraine pathophysiology and treatment
development.

2.6.1 Familial Hemiplegic Migraine Models

Identification of autosomal-dominant gene mutations in familial hemiplegic
migraine (FHM) patients, a rare subtype of migraine with prominent aura symp-
toms, allowed for the first time the development of genetic models of migraine
[230]. FHM1 mutations affect the CACNA1A gene, FHM?2 mutations affect the
ATP1A2 gene and FHM3 mutations affect the SCN1A gene. So far, there have been
no transgenic mice carrying the human FHM3 mutations. In contrast, knock-in
models utilising two CACNA1A mutations of FHM 1, the R192Q and S218L, have
been developed, as well as one model of FHM?2, carrying the human W887R muta-
tion [85, 231]. These animal models have been used in conjunction with a number
of assays described above, ranging from immunohistochemistry to behavioural
tests, in a number of studies that aimed to gain insight into the pathophysiology of
FHM and of more common types of migraine.

CSD experiments demonstrated a decreased threshold for CSD induction in the
R192Q and S218L FHM1 mutant mice [232, 233]. Similarly to patients who carry
the S218L mutation, S218L FHM1 mutant mice were also found to be predisposed
to severe brain oedema [232]. One model of FHM?2, carrying the human W887R
mutation, has been also developed [231] and, likewise to the FHM1 models, is char-
acterised by a decreased induction threshold of CSD and an increased velocity of
propagation of the spreading wave [231]. Overall, both FHM1 and FHM2 genetic
models appear to model significantly the clinical FHM phenotype as described in
patients, making them excellent tools for further investigations that would aim to
develop FHM-specific pharmacological treatment.

Although behavioural tests suggest that these animals demonstrate spontaneous
nociceptive-like and photophobia-like behaviour [234, 235], their ability to model
common types of migraine has been questioned. FHM shares many phenotypical
similarities with common types of migraine, suggesting the existence of common
neurobiological pathways. However, despite the well-established importance of
CGREP in the pathophysiology of common types of migraine [89], immunohistologi-
cal identification of CGRP in the TCC of FHM1 mice showed a reduced expression
in trigeminal ganglia neurons and TCC [236]. In agreement with this, FHM patients
with known mutations in the CACNA1A and ATP1A2 genes do not show hypersen-
sitivity to either CGRP or NO donors’ infusion, as characteristically seen in migraine
patients [237, 238]. Furthermore, identification of Fos-positive cells in FHM mice
following trigeminovascular stimulation demonstrated an unpredicted reduced num-
ber of positive profiles in the TCC compared to wild-type animals [239]. The opposite
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was also seen in the brainstem and hypothalamic nuclei where one would normally
expect a reduced modulatory role [240]. These data indicate that the pathophysiologi-
cal pathways underlying migraine headache in FHM may be different from the com-
mon types of migraine; however, further studies are needed to conclude to such a
hypothesis. Nevertheless, given that all identified FHM mutations are highly suscep-
tible to CSD propagation or to excitability of neuronal tissue, FHM genetic models
can advance our understanding of migraine aura and its treatment.

2.6.2 Casein Kinase 16 (CK16) Model

More recently, a mutation in the clock gene encoding casein kinase 18 (T44A),
which results in reduced enzymatic activity, has been described in patients with
familial advanced sleep phase (FASP) syndrome. This syndrome is characterised by
altered circadian rhythms, reflected in early morning waking and early sleep times
[241]. In one family, FASP was found to be associated with migraine with and with-
out aura [242], suggesting a functional relation of this mutation with migraine neu-
robiology. Genetically engineered mice that carry the T44A human gene mutation,
similarly to FHM mice, also showed an increased susceptibility to CSD induction,
and hypersensitive behavioural responses, associated with increased Fos expression
in the TCC following infusion of NTG [242]. These data suggest a potential role of
this gene in migraine neurobiology and the prospective use of this genetic model in
studies looking into new treatments and the neurobiology involved in migraine.
However, this model needs to be further validated in order to conclude if findings
from this rare form of migraine may be extrapolated to more common forms of the
disorder. The mutation itself needs to be further validated as a migraine mutation in
a bigger population of patients.

2.7 Conscious Models of Episodic or Chronic Migraine Pain

A major limitation of the models described earlier is that they do not reflect the repeated
episodic nature of migraine attacks and hence the neuronal plasticity may develop in
migraine patients over the course of the disease. The need of a model that better repre-
sents the episodic nature of migraine attacks has been long stated [243]. Chronic mod-
els of migraine are generally developed using similar assays as those described above;
however, they employ freely moving awake animals and usually behavioural tests in
order to assess the model’s phenotype and potential therapeutic outcomes.

Oshinsky and Gomonchareonsiri [243] developed probably the first model of epi-
sodic migraine, by inducing trigeminovascular activation through repeated applica-
tions of inflammatory soup through a cannula fixed on top of the dura mater of awake
behaving rats. The authors demonstrated that over a period of 4 weeks, rats devel-
oped increased mechanical cutaneous sensitivity at the periorbital area following
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infusion of a NO donor. Using in vivo microdialysis, the authors further showed that
these behavioural changes occur in parallel to increased glutamate levels in the TCC,
suggesting a state of increased excitatory neurotransmission [243]. Using the same
model, Stucky et al. [244] demonstrated pronounced sex differences, with female
rats developing behavioural changes at a lower dose of inflammatory agents and for
a longer duration. Additionally, using real-time polymerase chain reaction, female
rats demonstrated lower mRNA levels of the CGRP receptor subunits. Beyond
evoked pain, utilising video recordings and second-by-second analysis, this model
was shown to present changes in spontaneous behaviour [245]. In these rats, behav-
ioural observations indicated increased facial grooming ipsilateral to the cannula
implantation, provoked following infusion of the inflammatory soup, compared to
animals that were infused with saline. Additionally, these animals demonstrated an
increased freezing and resting behaviour, which was significantly reduced by zolmi-
triptan and ketorolac, but not acetaminophen [245]. Similarly to the inflammatory
soup repeated application, Dong and colleagues [246] employed electrical stimula-
tion of dural vessels in awake rats that also induced trigeminovascular activation.
They demonstrated that high-frequency stimulation can elicit increased facial groom-
ing and head-flick behaviour that is blocked by morphine or rizatriptan. Pradhan and
colleagues [247] characterised recently a model of chronic migraine, in which
chronic intermitted administration of NO donors resulted in the development of
chronic extracranial hyperalgesia, assessed with mechanical stimuli over the plantar
surface. Female mice showed a stronger phenotype compared to male. Chronic
hyperalgesia was found to be suppressed by sumatriptan, by the migraine preventa-
tive topiramate and by different 5-opioid receptor agonists [247, 248].

Finally, Oshinsky et al. [249] isolated a colony of Sprague-Dawley rats that
appear to experience episodic trigeminal allodynia. Using von Frey mechanical
stimulation of the trigeminal region, Oshinsky et al. characterised “spontaneous tri-
geminal allodynia” rats as those that have mechanical thresholds in the normal
range (8—15 g) on some days and thresholds as low as 1.0 g on other days. Using this
behavioural assay, a rat with spontaneous episodic trigeminal sensitivity was dis-
covered and thought to represent a model of spontaneous trigeminal allodynia. Low
withdrawal thresholds were also found in the masseter muscle region of the jaw but
not in the hind paws. Subsequent mating of these rats showed that the trait is inher-
ited, suggesting a similarity to the inherited nature of migraine in humans. These
rats were also shown to have increased sensitivity to sound, similar to phonophobia
in migraineurs [250]. Using von Frey filaments, the authors further found an
increased sensitivity to the chemical headache triggers NTG and CGRP. Finally, the
rats’ periorbital mechanical threshold was normalised by clinically proven acute
and preventive pharmacological migraine treatments. Sumatriptan, ketorolac and
dihydroergotamine DHE transiently returned the periorbital nociceptive thresholds
of the spontaneous trigeminal allodynia rats to normal levels. The migraine preven-
tive treatment valproic acid restored the periorbital pain threshold to normal levels
during treatment. Since the “spontaneous trigeminal allodynia” shares many of
these phenotypes and sensitivities of migraineurs, the authors suggest that they can
be a good model for studying the pathophysiology and drug discovery for migraine.
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The main limitation of these models, despite their usefulness in exploring epi-
sodic trigeminovascular activation, lies on the interpretation of animal behaviour
and its translation to human pain. Measuring hypersensitivity in rodents can be chal-
lenging and requires expert training and good laboratory practices, particularly for
assessing hypersensitivity in the craniofacial region [251]. Indeed, animal studies of
migraine have predominantly concentrated on modelling trigeminovascular noci-
ception in the anaesthetised animal; as such, many of the important neurological
features that accompany migraine are overlooked [83]. However, proof of concept
for the effectiveness of these models needs to be provided by other laboratories,
and this needs to include evaluation of the models using nonclinically active treat-
ments. Adaptation of the models with assays that demonstrate activation of the
trigeminothalamic pathway will be an advantage in the field of conscious migraine
behavioural research.

2.8 Medication Overuse: Latent Sensitisation Model

Developed in the Porecca’s lab, the latent sensitisation animal model aimed to rep-
resent the medication overuse headache, which is often developed in migraine
patients following chronic administration of triptans and other acute painkillers [1].
The prevalence of cutaneous allodynia in MOH patients is higher than in episodic
migraine sufferers [252]. Central sensitisation is thought to be the underlying mech-
anism for the development of a chronic migraineurs status.

In the latent sensitisation model, rats that were exposed to chronic administration
of triptans [253, 254] or morphine [255] developed behavioural signs of cutaneous
allodynia. Additionally, these animals were more sensitive to NO donors’ infusion
and demonstrated further signs of central sensitisation following exposure to stress
stimuli [253-256]. These behavioural changes were accompanied by increased
expression of CGRP and nNOS in the trigeminal ganglia and TCC [253-255].
Importantly, these changes persisted over a prolonged period of time following the
cease of chronic drug administration. This long-lasting state of hypersensitivity to
different stimuli was considered to reveal a state of “latent sensitisation” [256].
More recent data from the same laboratory also suggest that rats exposed to chronic
sumatriptan administration have lower threshold of CSD induction compared to
animals that received chronic administration of saline that could be reversed by
topiramate administration [257].

Although the development of a medication overuse model in migraine is cer-
tainly desirable, particularly for testing the mechanisms of chronic migraine, the
latent sensitisation model needs to be validated by other laboratories as well. More
importantly, the efficacy of the model needs to be tested against treatments that are
not known to induce MOH, such as migraine preventives that are taken on a daily
basis, and even against chronic exposure to non-pain-related treatments. Additionally,
given reports on the rather unlikely central action of sumatriptan due to its inability
to cross the BBB, further clarifications are needed as to why this drug may interfere
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with the induction properties of CSD. Nevertheless, the model has yet a lot to offer,
particularly in terms of neuronal plasticity that most likely underlies the develop-
ment of medication overuse altered phenotype.

2.9 Conclusions

Preclinical investigations in migraine research involve animal models that have been
developed over the years to better model our current understanding of disease mecha-
nisms. Modelling of migraine in animal models has been based on clinical evidence
coming from migraineurs. While the effectiveness of some of the newer described
models is still pending, the field is blessed with well-established models that reliably
replicate aspects of the migraine phenotype and screen satisfactorily potential thera-
peutics. In particular, animal models of migraine that involve activation of the trigemi-
novascular system, and CSD, the migraine aura model, are considered well-reliable
pharmacological tools. One of the biggest challenges in developing a suitable animal
model for the study of migraine is the extent of clinical symptoms required to be pres-
ent in order to fulfil the diagnosis criteria [1]. Therefore, an ideal animal model for the
study of migraine should resemble as close as possible this multi-symptom complex-
ity in the form of quantifiable correlates [83]. The need for animal models which have
aspects of migraine symptoms other than the pain is thus urgent. Future studies should
aim to model these features along with the use of cutting edge techniques such as
optogenetics, with the scope of facilitating our understanding of migraine, and to bet-
ter replicate brain activation as seen in patients. Given the ongoing GWAS in migraine,
the development of genetically modified animal models that will replicate the pheno-
type of common forms of migraine should be anticipated in the years to come.
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Chapter 3
Animal Models of Tension-Type Headache
and Trigeminal Autonomic Cephalalgias

Cristina Tassorelli, Rosaria Greco, and Simon Akerman

3.1 Introduction

Primary headache disorders, according to the International Classification of Headache
Disorders 3rd edition (ICHD-III-beta), include migraine, tension-type headache
(TTH), trigeminal autonomic cephalalgias (TACs), and other primary headaches [1].
Primary headaches represent a common and major health problem worldwide and
significantly impair patients’ quality of life [2, 3]. In the more common forms of
primary headaches, phenotype is caused by an interaction of various genetic variants,
each of them having a small effect with different environmental factors. Genetic
association studies reported that genes involved in vascular, neuronal, and endocrine
functions may have a significant function in primary headaches [4, 5]. Great advances
have been made over the past 25 years in understanding the pathophysiology of
headaches, and several animal models have provided a translational knowledge on
migraine pathophysiology. However, currently available animal models for investi-
gating the pathophysiology of other primary headaches, such TTH and trigeminal
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autonomic cephalalgias (TACs), are very limited, but what is known will be dis-
cussed in this chapter. More rare headache types, including cough and exercise head-
ache, headache related to sexual activity, thunderclap headache, and cold-stimulus
headache, are just a few others also bracketed under “other primary headaches,” and
even less is understood about their pathophysiology, and as a consequence they are
difficult to model in animals and therefore will not be discussed here.

TTH is the most common type of primary headache: its lifetime prevalence in the
general population ranges in different studies from 30 to 78 %. At the same time, it
is the least studied of the primary headache disorders, despite the fact it has the high-
est socioeconomic impact. TACs are a group of primary headaches characterized by
lateralized symptoms: prominent headache and ipsilateral cranial autonomic fea-
tures, such as conjunctiva injection, lacrimation, and rhinorrhea. Pathophysiological
mechanisms of primary headaches remain obscure, although numerous hypotheses
have been postulated over the years. Apparently, migraine and cluster headache
patients do not have any peculiar anatomical or biochemical features that makes
them different from normal subjects [6]. Pain activation and autonomic pathways,
and release of peptides mediating vascular, as well as sympathetic and parasympa-
thetic responses, occur in such patients during migraine or cluster headache attacks,
but the primary cause remains unclear [7]. Despite the fact that TTH is the most com-
mon type of headache, the information about key pathophysiological issues, such as
the nature and the site of the noxious stimulus, is surprisingly limited. However,
since TTH is a disease in humans and not known in animals, experimental animal
models are of limited value when evaluating the underlying pathophysiology.
Fortunately, quantitative analyses of mechanical and thermal pain thresholds in
humans can be used for this purpose. As the extracranial tissues are readily available
in humans, previously evaluated psychophysical examinations were applied to these
regions to gain information about the pain processing in TTH. However, the repro-
ducibility and validity of these diagnostic tests represented a problem, as objective
measures of pain intensity and quality were not accessible.

3.2 Tension-Type Headache (TTH): Putative Mechanisms

TTH is the most common type of primary headache [8]; its lifetime prevalence in the
general population ranges in different studies from 30 to 78 %. While this type of
headache was previously considered to be primarily psychogenic, several studies
strongly suggest a neurobiological basis, at least for the more severe subtypes of
TTH. TTH is also a graded phenomenon in which pain severity increases with head-
ache frequency. At one extreme are rare episodes of slight pain and discomfort in the
head; at the other are daily, disabling headaches with considerable social and personal
impact [9]. Due to this, and also to the very high prevalence, TTH may be regarded as
the most important type of headache. For decades it has been a matter of debate
whether the pain in TTH originates from myofascial tissues or from central mecha-
nisms in the brain [10, 11]. Experimental findings to substantiate any of these
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hypotheses are scarce, and the pain mechanisms in TTH are practically unknown.
Although the general information of nociception and pain has enhanced, the under-
standing of deep pain processing in visceral and myofascial tissues is still fairly lim-
ited. In a previous study, it was demonstrated that in patients with chronic TTH,
nitroglycerin (NTG), a “nitric oxide donor,” produces an immediate headache and,
after several hours, a typical TTH [12]. The immediate headache is not accompanied
by an increase in pericranial tenderness [13], but it might be associated with endoge-
nous production of nitric oxide and sensitization of perivascular sensory afferent
nerves [14]. The cooccurrence suggested that, similar to migraine, chronic TTH might
be associated with central supersensitivity to nitric oxide. Previous researchers have
suggested that the pain in TTH is similar to myofascial pain elicited from other parts
of the body, but whether it is strictly localized to muscle tissues or to other deep tissues
is still uncertain [15, 16]. In addition, although the pain clinically resembles pain from
the myofascial tissues, components of both peripheral and central origin may contrib-
ute. However, on the basis of reduced duration of the late exteroceptive silent period
(Es) of temporalis muscle activity in patients with chronic TTH, it was suggested that
the limbic pathways to the brainstem were disturbed and that studies of Es may offer
key information about the central mechanisms [17, 18].

There are several evidences from animal experiments that sensitization, windup,
or expansion of receptive fields of central nervous system (CNS) neurons plays an
important role in pain induction and maintenance [19-23]. It is known from animal
experiments that input from deep myofascial tissue is much more effective in induc-
ing central sensitization than cutaneous input [24-26]. This sensitization observed
at the central level, however, not only reflects peripheral changes but rather an addi-
tional change in CNS activity. La Motte et al. reported that articular nociceptive
fibers and their corresponding spinal neurons can be sensitized within 2-3 h after a
chemical inflammation of the joint [27]. Subsequently, some studies reported that
the activity in high-threshold mechanoreceptor fibers was shifted to include low-
threshold mechanoreceptor fiber activity from sensitized muscles in experimental
animal models [27-29]. Repetitive headache attacks associated with peripheral sen-
sitization in myofascial tissues may trigger the process of central sensitization and
the corresponding shift to chronic TTH. Besides its putative involvement in TTH, it
was suggested that neck muscle pain may be an associated feature of migraine head-
ache [30, 31]. Increased tenderness of pericranial muscles in patients is reported in
numerous studies and positively associated with both the intensity and frequency of
TTH [15, 16, 31].

3.3 Animal Models of Tension-Type Headache

Intramuscular infusion of o,f-methylene adenosine 5'-triphosphate (a,pf-meATP)
has been proposed as a translational mouse model for investigating the putative
pathophysiological mechanisms of TTH that addresses the impact of nociceptive
afferent input from neck muscles on CNS nociceptive processing monitored by the
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jaw-opening reflex [32—37]. This reflex is an accepted model for the investigation of
altered excitability in sensory brainstem neurons with convergent afferent input
from different craniofacial tissues such as neck muscles. This indicates heterosyn-
aptic facilitation due to access of nociceptive afferents from neck muscle to the
reflex neuronal network in the brainstem. Facilitation of neck muscle nociceptive
processing is induced via bilateral infusion of o,-meATP (100 nM, 20 pl each) into
semispinalis neck muscles in mouse during a time period of 1 min. Brainstem
nociception is monitored by the jaw-opening reflex elicited via electrical tongue
stimulation.

Another animal model of TTH has been developed [34, 35], and it allows inves-
tigation of the interactions between peripheral myofascial factors and central sensi-
tization [34, 36]. Local administration of nerve growth factor (NGF) into neck
muscles induces strong and sustained facilitation of brainstem nociception as moni-
tored by the sensorimotor jaw-opening reflex (JOR) in anesthetized mice [35]. NGF
indeed interacts with tyrosine kinase A (TrkA) and p75 receptors in muscle [38] and
excites nociceptive input to the spinal cord and the brainstem via group IV fiber
afferents [33]. The peripheral afferent fibers convey inputs originating in muscles
and joints, and within a very short time, these messages reach upper levels of the
CNS such as the thalamus and the somatosensory cortex after a relay in the dorsal
horn of the spinal cord or in the trigeminal ganglion.

3.4 Trigeminal Autonomic Cephalalgias (TACs):
Putative Mechanisms

TACs [39] are highly disabling primary headache disorders characterized by severe
unilateral head pain that is sometimes described as the worst pain experienced by
humans, which occurs in association with ipsilateral cranial autonomic features [1].
Their pathophysiology is characterized by three major clinical features: unilateral
trigeminal distribution of pain; lateralized associated symptoms, including cranial
autonomic features [40, 41]; and an episodic pattern of attacks [42, 43]. The differ-
ent TAC:s are differentiated from each other by their highly individual characteristic
attack patterns and also to some extent by their response to treatments, which is
summarized in Table 3.1 and reviewed in detail elsewhere [43-45].

In order to develop and describe animal models of TACs, it is necessary to have
a clear understanding of their clinical features and a grasp of the anatomy and physi-
ology of the potential pathways involved. The advantage of studying headache dis-
orders is that there is a very clear classification of symptoms relevant to each
headache type. With respect to TACs, this includes the combination of lateraliza-
tion: of pain, associated features and cranial autonomic features, and some degree
of episodicity [42, 43]. Other aspects of our understanding of their pathophysiology
come from clinical research. It is known there is activation in the posterior hypotha-
lamic gray matter during the pain in cluster headache [46], paroxysmal hemicrania
[47], short-lasting unilateral neuralgiform headache attacks with conjunctival injec-
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Table 3.1 Clinical features and treatments of trigeminal autonomic cephalalgias

Paroxysmal
Cluster headache hemicrania SUNCT/SUNA
Sex F:-M 1:3 1:1 1:1.2
Pain type Stabbing, boring Throbbing, boring, Burning, stabbing, sharp
stabbing
Severity Excruciating Excruciating Severe to excruciating
Site Orbit, temple Orbit, temple Periorbital
Attack 1/alternate days—8/ 1-40/day (>5/day 3-200/day
frequency day most of the time)
Duration of 15-180 min 2-30 min 5-240s
attack
Autonomic Yes Yes Yes (mainly conjunctival
features injection and
lacrimation — SUNCT)
Abortive Sumatriptan, oxygen | None None
treatments
Preventive Verapamil, Indomethacin Lamotrigine, topiramate,
treatments methysergide, (absolute response) gabapentin

lithium
Adapted from Cohen et al. [44], with permission

SUNCT short-lasting unilateral neuralgiform headache attacks with conjunctival injection and
tearing, SUNA short-lasting unilateral neuralgiform headache

tion and tearing [48, 49], and hemicrania continua [50], and deep brain stimulation
of this region can relieve cluster headache symptoms [51, 52]. Furthermore, there is
release of calcitonin gene-related peptide (CGRP) and vasoactive intestinal peptide
(VIP) into the extracranial vasculature during cluster headache [53] and chronic
paroxysmal hemicrania [54]. In experimental clinical studies that try to replicate the
pain in TACs in the trigeminal ophthalmic distribution, capsaicin injection in the
forehead produces many of the vascular changes that are present during TACs, but
with no hypothalamic activation [55]. The implication being that the trigeminally
mediated vascular changes are not the cause of the hypothalamic activation, but
rather hypothalamic activation causes the subsequent activation of trigeminovascu-
lar and cranial autonomic pathways, which results in TACs symptoms. What is also
clear is that the different TACs have a very clear response to treatments, which differ
from each other, but also differ from other headache disorders and can be used as
tools to develop a specific animal model of TACs, compared to other headache dis-
orders such as migraine and TTH.

Preclinical studies into general primary headache disorders have helped us have
a very clear understanding of the anatomy and physiology of the trigeminovascular
and cranial autonomic systems that are likely shared across many headache disor-
ders, which helps explain TACs symptoms. The excruciating trigeminal distribution
of pain is likely to be a consequence of activation of the trigeminovascular system.
From here there are ascending projections up to the higher brainstem and
diencephalic nuclei [56-58], as well as a reflex connection with the superior saliva-
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tory nucleus within the pons, which is the origin of cells of the parasympathetic
autonomic vasodilator pathway [59]. In TACs lateralized cranial autonomic features
are a significant and defining feature of these disorders, and they are believed to
result from activation of this trigeminal autonomic reflex arc to the superior saliva-
tory nucleus and its projection to the cranial vessels and lacrimal glands. Imaging
studies during TACs suggest that the hypothalamus is also important in their patho-
physiology, and it is likely that the episodic and circadian nature of attacks is in
some way related to the internal control of biological rhythms, through hypotha-
lamic nuclei. Anatomically there are reciprocal functional connections between the
trigeminal nucleus caudalis and various hypothalamic nuclei that receive dural noci-
ceptive information and provide descending control of trigeminovascular nocicep-
tive traffic. The superior salivatory nucleus also receives descending projections
from various hypothalamic nuclei, including the paraventricular hypothalamic
nuclei (PVN) [60], as well as limbic and cortical areas [59, 61, 62]. It therefore
seems that the superior salivatory nucleus is ideally placed to integrate and relay
nociceptive and autonomic information to and from the trigeminovascular system as
well as being under descending control of the hypothalamus, in the pathophysiology
of TACs. This anatomy and physiology is summarized in Fig. 3.1.

3.5 Animal Models of the Trigeminal Autonomic
Cephalalgias

3.5.1 Trigeminal Distribution of Pain: Dural
Nociceptive Activation

One approach to studying the symptoms in TACs in animal models is to investigate
them individually. Trigeminal distribution of pain is perhaps the most studied,
although most of the assays were designed predominantly to study migraine patho-
physiology and screen potential migraine therapeutics. Dural nociceptive trigemi-
novascular activation, driven either electrically or with chemical mediators, is
thought to activate trigeminovascular nociceptive afferents that are activated during
headache. This produces dural vasodilation [69] and neuronal activation in the tri-
geminocervical complex [70-72], as well as neuronal activation of the SuS [65] and
higher pain processing structures, such as midbrain periaqueductal gray [65, 73]
and hypothalamic [63, 64] and thalamic nuclei [74, 75]. Furthermore, dural electri-
cal stimulation produces release of CGRP and VIP from the extracranial vascula-
ture, similar to TACs [76]. The limitations of this assay is that it does not completely
replicate the pathophysiology of TACs, in that imaging studies during TACs do not
demonstrate midbrain activation; this is more commonly associated with migraine
pathophysiology. Also, its response to treatments does not fully match that of TACs,
with 100 % oxygen treatment in particular, known to specifically relieve symptoms
of cluster headache, whereas it is unable to inhibit neurogenic dural vasodilation or
neuronal activation in the trigeminocervical complex [77]. In fact only drugs that
are effective in treating both migraine and TACs, such as triptans [78-82],
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Fig. 3.1 Anatomy and pathophysiology of trigeminal autonomic cephalalgias. The trigeminal distri-
bution of pain in trigeminal autonomic cephalalgias (TACs) is likely mediated by activation of the
trigeminovascular system. This includes the rich plexus of nociceptive nerve fibers that originate in
the trigeminal ganglion and innervate the peripheral cranial vasculature, including the pain-producing
cranial vessels of the dura mater, and the central projection to the trigeminal nucleus caudalis and its
extension to the cervical spinal cord, the trigeminocervical complex (TCC). Nociceptive incoming
signals to the TCC ascend to higher brain structures including the midbrain and specific hypotha-
lamic nuclei; the posterior (PH), supraoptic (SON) [63], ventromedial (VMH), and paraventricular
hypothalamic nuclei (PVN) [64]; and thalamocortical neurons. Dural nociceptive activation also
causes neuronal activation in the superior salivatory nucleus (SuS) within the pons [65], through a
trigeminal autonomic reflex arc, which is the origin of cells of the autonomic parasympathetic projec-
tion to the cranial vasculature [59]. This efferent projection is predominantly through the greater
petrosal nerve, a branch of the facial (VIIth) cranial nerve, and its projection through the sphenopala-
tine (sometimes called pterygopalatine) ganglion [66]. Cranial autonomic symptoms in TACs are
believed to result from activation of this trigeminal autonomic reflex arc to the superior salivatory
nucleus and its projection to the cranial vessels and lacrimal glands. Descending projections from PH
[67, 68], PVN, and lateral hypothalamic nuclei [60] to the TCC are involved in modulating trigemi-
novascular nociceptive traffic. Furthermore, descending projections to the SuS from LH, PVN, dor-
somedial (DMH), and preoptic hypothalamic nuclei (PON) [59-62] may control and modulate
parasympathetic autonomic projections to the cranial vasculature that result in autonomic symptoms
in TACs. Hypothalamic activation is likely important in triggering TACs and their symptoms, through
its descending projections to the TCC and SuS, and the episodic and circadian nature of attacks is
likely related to the internal control of biological rhythms, through hypothalamic nuclei. AH anterior
hypothalamic area, DH dorsal hypothalamus, MB mammillary body
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nonsteroidal anti-inflammatory drugs (NSAIDs) [83-86], and topiramate [87, 88],
are effective in this assay. While nociceptive trigeminovascular activation is very
relevant to the pathophysiology of TACs, this model perhaps lends itself more to
understanding migraine, and screening for migraine therapeutics, rather than TACs.
A further limitation is that without a measure of autonomic symptoms, it is difficult
to translate this animal model to wider aspects of TACs pathophysiology.

3.5.2 Trigeminal Distribution of Pain: Nitrergic Activation
of Trigeminovascular Pain Pathways

Nitric oxide donors, such as NTG, are known to provoke cluster headache in patients
[89, 90], as well as cause the release of CGRP from the extracerebral vasculature
during an attack phase [90]. NTG-provoked cluster headache physiologically also
resembles spontaneous cluster headache with craniovascular vasodilation and neu-
ronal activation in the brainstem, thalamus, and cortical structures [91]. In preclini-
cal studies, Nitric oxide donors cause craniovascular vasodilation [92, 93] and
activation and sensitization of central trigeminovascular neurons [94-97], with
increased immunoreactivity for CGRP in the trigeminal ganglion [98] and depletion
of CGRP stores in the trigeminal nucleus caudalis [99]. Furthermore, some of these
nitrergic responses are inhibited by triptans [92, 100]; NSAIDs, specifically indo-
methacin [92, 101, 102]; topiramate [87]; and also CGRP receptor antagonists [103,
104]. Perhaps a disadvantage to this assay is that when cluster headache patients are
in remission, NTG does not trigger a cluster attack or cause the release of CGRP or
produce hypothalamic activation [46, 90, 91], and we would assume animals are in
a “naive” state and thus not suffering from cluster headache or any other
TAC. Furthermore, NTG is also known to trigger migraine [105] and TTH [12] in
sufferers of these primary headache types, and the craniovascular and trigeminovas-
cular neuronal changes that NTG produces in animals are not specific to TACs. It
seems NTG in animal models is useful in helping to understand the craniovascular
and trigeminovascular neuronal changes that take place in primary headaches, but it
is more difficult to generalize these changes to one specific primary headache.
Further validation with treatments specific to TACs, such as oxygen ventilation,
may help dissect the specificity of nitrergic activation in animal models to TACs.

3.5.3 Trigeminal Distribution of Pain with Cranial Autonomic
Features: Oral or Nasal Capsaicin Injection

Perhaps what is more relevant to a specific animal model of TACs is to demonstrate
more than one symptom, such as trigeminal distribution of pain and cranial auto-
nomic symptoms. Two animal models have been developed, which use differing
approaches. Similar to the capsaicin injections in the forehead of patients,
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demonstrating trigeminally mediated pain, an animal approach has used oral or
nasal capsaicin injection in order to activate both trigeminal and autonomic systems
[106]. In this model, blood flow changes in dural arteries were measured as a
response to trigeminovascular activation and lacrimation measured by placement of
filter paper to the medial angle of the eye and the change in weight used as a mea-
sure of lacrimation and activation of the autonomic pathway. Oral and intranasal
capsaicin injection caused increases in dural and cortical blood flow as well as lac-
rimation [106]. These responses were reversed by systemic injection of hexametho-
nium bromide, an autonomic ganglion blocker. The implication is that oral or
intranasal capsaicin causes activation of the trigeminal autonomic reflex, probably
the parasympathetic projection, to produce cranial vascular changes and lacrima-
tion. While this model does demonstrate several symptoms of TACs, there are res-
ervations to its clinical relevance. Firstly, clinical studies with capsaicin produced
craniovascular changes but did not produce hypothalamic activation known to char-
acterize TACs, implying the response merely demonstrates trigeminally mediated
pain. Secondly, the vascular changes are not specific to TACs, but generically tri-
geminally mediated neurovascular activation and pain [91], and these vascular
changes are likely an epiphenomenon to a neurally mediated trigeminovascular acti-
vation. Thirdly, the model has not been validated with TACs specific treatments
such as oxygen or indomethacin. Perhaps this model is a good example of trigemi-
nal autonomic activation, but TACs probably require a central component, given the
hypothalamic activation present during attacks of these headaches.

3.5.4 Trigeminal Distribution of Pain with Cranial Autonomic
Features: Superior Salivatory Nucleus Stimulation

A second animal model that measures both trigeminal distribution of pain and cranial
autonomic symptoms uses superior salivatory nucleus (SuS) stimulation [77, 83]. In
this model, dural meningeal artery vasodilation and neuronal firing in the trigemino-
cervical complex were used to measure trigeminal distribution of pain and changes in
blood flow in the lacrimal gland/duct as a measure of cranial autonomic activation.
This model represents an approach where a primary activation in the brain is the cause
of activation of nociceptive and parasympathetic pathways, which result in TAC
symptoms. Using intravital microscopy of the dural vasculature SuS stimulation
caused a modest (3.3 %) but significant increase in meningeal diameter [77]. Dural
stimulation causes significant vasodilation mediated by CGRP release [107]. However,
activation of the cranial parasympathetic projection is thought to cause the release of
VIP [108], and exogenous VIP is known to be a much less potent vasodilator of the
meninges [109] than exogenous CGRP, which may explain this moderate response.
Electrophysiological methods were used to measure single-unit central trigemi-
novascular neuronal activity in the TCC in response to SuS stimulation. Neurons
were first characterized as having cutaneous facial receptive fields in the ophthalmic
division of the trigeminal nerve. Two distinct populations of neurons were deter-
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mined after SuS stimulation: those with short latency of action (between 3 and
20 ms, average 12.1 ms) and those with a much longer latency of action (7—40 ms,
average 20.4 ms). When 100 % inhaled oxygen was used to characterize the response
as being specific to TACs, only the longer latency response was inhibited; the shorter
latency response was unaffected [77, 83]. Further characterization with the auto-
nomic ganglion blocker, hexamethonium bromide, determined that again only the
longer latency responses were inhibited. These data imply that the longer latency
neuronal response is mediated by activation of the parasympathetic outflow to the
cranial vasculature and that the locus of action of oxygen is likely via this pathway.
The shorter latency response is most likely via antidromic activation of the trigemi-
nal autonomic reflex. To validate the longer latency response as a specific model of
TAC:s, several therapeutics were used that are beneficial in TACs compared to those
also beneficial in migraine. Firstly a triptan was significantly more efficacious com-
pared to a CGRP receptor antagonist, and secondly the cyclooxygenase (COX)
inhibitor, indomethacin, was also significantly more efficacious compared to another
NSAID, naproxen [83]. These data validate the specificity of the model to TAC
treatments and highlight their mechanism of action which may be via the parasym-
pathetic projection.

The autonomic response was determined by measurement of blood flow changes
around the lacrimal gland/duct. SuS stimulation caused characteristic changes in
flow that were reproducible over 30 min, indicative of an autonomic response [77].
Both 100 % inhaled oxygen and hexamethonium bromide significantly inhibited the
responses [77, 83], indicating this autonomic response is likely mediated by activa-
tion of the parasympathetic outflow to the cranial vasculature. Furthermore, both a
triptan and indomethacin also inhibited these responses, whereas the CGRP recep-
tor antagonist and naproxen had no effect. These data validate the autonomic
changes in this model as similar to those during TACs. Overall this model of TACs
seems to represent most closely the known pathophysiology of TACs with trigemi-
nally mediated pain and autonomic symptoms as well as responsiveness to treat-
ments. It also uses a central site of origin for the initiation of the symptoms. At
present its one failure might be that there is currently no evidence of hypothalamic
activation; however, given that it is known the SuS receives direct projections from
the PVN, it offers the possibility that a PVN-mediated effect may drive these
changes or at the least SuS stimulation would activate PVN nuclei. The episodic and
seasonal nature of attacks is difficult to demonstrate in an animal model, but perhaps
this model comes closest to matching the generalized pathophysiology of TACs.

3.6 Conclusion

Primary headaches share many similarities, primarily trigeminovascular activation,
which means that developing animal models for different primary headaches will
always have some overlap, and share an element of common anatomy and patho-
physiology. While migraine is the most studied of all primary headaches, from both
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a clinical and preclinical perspective, there have still been advances in our under-
standing of the pathophysiology of tension-type headache and the trigeminal auto-
nomic cephalalgias, through a combination of clinical studies and preclinical animal
models. Animals models of other primary headaches such as TTH and TACs have
tended to focus on their defining symptoms. In the case of TTH, this is the pain
which seems to emanate from the visceral or myofascial tissue of the neck, and so
animal models have relied upon injection of noxious substances into the neck mus-
cles. Likewise, TACs are defined by a combination of lateralized headache and
autonomic symptoms, with a likely central site of origin, and so animal models have
concentrated on the trigeminal autonomic reflex as a mediator of symptoms. While
the current animal models are far from ideal, particularly for TTH, they do represent
what we understand of their pathophysiology and symptomatology. As we under-
stand more about the pathophysiology of these complex headache disorders, it is
hoped that the development of new animal models and adaptations to the existing
models will become more subtle and will therefore represent single primary head-
ache disorders and generalize less to simply headache per se.
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Chapter 4
Genetics of Headache

Cherubino Di Lorenzo, Filippo M. Santorelli,
and Arn M.J.M. van den Maagdenberg

4.1 Introduction

4.1.1 Migraine as a Disease

Migraine is an episodic brain disorder with disabling attacks of headache that are
associated with nausea, vomiting, and hypersensitivity to light, sound, and smell.
Clinically, migraine is divided into two main subtypes that are based on the absence
(migraine without aura, MO) or presence (migraine with aura, MA) of an aura
[1]. Aura symptoms typically have a duration between 5 and 60 min and almost
always include visual symptoms but may also include sensory and aphasic symp-
toms. A diagnosis of migraine is made according to criteria of the International
Classification of Headache Disorders (ICHD-II) from the International Headache
Society (IHS) [1]. Overall, migraine has a variable prevalence worldwide with
slight, but not significant, differences according to the race [2, 3]. There is a peak
in the prevalence of migraine between age 20 and 50 years [4]. Women are affected
three times more often than men [5]. Migraine has a profound effect on well-being
and general functioning, not only during attacks, but also in terms of work perfor-
mance, family and social relationships, and school achievement [6]. Consequently,
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the WHO expert panel rates migraine among the most disabling and costly chronic
disorders [7]. The burden of migraine in many patients is even larger as they also
suffer from comorbid disorders such as epilepsy, stroke, and depression [8].

4.1.2 Migraine Pathophysiology

The neurobiological mechanisms underlying migraine have been unraveled only to
certain extent. It is commonly accepted that the migraine aura is caused by cortical
spreading depression (CSD), a wave of neuronal and glial depolarization that moves
slowly over the cortex [9]. Although CSD can be easily investigated in experimental
animals, evidence that it occurs in humans is still scarce. Using functional magnetic
resonance imaging (fMRI), Hadjikhani and colleagues [10] were able to detect local
increases in blood-oxygen-level-dependent (BOLD) signals that spread through the
visual cortex of a patient with MA at a rate (3.5 mm/min) similar to what is seen in
experimentally induced CSD in animals. The headache itself is caused by activation
of the trigeminovascular system that consists of the neurons innervating the cerebral
vessels whose cell bodies are located in the trigeminal ganglion (reviewed in [11]).
The ganglion contains bipolar cells with peripheral fibers making synaptic connec-
tions particularly with pain-producing large cranial vessels and dura mater and cen-
trally projecting fibers synapsing on neurons in the caudal brain stem and high
cervical cord. Trigeminal innervation predominantly is to forebrain but extends to
posterior areas to the rostral basilar artery [11].

4.1.3 Migraine Is a Genetic Disease

Migraine has a strong genetic component as evidenced by observations that migraine
runs in families and that about half of migraineurs have a first-degree relative also
affected by a similar condition [12]. In addition to genetic determinants, migraine
risk is also conferred by environmental factors. It is believed that their interplay has
a major causal role. Notably, epidemiological evidences suggest a close gene-
environment interaction (endogenous or exogenous), among which several predis-
posing or triggering factors of which only some can be avoided, such as gender [13].
In the case of menstrually related migraine, it is certainly plausible that the environ-
ment (the hormonal milieu) affects gene regulation, leading to a dysregulation of the
nervous system and a subsequent migraine attack [14].

For genetic study designs, it is important whether MO and MA should be seen as
different disease entities or if they represent different expressions of the same dis-
ease. Although there is epidemiological support for the first [15—17], most recent
studies seem to suggest that pure MO to pure MA are at both ends of a clinical
spectrum [18-20]. Clinical observations support this view as both subtypes share
identical headache symptoms and frequently co-occur in an individual. Genetic
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studies are expected to shed light on this debate in the near future by showing if
migraine susceptibility genes are shared by both migraine types.

The aim of this Chapter is to discuss current molecular genetic findings primarily
in migraine, since most studies have addressed this headache type. Genetic research
in other headache types lags behind. We will therefore mainly describe genetic find-
ings in rare monogenic forms of migraine, such as familial hemiplegic migraine
(FHM) and findings in common forms of migraine, particularly information gath-
ered in recent years from genome-wide association studies. In addition, we will dis-
cuss the advent of pharmacogenomics studies in migraine. Finally, we will provide
a forward look on how the innovative technical methodology of next-generation
sequencing that has recently become feasible will shape future research in the field
of migraine.

4.2 Genes and Pathways in Monogenic Forms of Migraine

4.2.1 Gene Discovery in Familial Hemiplegic Migraine (FHM)

FHM is a rare monogenic subtype of migraine with aura, characterized by at least
some degree of weakness (hemiparesis) during the aura [1]. The hemiparesis may
last from minutes to several hours or days. Apart from the hemiparesis, the head-
ache and aura features of the FHM attack are identical to those of attacks of com-
mon forms of migraine [21]. In addition to hemiplegic attacks, the majority of FHM
patients also experience attacks of “regular” migraine with or without aura [22].
Thus, from a clinical point of view, FHM seems part of the migraine spectrum and
a valid model to study the common forms of migraine.

The first FHM gene (FHM1), CACNAIA, is located on chromosome 19p13 and
codes for a subunit of neuronal voltage-gated Cay2.1 Ca®* channels [23]. These
channels modulate the release of neurotransmitters at most central synapses
throughout the brain [24]. Clinical variability associated with FHM1 mutations can
range from pure FHM to FHM with cerebellar ataxia, epilepsy, or even fatal coma
due to excessive cerebral edema (for review, see [25]). Hemiplegia can also be asso-
ciated with fever, drowsiness, or confusion that usually resolves within hours, days,
or sometimes weeks [26].

The second FHM gene (FHM2), ATPI1A2, is located on chromosome 1q23 and
encodes the a2 subunit of a Na*/K* pump ATPase [27]. This catalytic subunit binds
Na*, K*, and ATP and utilizes ATP hydrolysis to exchange Na* ions out of the cell
for K* ions into the cell. Thus, the ATPase is able to modulate the reuptake of potas-
sium and glutamate from the synaptic cleft into the glial cell. FHM2 mutations have
been associated with a pure disease [27-29] or a combination of FHM with cerebel-
lar ataxia [30], recurrent comas, aphasia, behavioral changes [31], or impaired hear-
ing, and vertigo [32].

The third FHM gene (FHM3), SCNIA, is located on chromosome 2q24 and
encodes a subunit of voltage-gated Nay1.1 Na* channels [33] that play an important
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role in the generation and propagation of action potentials. FHM3 mutations
sometimes present with additional clinical features such as childhood epilepsy and
transient blindness [33-35].

PRRT?2, a gene located on chromosome 16p11, was recently put forward as the
fourth hemiplegic migraine gene (FHM4) because truncating deletions were identi-
fied in few patients with symptoms of hemiplegic migraine [36]. A role of PRRT2
in migraine is supported by the notion that the gene encodes a proline-rich trans-
membrane protein that interacts with SNAP25, a component of the SNARE protein
complex that is involved in controlling the release of neurotransmitters. However,
similar PRRT2 deletions are also detected in hundreds of patients that do not report
migraine, including cases with a clinical diagnosis of paroxysmal kinesigenic dys-
kinesia, benign familial infantile convulsions, and infantile convulsion choreoathe-
tosis. This suggests that the relation of PRRT2 and migraine remains complicated
and require further investigations [37].

4.2.2 Functional Consequences of Familial Hemiplegic
Migraine (FHM) Mutations

Functional consequences of FHM mutations have been intensively investigating in
cellular models. Most studies of FHM1 mutations revealed a gain of neuronal
Cay2.1 channel function caused by a shift in the voltage dependence toward more
negative membrane potentials, while the channel open probability was increased
[38]. Loss of glial Na*/K* ATPase function was typically reported for FHM?2 muta-
tions [39]. Most FHM3 mutations seem to exert loss-of-function effects on Nay1.1
sodium channels, likely on inhibitory neurons, but gain-of-function effects have
also been proposed [25]. Taken together, the cellular studies predict increased neu-
rotransmitter and potassium ion levels at the synaptic cleft, especially after high-
intensity neuronal firing, which would facilitate CSD and thus could explain the
occurrence of severe auras in FHM patients.

Knockin (KI) mouse models have been instrumental in unraveling in vivo conse-
quences of FHM mutations in the intact animal. Two FHM1 KI models have been
generated (harboring the R192Q or S218L missense mutations in the al Cay2.1
channel protein, respectively) [40, 41], but only FHM1 S218L mice exhibit suscep-
tibility to seizures, cerebellar ataxia, and delayed cerebral edema after minor head
trauma, which fits the clinical phenotype seen in human carriers of the CACNAIA
S218L mutation [41, 42]. FHM1 R192Q mice show no overt phenotype [40]
although signs of spontaneous pain that seem stress induced have been reported
[43]. It is believed that an increased neuronal Ca®* influx and neurotransmitter
release are at the basis of these phenotypes [40, 41], a condition that also explains
the increased susceptibility to experimentally induced CSD [40, 41, 44, 45]. An
increased susceptibility to experimental CSD was also reported in heterozygous
FHM2 KI that harbors the W887R mutation [46]. Homozygous mice die soon after
birth, as seen also in homozygous Afpla2 knockout mice [47]. No FHM3 KI mice
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Table 4.1 A short list of syndromic monogenic clinical conditions presenting with migraine
headache

Gene (chromosome)

Syndromic migraine involved Migraine features
Familial hemiplegic migraine (FHM) [25] | CACNAIA (19p13); Hemiplegic aura,
ATPIA2 (1q23); increased prevalence of
SCNIA (2q24) MA/MO
Mitochondrial encephalomyopathy, lactic | MTTLI (mtDNA) Recurrent MA, focal
acidosis, stroke-like episodes (MELAS) neurological deficits,
[49] vomiting, convulsions
Cerebral autosomal dominant arteriopathy | NOTCH3 (19q13) MA in about one third of
with subcortical infarcts and mutation carriers
leukoencephalopathy (CADASIL) [50]
Retinal vasculopathy with cerebral TREXI (3p21) Increased prevalence of
leukodystrophy (RVCL) [51] MO in mutation carriers

MA migraine with aura, MO migraine without aura

have been generated, yet, but a mouse carrying a mutation in SCN/A leading to
haploinsufficiency has been generated as model of childhood epileptic encepha-
lopathy [48].

4.2.3 Genetic Findings in Other Syndromic Forms of Migraine

Additional “syndromic” forms of migraine (see Table 4.1) are all characterized by
headache attacks in addition to other neurological features that have either an auto-
somal or mitochondrial inheritance pattern. Three will be discussed here.

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoen-
cephalopathy (CADASIL) is a brain microangiopathy characterized by stroke-like
episodes, cognitive decline, aura features (in about 35 % of cases), psychiatric dis-
orders, and epilepsy [50]. Other symptoms are reversible acute encephalopathy
[52], subclinical peripheral neuropathy [53], and subclinical retinal vascular abnor-
malities [54]. The CADASIL gene, NOTCH3, is located on chromosome 19p13
[55] and plays an important role in vascular smooth muscle cells of small blood
vessels of the brain [56]. Notably, transgenic mice in which a CADASIL mutation
was overexpressed showed a reduced threshold for CSD [57].

Retinal vasculopathy with cerebral leukodystrophy (RVCL) is a neurovascular syn-
drome caused by carboxyl terminal mutations in TREX/ that lead to a subcellular mis-
localization of Trex 1 protein [S1]. Trex1 is the major 35" mammalian exonuclease, an
enzyme thought to be involved in DNA repair and apoptosis after DNA damage, but
likely has additional functions such as clearance of cytosolic DNA. RVCL is character-
ized by a pronounced retinopathy but often also cognitive disturbances, focal neurologi-
cal symptoms, kidney and liver dysfunction from Raynaud’s phenomenon, and migraine
[58-60]. Particularly, in a large Dutch RVCL family, a high prevalence of migraine was
found, with 14 out of the 20 TREX mutation carriers suffering from MO [60].
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Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes
(MELAS) syndrome is characterized by seizures, hemiparesis, hemianopia, cortical
blindness, migraine, and episodic vomiting [49, 61]. Frequent systemic manifesta-
tions include cardiac, renal, endocrine, and gastrointestinal disorders [62]. Several
mtDNA mutations have been detected in patients with MELAS of which the A-to-G
transition at nucleotide position 3243 in the mitochondrial DNA (mtDNA) is the
most common one [62]. Less commonly mtDNA mutations, such as the one at nt
position 8344, are associated with myoclonic epilepsy associated with ragged-red
fibers (MERRF) and often features such as MA [63, 64]. Vascular system involve-
ment has been implicated for both syndromic conditions and decreased oxidative
brain metabolism with ensuing excessive accumulation of reactive oxygen species
(ROS) that likely plays a role in CSD initiation and appears to be relevant in the
pathogenesis of migraine [65].

4.2.4 Genetic Finding in Familial Migraine

Direct sequencing of a large number of ion transporter genes in over 100 migraine
patients revealed a single truncating nonfunctional F139WfsX24 mutation in the
KCNKI8 gene. This gene was put forward as a potential etiology in familial
migraine as it segregated as monogenic migraine trait [66]. The gene KCNKIS8
encodes the TRESK protein, a member of the two-pore domain family of potassium
channels, involved in neuronal excitability control. TRESK is now regarded as
genetic modifier of a migraine phenotype, not the direct cause, because several rare
variants in TRESK, including a change that showed complete loss of function, were
identified in controls [67]. Apparently, nonfunctional TRESK copies are tolerated
and do not lead to disease. Regardless, TRESK remains an interesting possible
migraine target, already because of its role in neuronal excitability.

4.3 Genetic Discoveries in Common Migraine: The Era
of Genome-Wide Association Studies

Since a few years, genome-wide association studies (GWAS) are considered the pre-
ferred methodology to detect genetic susceptibility loci for common disorders,
including migraine. GWAS entail the simultaneous investigation of several hundred
thousand single nucleotide polymorphisms (SNP), which are variants in the DNA
sequence with a known genomic position, using microarray-based technology and
large cohorts of migraine cases and controls. “Associated variants” show a difference
in allele frequency between cases and controls for a specific SNP with a level of
significance that survives correction for the many performed statistical tests; genome-
wide significance in GWAS means that the p-value for association should be below
5% 1078, GWA studies produce statistically robust findings, but the associated vari-
ants almost without exception have a small effect size (e.g., relative risk <1.2).
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The current status of GWAS in migraine is best illustrated by the meta-analysis
of large datasets from earlier migraine GWAS [68-70] that combined data of over
23,000 cases and 100,000 controls from 29 cohorts that was performed by the
International Headache Genetics Consortium [71]. In total, 13 migraine susceptibil-
ity loci were identified for various migraine types (Table 4.2). The genes that were
assigned to these loci seem to affect neuronal pathways (including glutamatergic
neurotransmission and axon guidance pathways), metalloproteinases, and vascular
pathways. Among the more interesting variants are SNP 51835740 that is located
between the genes MTDH/AEGI and PGCP on chromosome 8q22 that are both
involved in glutamate homeostasis and SNP 517172113 in the low-density lipopro-
tein receptor-related protein 1 (LRPI) gene that plays a role in neurotransmission in
the brain. A third gene linked to neurotransmission, and identified through top SNP
rs3790455, is MEF2D. MEF2D encodes a transcription factor that promotes sur-
vival of newly formed neurons in the brain. Finally, SNP rs10166942, near the
TRPMS gene, seems to represent a clear link between genes explicitly involved in
pain-related pathways and migraine.

However, given the small effect sizes, none of the associated variants can be
considered conclusive genetic biomarkers of migraine as each of them, and even the
13 genetic factors together, explains only very little of the genetic variance and
therefore hardly have predictive value. Instead, they may serve as clues to pinpoint
specific biological pathways that are involved in the pathogenesis of migraine. Now,
powerful whole-genome assay technologies are becoming rapidly less expensive,
and the use of “hypothesis-driven” candidate gene association studies as an approach
to identify migraine susceptibility genes seems superseded. Still, for specific clini-
cal conditions or endophenotypes, it may be worthwhile to design array-based plat-
forms to assay multiple “attractive” or “hypothesis-driven” candidates, especially
when rarer alleles are investigated that are not present on commercially available
GWAS chip arrays. In combination with large and phenotypically homogeneous
cohort of patients, such custom-made array may prove useful in linking genetic
information with disease characteristics.

4.4 Pharmacogenomics in Migraine

Pharmacogenomics aims to investigate the genetic background linked to variation
in a patient’s response to a specific drug. Studying pharmacogenomics in migraine
seems to make perfect sense given the high number of preventive and symptomatic
treatments available to patients, the use of several off-label medications adopted in
general practice, and the fact that many migraine patients experience side effects or
adverse events from treatments [72]. Despite the high heterogeneity in efficacy of
available treatments in migraine patients, little effort has gone into investigating the
genetics behind this variable response to drug treatment. This is particularly remark-
able since such studies have been carried out for other common and socially relevant
disease conditions, such as cardiovascular disorders and type 2 diabetes mellitus, or
cognitive impairment [73].
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A recent review revealed that pharmacogenomics in migraine is still understudied:
only seven studies investigated symptomatic (acute) medication, and only two stud-
ies investigated preventive medication; all investigated episodic migraine [73].
Unfortunately, the studies had methodological limitations, including extreme het-
erogeneity in study design, use of a self-assessed questionnaire rather than a clinical
examination to define the type and severity of migraine, lack of appropriate statisti-
cal tests, and a limited number of participants (less than 100 in most cases), with no
appropriate effort to replicate results. Various associations, though with design limi-
tations, were found between genotype and acute symptomatic response including
an inconsistent response to triptans linked to variants in the SLC6A4 gene [74-76].
Nonetheless, if properly designed, pharmacogenomics studies should be encour-
aged because they may contribute to help optimizing health-care resources, improve
treatment options in individual patients, and thereby reduce the burden of migraine.

4.5 Genetics in Other Primary Headaches

Genetic research in other primary headaches than migraine is advancing at a much
slower rate. Although there is epidemiological evidence that in both tension-type
headache (TTH) [77, 78] and cluster headache (CH) [79, 80] genetic factors seem
to be involved, only for CH, a few molecular genetic studies have been performed.
The previously mentioned mutations associated with MELAS were reported in a
single CH patient with no family history of CH [81]. In addition, multiple deletions
of the mitochondrial DNA were reported in a patient with CH and familial chronic
progressive external ophthalmoplegia [82]. Both reports suggested an association of
mtDNA abnormalities with CH, but subsequent studies could not confirm this in
other patients with CH [83, 84]. Finally, a significant association was found in
Italian patients between hypocretin receptor 2 (HCRTR2) gene polymorphism
p-Ile308Val (G1246A) and CH [85], which was replicated in a large German cohort
of CH patients [86] but not in another study [87]. A very recent meta-analysis that
included a large Dutch cohort and had in total over 1100 cluster headache cases and
more than 1600 controls from the six study populations showed association of
p.Ile308Val with CH [88].

4.6 Future Perspective: New Horizon in Migraine Genetics

What will the future in migraine genetics bring? A recent revolution in DNA
sequencing technology, commonly referred to as “next-generation sequencing
(NGS),” will soon enter general medical practice. NGS allows the interrogation of
the “exome,” i.e., all exons which include the protein-coding parts of genes, or the
“whole genome” in a single experiment. The ability to have comprehensive infor-
mation on DNA variations in all our ~25,000 genes in a single test certainly will
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turn out a powerful and effective diagnostic tool for doctors. In the last 5 years, NGS
has been very instrumental in establishing genetic diagnoses for rare, clinically,
sometimes unrecognizable, monogenic disorders or puzzling disorders that are sus-
pected to be genetic in origin [89]. The pros and cons of the clinical use of exome
sequencing are carefully described in a recent review [90]. Numerous challenges
remain, including the proper ethical handling of incidental findings and disease
variants unsearched for, which needs active debate within the scientific and public
community, and the difficulty to sort out DNA variants with pathogenic significance
from the vast majority of variants that do not cause pathology. Much research effort
goes into developing well-thought priority scores and bioinformatics or functional
tools (as yet underdeveloped) to spot disease-related variants. Although no studies
have been published thus far, it is likely that using NGS technology will impact
significantly the near future research in genetic migraine, not only as a tool to iden-
tify novel FHM genes but likely also to identify variants with a medium-high effect
size in more common forms of migraine headache.

A potentially promising endeavor might also be to design specific-targeted gene
panels based on GWAS information combined with information from analyzing
protein-to-protein networks. If successful for the common forms of migraine, NGS
could resolve the current debate where the so-called missing heritability resides.
Missing heritability refers to the puzzling observation that for most common disor-
ders including migraine, less than 10 % of the genetic variance currently is explained
by genetic factors that are captured by GWAS technology. It is perhaps a sobering
thought that despite use research and financial investment, at this moment, we only
have identified a tiny fraction of the genetic variants that confer migraine risk. As a
consequence, the clinical relevance of the identified variants until now does not
have meaningful clinical relevance. Although many patients have become aware of
the possibility that one can obtain genetic information from their buccal swabs or
saliva by sending biological samples to specialized companies that advertise on the
web (see among others https://www.23andme.com), the scientific community
should make clear that this sort of “self-investigation” will not be of much help in
assessing a patient’s disease risk and therefore discourage them to participate as the
interpretation of the genetic information is far from being straightforward [91].

4.7 Conclusions and Perspectives

The last decade or so has greatly advanced our insight in genetic factors that con-
tribute to migraine. Genetic studies of monogenic forms of migraine, foremost
FHM, revealed neurotransmission as a key disease mechanism. Other monogenetic
diseases in which migraine is prominent pointed toward abnormal vascular function
being involved in migraine pathogenesis. The era of GWAS has already led to the
discovery of over a dozen genes and gene variants and pinpointed multiple players
involved in neurotransmission and vascular function as possible disease mecha-
nisms in the common forms of migraine. The advent of novel methodologies such
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NGS for the identification of migraine susceptibility gene variants and

pharmacogenetics to help explaining altered drug responses is expected to shed
important new light on the involved molecular mechanisms. As more and more
genetic factors (and the molecular pathways they are involved in) become known,
there might be exciting opportunities for personalized approaches to therapies and
development of new drugs relieving pain and discomfort.
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Chapter 5
Human Models of Primary Headaches

Henrik Winther Schytz and Guus G. Schoonman

5.1 Introduction

Why do humans suffer from primary headaches? What happens during the
development of a migraine or tension-type headache? These are important ques-
tions given the high prevalence and need for better treatment among various pri-
mary headache disorders. However, the episodic and unpredictable nature of most
primary headaches results in various logistic challenges when attempting to study
the neurobiology of primary headaches. A powerful method to study primary head-
aches is using pharmacological triggers, which mimic endogenous triggers, to
induce headache in humans. This chapter will describe and discuss established
knowledge on human models of primary headache.

5.2 Methodology in Human Headache Models

In the most frequently used human headache model, patients are randomly allocated
to receive intravenous infusion of the target substance or placebo (isotonic saline) in
a double-blind, crossover design [1]. Despite this relatively simple design, several
aspects need attention.
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The first aspect is selection of patients and controls. The patients should also
only have a moderate baseline attack frequency, as patients need to be headache-free
no less than 5 days before the experimental days. Conversely, there is no strict limit
on minimum attack frequency, as attack frequency does not seem to predict the
susceptibility to a headache trigger [2]. The control population should not be sus-
ceptible to migraine, so one should exclude subjects with a first relative suffering
from migraine.

The second aspect is to consider the experimental design. The blinding proce-
dure is important in order for the investigator to be objective and the patient as unbi-
ased as possible. It is important to be aware of negative patient expectations, which
may induce and increase headache [3, 4]. Thus, Benedetti et al. [3] investigated
hypobaric hypoxia headache provocation in two healthy groups, where the nocebo
group received negative information about the risk of headache, whereas the control
group did not know about the possible occurrence of headache. Interestingly, the
study showed a significant increase in headache and salivary prostaglandins and
thromboxane in the nocebo group compared to the control group, suggesting that
negative expectations enhance headache and prostaglandins synthesis. Given that
the patients attend on two different days, it is also important to account for a pos-
sible day-to-day variation. However, it has been demonstrated, using glyceryl trini-
trate (GTN) provocation on 2 separate days, that the maximal headache response
differs in less than 50 % and only one headache score in 40 % of healthy subjects
[5]. Furthermore, headache characteristics are also reproducible [5].

The third aspect is the route of administration of the investigated pharmacologi-
cal substance. It is preferable to use an administration form, which gives a precise
amount of the investigated substance to the head, without imposing too many sys-
temic effects. Thus, intracarotid injection could be the ideal way to infuse sub-
stances, but this administration form is technically demanding, creates unneeded
stress and pain in the patients. Furthermore, it has also been shown that the intraca-
rotid injection of saline may in itself induce migraine, likely due to vascular pres-
sure alterations [6]. The intravenous route via a cubital vein seems to be a balanced
compromise, whereas the oral route seems to induce a more variable and less fre-
quent headache result [7].

The fourth aspect is documentation of headache intensity, which can be recorded
on an ordinal verbal rating scale from O to 10 (0, no headache; 1, a very mild head-
ache (including a feeling of pressing or throbbing); 5, moderate headache; 10, worst
imaginable headache). Experimental headache induced by infusion of a neurotrans-
mitter cannot fulfil the criteria for a primary headache. As an example, pharmaco-
logical provocation of migraine is obviously not a spontaneous event and therefore
does not fulfil the International Classification of Headache Disorders (ICHD) cri-
teria for migraine [8]. However, provoked migraine attacks phenotypically mimic
spontaneous migraine attacks in the majority of patients [9, 10]. In addition, most
spontaneous migraine attacks develop in a matter of hours and often go through a
phase where they phenomenologically fulfil the criteria for tension-type headache
before the headache intensifies, becomes unilateral and has the associated symptoms
required for migraine [8]. Furthermore, patients in experimental provocation studies
cannot be denied treatment of the induced attacks and often treat before all migraine
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Table 5.1 Migraine-like 1. Headache fulfilling criteria C* and D for MO

attacks fulfilling either 1 or 2 2. Headache described as mimicking usual migraine attack

and treated with a triptan

“Moderate to severe pain intensity is considered >4 on the VRS

criteria are fulfilled. For this reason, attacks aborted by migraine-specific treatment
before fulfilling all criteria for migraine were accepted in the new criteria for chronic
migraine [8]. Based on these considerations, the following criteria for a migraine-like
attack induced 0-12 h after infusion of an experimental drug have been used in sev-
eral experimental models [11] (Table 5.1). These circumstances are similar in other
primary headache, even though such experimental criteria have not yet been defined.
The fifth aspect is experimental outcome measures. In the Copenhagen Group, it
is very common to use transcranial Doppler ultrasonography (TCD) [1] to investigate
blood flow velocity in the middle cerebral artery (MCA), as this is an intracranial
artery, which is known to be pain sensitive [12, 13]. Furthermore, velocity recordings
of the MCA are very reproducible, with a day-to-day coefficient of variation of 16 %
and a 5 min coefficient of variation of 7 % [14]. Using high-resolution ultrasonogra-
phy, the diameter of the frontal branch of the superficial temporal artery (STA) and
radial artery (RA) can also be obtained with a day-to-day coefficient of variation of
12 % [15] (Fig. 5.1). Magnetic resonance imaging (MRI) is increasingly used in
human headache models, and is very valuable, as it can image multiple arterial com-
partments extra- and intracranial [15-17]. Furthermore, the use of functional MRI
(fMRI) using blood-oxygen-level-dependent (BOLD) contrast and resting state fMRI
can further elucidate functional changes during headache ictally and interictally. It is
an ongoing debate whether cranial vessels are important for pain development [18,
19]. Nevertheless, the advantage of imaging vessels in human headache models is
that vessels are easy accessible markers for how, when and where the pharmacologi-
cal triggers may be affecting the brain. The limitations of imaging are that the
researcher, obviously, can only find a possible effect in the imaged areas of interest,
which may lead to an oversimplification of the complexities in primary headaches.

5.3 Migraine Models

There is a vast experimental experience on pharmacological migraine models
(Table 5.2). In the following, we will focus on the most promising pharmacological
models so far.

5.3.1 Nitric Oxide

In 1987, Sicuteri et al. [35] demonstrated how sublingual GTN, a nitric oxide (NO)
donor, induced an initial mild headache in healthy subjects, whereas 29 % of healthy
subjects with a first-degree relative having migraine reported a delayed headache,
which was also found in 67 % of migraine patients. Later, the Copenhagen Headache
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Fig. 5.1 Experimental design of a human model of migraine. In the main version of this model,
patients with migraine are randomly allocated to receive intravenous infusion (25 min) of ‘target
substance’ or placebo (isotonic saline) in a double-blind, crossover design. Headache intensity is
recorded on a verbal rating scale from O to 10 (0 no headache, I a very mild headache (including a
feeling of pressing or throbbing), 5 moderate headache, /0 worst imaginable headache). The fol-
lowing haemodynamic variables are recorded at intervals: mean velocity of blood flow in the
middle cerebral artery (MCA) by transcranial Doppler with hand-held probes, diameter of the
frontal branch of the superficial temporal artery (With permission from Wiley-Blackwell)

Research Group developed, through systematic and extensive studies, a human
GTN model of migraine [5]. Olesen et al. reported that GTN induced migraine-like
attacks in migraine sufferers compared to patients with tension-type headache and
healthy subjects [36]. Furthermore, Thomsen et al. demonstrated that 80 % of
migraine without aura (MO) patients developed a delayed headache fulfilling IHS
criteria for migraine peaking 5 h after end of the infusion compared to 10 % after
placebo [22]. Other groups have validated the model and found it to be very repro-
ducible and reliable [7, 21]. Furthermore, the ability of GTN to induce migraine
does not seem to vary according to the frequency of attacks in migraine patients
GTN and frequency of attacks [2]. The Copenhagen group uses intravenous GTN,
which gives a robust response, but the sublingual route is also well studied [7], even
though the results are more variable and the migraine rate is reduced. Interestingly,
GTN induces MA attacks in a lower rate, and migraine aura is rarely induced [1],
which shows that GTN causes specific alterations in each migraine phenotype.

NO is a vasodilator and arterial dilatation can cause headache [12, 13].
Interestingly, GTN causes a larger degree of dilatation of extra- and intracerebral
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Table 5.2 Experimental experience on pharmacological migraine models
Migraine-like
Compound Dose attacks (%) Aura (%) | Ref.
Glyceryl Migraine with Intravenous 0.5 pg/kg/ | 50-67 0-10 [20,
trinitrate aura min 21]
Sublingual 0.9 mg 41 14 [7]
Migraine without | Intravenous 0.5 pg/kg/ | 80-83 0 [21,
aura min 22]
Sublingual 0.9 mg 82 0 [7]
Hemiplegic Intravenous 0.5 pg/kg/ | 13-30 0-18 [23-25]
migraine min
Sildenafil 100 mg per os 83 0 [26]
Histamine Intravenous 0.5 pg/kg/ | 70 0 [27]
min
CGRP Migraine with Intravenous 1.5 pg/ 57 28 [28]
aura min
Migraine without | Intravenous 2 pg/min | 67 0 [9]
aura
Hemiplegic Intravenous 1.5 pg/ 9-22 0 [29,
migraine min 30]
Dipyridamole Intravenous 0.142 mg/ | 50 0 [31]
kg/min
Vasoactive intestinal peptide Intravenous 8 pmol/ 0 0 [32]
kg/min
PACAP38 Intravenous 10 pmol/ | 66-73 0 [11,
kg/min 33]
Prostaglandin 1, Intravenous 10 ng/kg/ | 50 0 [34]
min

arteries in migraine patient than healthy controls [10]. However, meta-analysis of
human headache models in healthy subjects shows no relationship between maxi-
mal headache score and intra- and extracerebral artery changes [37], and the arterial
dilatation occurs only in the first 60 min [25] and not during the delayed migraine
phase [38]. Thus, the neurobiological mechanisms of GTN-induced migraine-like
attacks are not fully clarified [19, 38]. Given that NO penetrates the blood-brain
barrier, it is possible that NO may trigger migraine through peripheral and/or central
modulation of the brain.

5.3.2 CGRP

The involvement of calcitonin gene-related peptide (CGRP) in the human trigemi-
novascular reflex was first demonstrated by Goadsby et al. [39] showing that ther-
mocoagulation of the trigeminal ganglion leads to CGRP release into the extracerebral
circulation of humans. During spontaneous MO attacks, one study has shown CGRP
elevation sampled from the external jugular vein [40] in comparison to healthy
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controls, but later Tvedskov et al. found no changes in CGRP from the external
jugular vein during attacks compared to outside attacks [41]. The same discrepancy
was shown in three studies in migraine with aura (MA) patients [42—44]. However,
using a human migraine model, Lassen et al. [9] infused CGRP or placebo for
20 min in 12 MO patients in a double-blind crossover study. All of the patients expe-
rienced headache, and 3 patients experienced headache according to the ICHD-2
criteria for MO. Using newer criteria for migraine-like headache in experimental
models [11], 67 % experienced migraine-like attacks after CGRP compared to only
one after placebo. The effect of CGRP in migraine with aura has later been explored
by Hansen et al. [28], who revealed that CGRP induced MO attacks in 57 % of MA
patients and aura in 28 %. Using MR angiography, the vascular effects of CGRP
have been investigated in healthy subjects, where CGRP caused dilatation of extra-
cranial middle meningeal artery (MMA), but not the MCA, which was reversed after
subcutaneous sumatriptan parallel with abortion of headache [17]. In addition,
CGRP-induced migraine-like attacks are associated with dilatation of extra- and
intracranial arteries on the same side as the headache location [16]. Whether or how
the perivascular space is important for the generation of CGRP-induced migraine
remains to be further elucidated in future human and animal studies.

5.3.3 VIP and PACAP

Pituitary adenylate cyclase-activating polypeptide (PACAP) is distributed in human
sensory [45] and parasympathetic nerve ganglia [46] with perivascular nerve fibre
projections. PACAP coexists with vasoactive intestinal peptide (VIP) [47] and both
belong to the secretin—glucagon family [48]. The VPAC, and VPAC, receptors bind
both PACAP and VIP ligands with similar affinities, but the PACAP type 1 receptor
preferentially binds PACAP [49]. In a recent study, Tuka et al. [50] demonstrated a
low level of PACAP38 in the interictal plasma of migraineurs compared with healthy
controls, but elevated PACAP38 levels during attacks compared to the overall popu-
lation of migraineurs outside of attacks. The headache-eliciting effect of VIP and
PACAP38, the most predominant PACAP form, has been systematically studied in
human models in healthy volunteers [11, 51, 52] and in MO patients [11, 32]. The
studies have shown that the systemic administration of VIP induces only a very mild
and short-lasting immediate headache both in healthy subjects [32, 51] and
migraineurs [32, 33]. Thus, VIP is the first vasoactive substance found not to
robustly induce migraine. In contrast to VIP, PACAP38 infusion induced migraine
attacks in 58-73 % of MO patients [11, 33]. Amin et al. [33] recently investigated
VIP and PACAP38 provocation in MO patients and found using MRA that both
peptides induced marked dilatation of the extracranial, but not intracranial arteries.
However, PACAP38-induced vasodilatation was longer lasting (>2 h), whereas
vasoactive intestinal polypeptide-induced dilatation was normalized after 2 h.
Furthermore, explorative analysis revealed that PACAP38 concentration at 60 min
was increased significantly in the group of patients who reported delayed migraine
attacks than in the group of patients (n=6) who did not report delayed attacks. This
finding is quite extraordinary, given that PACAP38 has a half-life of only 3.5 min
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[52]. Whether this finding is caused by delayed elimination, de novo synthesis or
endogenous release is unknown. It is likely that the PAC1 receptor plays an impor-
tant role in the induction of migraine [53], given that PACAP38 has a much larger
affinity than VIP for this receptor. However, other mechanisms may also be impor-
tant, such as dural mast cell degranulation [54] or central release of CGRP from the
TNC [55], which may be independent of the PAC1 receptor. Further study on the
role of PACAP38 in inducing migraine is very much needed and anticipated.

5.3.4 Non-pharmacological Triggers Such as Stress,
Exercise, Visual Triggering and Hypoxia

Several non-pharmacological triggers have been tested for their ability to induce
migraine. When asking patients for potential triggers, they report stress (both
mental and physical), visual stimulation, several food substances and atmospheric
conditions [56]. Of these, a few have been tested in a randomized controlled trial.
Mental stress is an important trigger according to patients and doctors alike, but
experiments so far did not measure the clinical headache response after a stressor.
Physical stress is also frequent identified trigger. Hougaard et al. [57] in a recent
controlled study recruited 27 patients with MA, who reported that bright or flick-
ering light or strenuous exercise would trigger their migraine attacks. The patients
were then experimentally provoked by different types of photostimulation and
strenuous exercise, but, surprisingly, only 3/27 (11 %) reported MA attacks fol-
lowing provocation. Of the different food substances, only chocolate, red wine
and tyramine have been tested in a randomized clinical trial (RCT) for their
migraine-provoking abilities. Red wine provoked migraine in 9 out of 11 migraine
patients who were preselected on being sensitive for red wine [58]. Chocolate
triggered migraine in 5 out of 12 ‘chocolate-sensitive’ migraine patients, whereas
in a second study, the headache response after chocolate did not differ from pla-
cebo [59, 60]. Tyramine (200 mg), a naturally occurring catecholamine analogue
releasing agent found in fermented food, has also been tested in a provocation
study in 80 migraine patients, and there was no difference in the occurrence of
headache between tyramine and placebo [61]. Atmospheric factors are difficult to
manipulate, but it is possible to position migraine patients in a hypoxic condition.
After 5 h of normobaric hypoxia, 6 out of 16 patients had a full-blown migraine
attack [62].

5.3.5 Migraine Aura

Migraine aura is likely caused by cortical spreading depression (CSD) [6], as the
rate and progression of CSD and MA are similar. However, CSD has never been
proven as the cause of MA, and, therefore, there is a great need to investigate MA
mechanisms under controlled conditions. Using GTN, Christiansen et al. [20]
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demonstrated that 50 % of the patients suffering exclusively from migraine with
aura developed migraine headache with associated symptoms, but none of them
developed migraine aura. Afridi et al. [21] reported that 1 out of 21 patients with
MA had an aura triggered on 2 separate occasions by GTN, and only one during the
second session. Following sublingual GTN provocation, Sances et al. [7] reported
3/22 (14 %) developed a visual aura. Interestingly, Hansen et al. [28] demonstrated
that CGRP infusion in 14 MA patients caused aura in 4/14 (29 %). There are also
two clinical reports of aura triggered by visual stimuli and vigorous physical activ-
ity in a few MA patients [63, 64]. However, the validity of triggering using light or
exercise was recently challenged by Hougaard et al. [S57] described above. In con-
clusion, so far, no valid experimental model exists to reproduce aura episodes in
MA patients. In Table 5.2, percentages of patients reporting migraine-like attacks in
experimental studies are shown.

5.4 Provocation Studies in Other Primary
Headache Syndromes

Most experimental studies have been done in migraine patients. A few studies
looked at other primary headache syndromes and, so far, only nitroglycerin is
used to provoke tension-type headache (TTH), cluster headache (CH) and
chronic paroxysmal hemicrania (CPH). Infusion of GTN in TTH patients in a
randomized controlled trial caused both an immediate headache during infusion
and delayed-type headache after 2—4 h. The delayed type of headache resembled
TTH phenotype [65]. Measurements on muscle hardness, myofascial tenderness
and pain thresholds during the immediate-type headache were not different after
GTN compared to placebo [65]. This led to the conclusion that there is no
peripheral or central sensitization during immediate-type headache. There was
also no significant change in CGRP after GTN compared to placebo [66].
Unfortunately, no measurements were done during delayed-type headache.
Comparing TTH and controls after GTN infusion, arginine was not different,
but TTH patients showed an increase in citrulline after 60 min [67]. Possibly,
GTN triggers the endogenous production of NO in TTH patient but not in
healthy controls. In cluster headache, attacks can be triggered during an episode
using GTN. The attacks started 30—50 min after the challenge of 1 mg sublin-
gual [68]. The attacks did not differ from the spontaneous attacks. When cluster
patients need therapeutic administration of nitrates for angina, some progress
into a new cluster period [69]. Few studies examined the pathophysiological
effect of GTN infusion in CH patient, but specific areas of the hypothalamus
might be activated during a trigger attack [70]. Why GTN triggers different
types of headaches in separate groups of primary headache patients is unknown.
A prospective comparative trial to study the effect of GTN in different headache
models will certainly increase our knowledge of the pathophysiology of the
different headache types.
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5.5 Application of Human Models in Drug Development

In view of the potentially important role of NO in primary headaches, surprisingly,
few therapeutic studies have been performed with NOS inhibitors. Lassen et al. [71]
investigated whether a non-selective nitric oxide synthase (NOS) inhibitor, N(G)-
mono-methyl-L-arginine (L-NMMA), might have anti-migraine effects. This proof
of concept study demonstrated that NOS inhibition is effective in treating spontane-
ous migraine attacks. Ashina et al. investigated in a series of studies patients with
chronic tension-type headache, who received L-NMMA or placebo to test changes
in pain scores, trapezius muscle hardness and pericranial myofascial tenderness [72,
73]. Compared to placebo, L-NMMA reduced pain scores and the summary score
of trapezius muscle hardness, but not pericranial tenderness [72, 73]. The role in
modulation of trigeminovascular nociception, and in particular migraine generating
properties of CGRP, stimulated interest in CGRP antagonism as a potential target
for anti-migraine drugs. The first proof of concept study showed that olcegepant, a
selective CGRP antagonist, was effective in treating acute migraine attacks [74].
Later, a phase II trial demonstrated that a novel oral CGRP receptor antagonist,
telcagepant, was effective and generally well tolerated for the acute treatment of
migraine [75].

Currently, only the triptans are used as specific acute treatment in migraine and
cluster headache [76, 77], but their exact mode of action is still unresolved.
Preventive primary headache treatments are used for various disorders, such as
hypertension, epilepsy and depression, and their anti-nociceptive effects primarily
derive from serendipity and not neurobiological considerations [78]. The question
is if experimental headache models may be a helpful tool to explore relevant neuro-
biological mechanisms of existing used drugs in primary headache.

The effect of sumatriptan on GTN-induced headache has been examined in sev-
eral studies [79-81]. In a double-blind crossover study, Iversen and Olesen [79]
injected sumatriptan 6 mg or placebo subcutaneously in ten healthy controls, fol-
lowed by GTN infusion. This study demonstrated that sumatriptan significantly
reduced the GTN-induced immediate headache and aborted cranial dilatation.
Another study by Schmetterer et al. [80] confirmed the efficacy of sumatriptan to
prevent GTN-induced headache and dilatation of the MCA. A recent study [82]
tested the effect of zolmitriptan and aspirin to a 140 min infusion of GTN (0.125 pg/
kg/min) in healthy subjects, where the drugs were given 20 min into the GTN infu-
sion. The study showed no effect on aspirin or zolmitriptan, and the authors there-
fore suggested that NO might work later in the cascade of events that lead to
headache than the anti-migraine drugs. However, there is a clear discrepancy
between triptan response in the Iversen and Olesen study [79] compared to the
Tvedskov et al. [82], which is likely to be caused by administration route and drug
timing in relation to GTN infusion.

Tvedskov et al. [83] used the GTN model of migraine to test the effect of valpro-
ate, a well-known prophylactic drug in migraine treatment. This study showed that
pretreatment with valproate was better than placebo in preventing GTN-induced
migraine. In another study, Tvedskov et al. [§3] observed no effect of the prophylactic
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drug propranolol on GTN-induced headache and migraine. Tfelt-Hansen et al. [84]
explored the effect of 15 MO patients pretreated with 150 mg of prednisolone or
placebo followed by GTN infusion in a double-blind placebo-controlled study.
Pretreatment with prednisolone did not reduce the immediate GTN-induced head-
ache or inhibit the frequency of delayed headache. However, the intensity of delayed
GTN-induced headache was significantly decreased. This suggests that GTN causes
induction of inflammatory mediators, which can be suppressed by prednisolone,
and a likely mechanism of delayed GTN-induced migraine. These studies suggest
that the GTN model of experimental headache may represent a powerful tool for
testing anti-migraine drugs and thereby contribute to better understanding of the
mechanism of action of existing and future migraine or other primary headache
therapies.

5.6 Genetic Background and Provocation

The only known primary headache with an autosomal dominant inheritance is the
MA subtype familial hemiplegic migraine (FHM) in which there is hemiparesis dur-
ing the aura phase [8]. The identification of the mutated FHM genes [85—87] stimu-
lated an interest to explore the link between genotype and phenotype [88]. Hansen
et al. [23, 24] used intravenous infusion of GTN in a series of studies with FHM-1
and FHM-2 patients. Quite surprisingly, only 13-25 % of FHM patients reported
migraine-like attacks [23, 24], which was a very different response than in the com-
mon types of migraine. Furthermore, Hansen et al. [25] showed that following GTN
infusion patients with FHM with coexisting migraine with and without aura reported
statistical significantly more migraine attacks than patients with pure FHM. These
results might indicate that the pathophysiological mechanisms behind FHM are dif-
ferent than in the majority of patients with and without aura. Thus, the FHM results
show that human headache models have a huge potential to explore possible links
between genetic mutations and neurobiological pathways.

5.7 Concluding Remarks

Experimental human models are extremely useful to study the pathophysiology of
primary headache disorders. Unlike many other neurological disorders, these pri-
mary headache disorders are fully reversible, and using different experimental con-
ditions, we will be able to increase our knowledge of the function of the brain. Yet,
there are limitations to human models. First, only one substance is investigated,
which may not resemble a spontaneous migraine attack, where several substances
may be released and have an effect simultaneously. Secondly, there is a limit to how
much we can test and investigate in a human headache model, as blood samples,
monitoring and imaging, etc. may induce stress in the subject investigated, which
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may bias the results. Thirdly, not all primary headache patients are sensitive to
triggers, which highlights the complexity of headaches. In conclusion, the knowl-
edge gained from human headache models continues to be enormous, and it is pos-
sible that these experiments will soon lead to the development of new prophylactic
drugs that decrease the burden of headache.
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Chapter 6
Imaging of Migraine

Michaela Andelova, David Borsook, and Till Sprenger

6.1 Introduction

Over the last two decades, neuroimaging studies have led to a reappraisal of central
mechanisms involved in migraine pathophysiology. Neuroimaging studies clearly
support the view of migraine being a primary brain disorder with altered sensory
processing even in pain-free periods. In the future, neuroimaging has the potential
to provide a noninvasive biomarker that will potentially facilitate headache diagnosis
and aid physicians in treatment decisions and treatment monitoring. However,
findings from current studies are still partially inconsistent. In this chapter, the find-
ings of neuroimaging studies in migraine are summarized according to brain anat-
omy separately for (peri)ictal and interictal phase where applicable. Figure 6.1 and
Table 6.1 summarize brain areas where activation has been reported during attacks,
respectively, which have been suggested to play a role outside of attacks. Findings
in medication-overuse headache are briefly outlined at the end of the chapter.
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Fig. 6.1 Brain imaging findings in patients with migraine (with or without aura). The left side
represents studies on interictal state in migraineurs, while on the right side results from ictal stud-
ies are shown. Right: during attacks, brain activations have been reported most consistently in the
brainstem, but also in other brain areas implicated with pain processing (such as the cingulate
cortex and insula). Left: interictally, several studies have shown a decrease in gray matter density
in a distributed network across the entire brain
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6.2 Brainstem
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There is growing evidence that dysfunction of multiple brainstem nuclei may reflect
an important part of the migraine pathophysiology.

Table 6.1 Summary of structural and functional brain imaging findings in the interictal and ictal
migraine state; Abbreviation: TBD: to be determined

Brain structure

Spinal
trigeminal
nucleus

Pons

Substantia nigra

Red nucleus
PAG

Nucleus
cuneiformis

Nucleus
accumbens

Amygdala

Hypothalamus

Ictal and peri-ictal
studies

Preictal
normalization

Activation
consistently
observed in PET
and fMRI studies

Activation

Activation

Activation in
premonitory
phase and during
headache

Activation during
headache

Activation in
premonitory
phase and during
early headache
phase

Interictal studies

Gradient-like activity
following nociceptive
stimulation

Hypometabolism in
brainstem parallel to
visual cortex
hypersensitivity
Increase in SHT1A
receptor and SERT
availability

Reduced activity during
executive task in pts.
with MOH

Iron accumulation

Reduced gray matter in
migraine and MOH

Hypoactivation in
response to heat stimuli

Volume reduction
correlating with disease
duration, increased
response to pain in
high-frequency vs.
low-frequency
migraineurs

Gray matter volume
reduction

Possible role in migraine
pathogenesis

Generation of migraine
attack?

Regulation of cortical
excitability/dishabituation
“Migraine generator”?
Dysfunction of inhibitory
pathways

Serotonergic dysregulation

Dopaminergic dysfunction,
overlap between MOH and
addiction

TBD

Altered ascending inhibition/
modulation
Medication-overuse
headache

Altered descending
modulation/enhanced
facilitation of ascending
nociceptive pathways (—
trigeminal

hyperexcitability) — migraine
transformation?

Dysfunction of endogenous
opioid system?

Altered reward processing?

TBD

Generation of premonitory
symptoms

Potential association with
migraine triggers (i.e.,
disrupted sleep)

(continued)
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Table 6.1 (continued)

Brain structure

Thalamus

Globus pallidus

Putamen

Nucleus
caudatus

Corpus

callosum

Anterior
cingulate cortex

Orbitofrontal
cortex (OFC)

Ictal and peri-ictal
studies

Activation during
attack, DTI
normalization
during attack

Activation during
attacks (nucleus
lentiformis)
Activation during
attacks (nucleus
lentiformis)

Activation during
attacks, probably
not migraine
specific, but pain
related

Interictal studies

Higher thalamic FA
values, higher MTR
values, iron increase,
pulvinar
hyperactivation as
correlate to
dishabituation,
hyperactivity of
pulvinar in response to
thermal nox. stimuli in
migraineurs with
allodynia, increased
GM in MOH

Iron increase,
correlating with disease
duration

Iron increase,
correlating with disease
duration

Volume reduction,
lower responses to
painful stimulation in
high-frequency
migraineurs, lower
volume in high-
frequency migraineurs,
increased GM in MOH
Decreased fractional
anisotropy correlating
with interhemispheric
resting-state functional
connectivity
Abnormal response to
thermal and trigeminal
noxious stimuli

Increase of OFC gray
matter volume in MOH,
decrease of OFC gray
matter volume predicts
response to
detoxification

M. Andelova et al.

Possible role in migraine
pathogenesis

Pathophysiology of
photophobia (LGN, Pulvinar)
Transformation of trigeminal
allodynia into whole-body
allodynia

Potential role in abnormal
habituation

MOH

Chronicity?

Chronicity?

Chronicity?
Association with triptan use
and MOH?

Altered modulation of
interhemispheric connectivity

Affective and attentive
dimensions of pain, multiple
mechanisms

In MOH/detoxification/
addiction

Altered sensory integration,
decision-making, and
expectation and planning
behavior associated with
sensitivity to reward and
punishment (not migraine
specific)
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Table 6.1 (continued)

Ictal and peri-ictal Possible role in migraine
Brain structure | studies Interictal studies pathogenesis
Temporal cortex | Activation during | Greater responses to Altered multisensory
headache phase, olfactory stimuli in (noxious, olfactory, visual)
hyperexcitability | migraineurs with processing, altered motion
to noxious heat interictal odor processing
hypersensitivity, Inability to modulate pain via
hyperexcitability to shifting attention

noxious heat, positive
correlation between
cortical thickness in a
superior temporal/
inferior parietal region
and pain thresholds

Visual cortex Activation during | Different responses to Attenuation of habituation of
headache and luminous stimulation visual stimuli by pain stimuli
peri-ictally with and without Altered interictal motion

concomitant pain, processing

hyperresponsiveness in
visual areas activated
by motion perception
(V5 and V3) to
optokinetic visual
stimulation, decrease of
NAA after photic
stimulation, increased
Glu/Gln ratio, lactate
baseline increase in
purely visual aura vs.
lactate increase only
after vis. stimulation in
multimodal aura pts.

Different metabolism
alterations between
migraineurs with purely
visual and multimodal aura

6.2.1 Ictal Findings

As early as 1995, Weiller et al. conducted a positron emission tomography (PET)
activation study (H,"O-PET) in which nine patients were examined during sponta-
neous migraine attacks [1]. The authors observed enhanced activity in a part of the
brainstem (dorsal midbrain/dorsolateral pons) that was later reported to anatomi-
cally correspond to the nucleus cuneiformis, colliculus inferior, and reticular nuclei
[2], although other authors believe it could reflect activation of the periaqueductal
gray matter or locus coeruleus. This activation persisted after successful headache
treatment with sumatriptan. The involvement of pontine nuclei in migraine attack
processing and possibly generation was confirmed in subsequent studies in both
spontaneous and provoked migraine attacks [3—5]. Further brainstem areas such as
the red nucleus and substantia nigra have been shown to possess enhanced activity
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during visually triggered migraine attacks in an fMRI study [6]. More recently,
activations of the bilateral ventral midbrain, dorsal midbrain, and dorsomedial pons
were documented by Denuelle et al. in a PET study during spontaneous migraine
attacks [7].

Regarding lateralization of the brainstem activations during migraine attacks, the
results of the studies are somewhat inconsistent. In the abovementioned study by
Weiller et al., activations were observed contralaterally to the headache side. In con-
trary, enhanced brainstem activity ipsilateral to the headache side was observed in
PET during GTN-triggered migraine [8]. Left-sided activation of the dorsal pons
(regardless of headache side) was observed by Afridi et al. during spontaneous
migraine attacks [5]. Hence, lateralization or asymmetry of brainstem activation
seems to play a role in migraine that is not yet fully elucidated.

Regarding the relationship between brainstem activation and cortical changes,
animal studies have shown that stimulation of brainstem nuclei results in reduction
of cortical blood flow with maximal changes observed in the occipital cortex [9, 10]
as well as in caudate nucleus [11]. This finding is in line with findings of Cao et al.,
who showed that brainstem activation precedes activation of the occipital cortex in
visually triggered headache attacks in 8 of 12 migraineurs (regardless of the pres-
ence of aura) [6]. Thus, these findings support the concept of migraine as a primary
brainstem dysfunction with subsequent changes of cortical activity that may in sus-
ceptible patients result in CSD and full-blown migraine attacks [12].

Case reports describing symptomatic migraine-like headache with photophobia,
nausea, and aggravation by exercise due to demyelinating or ischemic lesions and
vascular malformation of the brainstem, e.g., in the PAG [13], dorsal midbrain [14],
midpontine tegmentum [15], or middle cerebellar peduncle [16], also support the
key role of brainstem in migraine pathophysiology. Furthermore, the presence of
midbrain plaques in proximity to the PAG likelihood of headache with migrainous
features in multiple sclerosis increases by four [17]. On the other hand, many patients
with diffuse brainstem involvement do not experience symptomatic headache.

The efficacy of serotonergic drugs in migraine has driven research of potential
underlying serotonergic mechanisms in migraine. Demarquay et al. stimulated
migraine patients with known olfactory hypersensitivity and healthy controls with
olfactory stimuli prior to PET scanning. Using the radiolabeled SHT1A recep-
tor antagonist [4-(2’-methoxyphenyl)-1-[2’-(N-2-pirydynyl)-p-fluorobenzamido]-
ethylpiperazine ((18)F-MPPF)], differences between interictal migraineurs and con-
trols were studied [18]. After the olfactory stimulation, 4 of 10 migraine patients
experienced a migraine attack during the PET scanning, and in these patients, sig-
nificant increases in SHT1A receptor availability were observed in the pontine
region when compared to headache-free migraineurs and healthy controls. Compared
to headache-free migraineurs, patients who developed an attack also had signifi-
cantly increased SHT 1A availability in serotonergic projection areas, i.e., the orbito-
frontal cortex, precentral gyrus, and temporal pole. In a PET study using alpha-[(11)
Clmethyl-1-tryptophan as marker for brain serotonin synthesis, Sakai et al. demon-
strated low interictal serotonergic activity in cortical regions of migraineurs with an
increase of serotonergic synthetic activity during attacks which was potently
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reversed by sumatriptan [19]. Whether such sumatriptan-related changes reflect the
mechanisms of action of the compound in migraine attacks remains open to debate.
The same group later used tryptophan-PET to study response of migraineurs to
another triptan, eletriptan. No difference was observed in baseline global cerebral
5-HT synthesis between migraine and control subjects. After administration of ele-
triptan, however, migraineurs had striking reductions in global cerebral 5-HT syn-
thesis, suggesting alterations in interictal serotonin metabolism [20].

6.2.2 Interictal Findings

The role of brainstem in migraine is further supported by structural abnormalities,
receptor changes, and altered function and connectivity of particular brainstem
structures in between migraine attacks.

The nucleus cuneiformis seems to be less activated by thermal stimuli in inter-
ictal migraineurs than in healthy controls [21], suggesting a permanent dysfunction
of descending pain modulatory pathways. Alterations in processing of the primary
brainstem relay station that may be influenced by altered descending modulation
have also been noted. Specifically, Stankewitz et al. have shown evidence of cycling
responses of the spinal trigeminal nucleus to experimental painful trigeminal stim-
uli [22]. Repetitive nociceptive stimulation with ammonia resulted in significantly
stronger activation of the lower pons corresponding to the location of the spinal
trigeminal nucleus (STN) in interictal migraineurs compared to healthy controls.
Unexpectedly, no activation differences were observed in other structures of the tri-
geminal pain pathway. The authors cleverly tested the association between the height
of the STN activation and time to the next spontaneous migraine attack and found
that the stronger the STN activation, the closer the next attack. This finding sug-
gests that the excitability of the STN is oscillating over time. This probably reflects
the changing susceptibility of the brain to generate migraine attack (in response to
triggers such as lack of sleep). Moreover, STN activations in preictal migraineurs
(scanned 12-48 h before migraine attack) did not differ from healthy controls, and
patients scanned during headache attacks showed even lower STN activations than
controls and preictal patients, suggesting normalization of STN activity in the pre-
ictal phase and during attacks. These findings provide an interesting link to the
electrophysiological literature in migraine where dishabituation of sensory stimuli
has been shown with a similar behavior of peri-ictal normalization.

The role of the PAG in pain modulation has been well described [23]. Mainero
et al. have studied the functional connectivity of the PAG in migraineurs and
observed stronger interictal resting-state connectivity between the PAG and several
brain areas involved in nociceptive processing and pain modulation [24]. For exam-
ple, migraineurs with higher attack frequency had reduced connectivity between the
PAG, prefrontal regions, and the ACC compared to migraineurs with fewer attacks.
Interestingly, the same pattern was observed in patients with a history of allodynia
as compared to patients who do not experience allodynia. In contrast to this,
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however, the severity of ictal allodynia was correlated with the resting-state
functional connectivity between key structures of brainstem descending modulatory
regions (PAG and nucleus cuneiformis) and other brainstem structures, the thala-
mus, as well as frontal and temporal regions involved in pain modulation in a more
recent study [25]. In patients with chronic migraine, significant correlations have
been reported between the duration of the disorder and functional connectivity
between anterior insula and PAG [26].

Schuh-Hofer et al. used the radioligand (123)I-ADAM[2-((2-((dimethylamino)
methyl)phenyl)thio)-5-iodophenylamine] targeting the brain serotonin transport
protein (SERT) and observed significantly increased SERT availability of mesopon-
tine brainstem areas in interictal migraineurs compared to healthy controls, whereas
in the thalamus, SERT availability did not differ between the two groups [27].

Finally, structural changes such as increased periaqueductal gray matter density
(PAG) and abnormalities in iron metabolism in the PAG and red nucleus have also been
reported in migraineurs [28, 29]. Interestingly, changes in the PAG and nucleus cunei-
formis (i.e., reduction of preexisting pathological gray matter increase) were observed
by means of VBM after successful detoxification in medication-overuse headache [30].

6.3 Hypothalamus

Hypothalamic symptoms are common in migraineurs [31]. Neuroimaging has fur-
ther supported a role for the structure in migraine.

6.3.1 Ictal and Premonitory Findings

Evidence for an important role of the hypothalamus in migraine pathophysiology
comes from a study evidencing activation of the hypothalamus already during the pre-
monitory phase of triggered migraine attacks as shown by PET scanning [32].
Hypothalamic activation has also been shown during the headache phase of attacks [7].
However, there are also ictal migraine studies that did not show hypothalamic activa-
tion [3, 5, 8]. Probably, hypothalamic activation is limited to the early phases of attacks,
and indeed hypothalamic dysfunction would be well suited to explain premonitory
symptoms (i.e., changes of alertness and fatigue, yawning, appetite changes, or thirst
that occurs up to 48 h before the attack). Again, the temporal and functional relation-
ship between brainstem and hypothalamic activations remains to be elucidated.

6.3.2 Interictal Findings

Interictal changes in hypothalamic connectivity (i.e., increased connectivity with
the parahippocampal gyrus, locus coeruleus, caudate nucleus, and temporal pole)
may reflect some of the autonomic symptoms that trigger/precede and accompany
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migraine attacks [33]. In animal models, direct neuronal projections between
thalamic trigeminovascular neurons (posterior and lateral posterior thalamic nuclei)
and ventromedial and ventral tuberomammillary hypothalamic nuclei were found
[34]. These studies confirm the view of the (posterior) hypothalamus as a potential
key area in the initial phase of primary headache syndromes such as in the develop-
ment of premonitory symptoms and/or its association with some migraine triggers
as disrupted sleep, altered eating patterns, and emotional reactions.

Regarding PET for studying hypothalamic abnormalities, new radiotracers tar-
geting dopamine, orexin, or somatostatin receptor could in the future help in study-
ing hypothalamic ictal, peri-ictal, and interictal changes and potentially guide the
development of new migraine drugs.

6.4 Thalamus

The general role of the thalamus in the integration and modulation of nociceptive
inputs is well established. In migraine imaging studies, specifically abnormalities of
the posterior thalamus/pulvinar nucleus have been reported.

6.4.1 Ictal Findings

Activation of the thalamus contralateral to the head pain has been observed during
migraine attacks [3, 5]. In an animal model, sensitization of trigeminovascular tha-
lamic neurons from cranial meninges as well as from the extracephalic skin has
been shown to be associated with the transformation of headache into whole-body
allodynia [35]. In line with this, fMRI blood oxygen level-dependent (BOLD)
responses in the posterior thalamus (roughly corresponding to the pulvinar nucleus)
induced by brush and innocuous heat stimulation were significantly stronger during
an attack than in the pain-free period in migraineurs, who regularly experienced
extracephalic allodynia [35]. The authors concluded that third-order thalamic neu-
rons receiving inputs from the meninges and facial and body skin areas may be
responsible for the spreading of allodynia beyond the area where migraine headache
is located.

6.4.2 Interictal Findings

A putative role of the posterior thalamus in migraine-associated central sensitiza-
tion was also suggested by Stankewitz et al. In their fMRI study, interictal
migraineurs sensitized, whereas control subjects habituated in terms of ratings to
nociceptive trigeminal stimuli (i.e., pain ratings were increasing in migraineurs
while being attenuated in controls with repetitive stimulation). This behavior was
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reflected by BOLD increases in the amygdala, the cingulate cortex, and the
pulvinar in migraineurs, in contrast to BOLD decreases in the same structures of
controls [36].

Abnormal resting-state functional connectivity between the pulvinar and affec-
tive pain-processing regions has been reported in patients with chronic migraine
[26]. The pulvinar receives inputs from both the trigeminal and optical nerve [37],
and hence, it is a potential site of interaction between the processing of different
sensory stimuli possibly explaining the bidirectional [38] and dysfunctional rela-
tionship between pain and visual processing in migraine. By using DTT and fMRI,
increased structural and functional connectivity between the pulvinar and temporal
pole was found by Moulton et al., who proposed a potential trigeminothalamic path-
way through the pulvinar sending nociceptive signals to the temporal pole [39].

Regarding structural changes in the thalamus, Granziera et al. have studied tha-
lamic microstructure and its dependence on attack frequency in 37 migraineurs both
with and without aura by means of MTR, DTI, and relaxation mapping techniques
and found significantly shorter T1 relaxation times, higher MTR values, as well as
shorter T2* relaxation times suggesting increased cellularity and/or relatively
increased iron content, respectively, in migraineurs with aura compared to
migraineurs without aura and healthy controls [40].

6.5 Basal Ganglia

The basal ganglia have been shown to play a significant role in acute and chronic
pain processing [41].

6.5.1 Interictal Findings

In line with findings of increased iron content in the thalamus [40] and red nucleus
[29], increased iron deposition has also been observed in the putamen and caudate
nucleus more recently [42]. Among T2, T2*, and T2’ relaxation times, only T2
values in the globus pallidus were able to distinguish episodic from chronic head-
ache patients [43], suggesting that iron metabolism as measured by T2 may be an
objective marker of migraine frequency.

Comparison of high- and low-frequency migraineurs revealed significantly lower
BOLD responses to noxious thermal stimuli bilaterally throughout the caudate,
putamen, and pallidum. Interestingly, increased caudate volume was observed in the
high-frequency group [44]. However, in another recent study, migraineurs without
aura had a relatively reduced volume of the caudate nucleus and nucleus accumbens
(NAc), which correlated with the disease duration [45].

In an FDG-PET study in chronic migraineurs, relatively reduced metabolism
was shown bilaterally in the caudate [46]. Additionally, the study by Yuan et al.
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mentioned above evidenced that attack frequency and disease duration are associated
with increased functional connectivity between the caudate and insula and between
NAc and ACC [45]. Interestingly, in a recent animal KCl-induced model of CSD,
reduced neuronal activity in the caudate was observed about 45 min after CSD [11].
Changes in caudate volume and connectivity may therefore represent another link
between CSD and migraine.

A short-term longitudinal study in migraineurs without aura showed progres-
sively dysfunctional connectivity between the putamen and brainstem, thalamus,
and secondary somatosensory and orbitofrontal cortex [47].

6.6 Amygdala

The amygdala is involved in numerous aspects of pain processing [48].

6.6.1 Interictal Findings

The amygdala, especially the laterocapsular part, may play an important role in
migraine as it is connected to both the mediodorsal thalamus and the trigeminal
nucleus caudalis. Moreover, amygdalar activity can be disrupted by cortical spread-
ing depression in rats [49]. One VBM study demonstrated structural changes in the
amygdala and other structures involved in affective pain processing (e.g., ACC,
insula) in patients with chronic migraine when compared to episodic migraine
patients [50], indicating that repeated migraine attacks induce structural alterations
in affective parts of the pain matrix that may subsequently lead to dysfunctional
connectivity/affective pain processing. Indeed, resting-state functional connectivity
of the amygdala and other affective pain regions is altered in chronic migraine [26].
The finding of altered connectivity between the amygdala and PAG in migraineurs
has been mentioned above [24]. Interestingly, an increased connectivity between the
amygdala and several viscerosensitive cortical areas including the anterior insula,
parietal operculum, thalamus, and temporal pole was found in migraineurs, whereas
patients with trigeminal neuralgia or carpal tunnel syndrome did not differ from
healthy control, suggesting a relatively specific dysfunction of neurolimbic net-
works in migraine [51].

6.7 Visual Pathway

Patients with migraine very often complain of photophobia (either as light worsen-
ing their pain, so-called photic allodynia, or light itself being unusually unpleasant,
i.e., pure photophobia). The pathophysiology of such abnormal sensations and its
association to pain, CSD, and aura has yet to be fully elucidated. Whereas the
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relationship between CSD and aura is quite well established, a potential relationship
between (silent) cortical spreading depression and migraine headache remains
controversial.

6.7.1 Ictal Findings and Abnormalities During Aura

It is generally accepted that migraine aura most likely reflects cortical spreading
depression (CSD), a slowly propagating wave of depolarization followed by sup-
pression of neuronal activity [52]. Many imaging studies showed aura correlates
with CSD-like events. In one of the first human imaging studies, Olesen applied the
Xenon method [53] and observed hyperemia in frontal and parietal areas followed
by occipital spreading oligemia during episodes of aura. In a subsequent SPECT
study, frontal, temporal, and parietal but not occipital hypoperfusion was reported
by Lauritzen and Olesen [54]. The study which provided the most convincing evi-
dence for the occurrence of CSD-like events in humans as the correlate of migraine
aura was performed by Hadjikhani et al., who applied fMRI and studied retinotopic
changes of the BOLD signal during five episodes of migraine aura in three male
patients. The BOLD changes were indicative of an initial phase with cortical hyper-
emia, with duration and velocity characteristic for CSD that was not crossing prom-
inent sulci, followed by cortical hypoperfusion with attenuated responses to visual
stimulation and subsequent spontaneous recovery to baseline levels and recovery of
the stimulus-driven brain activation. The progression of the BOLD signal changes
paralleled the retinotopy of the perceived visual aura [55].

By means of H,O-PET, Denuelle et al. investigated brain responses of
migraineurs to luminous stimulation in three conditions: during spontaneous
migraine attacks, after headache resolution through sumatriptan application, and in
the interictal period. Greatest blood flow in the visual cortex was observed during
the headache phase, suggesting that pain plays a role in the cortical response. The
fact that blood flow increases persisted even after headache and photophobia sub-
sided after sumatriptan treatment supports the view that pain could be seen as one
possibly separable aspect of migraine pathogenesis [56].

6.7.2 Interictal Findings

Optical coherence tomography (OCT), a relatively novel high-resolution method to
visualize the retina, could be a new technique for studying migraine and evaluating
its progression. The retinal nerve fiber layer thickness (RNFL) in the temporal
quadrant of the eye was found to be reduced in migraineurs, and average RNFL
thickness was strongly correlated with migraine severity as evidenced by OCT [57].
Moreover, RNFL was thinner in chronic migraineurs than healthy controls [58]. The
most recent OCT studies found thinning of RNLF thickness and ganglion cell layer
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thickness in migraine patients with aura as compared to both migraineurs without
aura and healthy controls [59]. Longitudinal OCT studies are needed to elucidate
whether RNFL changes are associated with progressive axonal loss or whether
these changes are reversible.

Boulloche et al. provided another piece of evidence on abnormalities of cerebral
processing of luminous/visual stimuli when showing a facilitation of visual
responses to luminous stimuli in the visual cortex of migraineurs. Concomitant tri-
geminal pain stimulation increased the activation of the visual cortex (BA 7) and
precuneus in both groups, although the pattern of activation differed [60].
Interestingly, it has been shown that patients experiencing photophobia in the pre-
monitory phase have significantly greater activation of the extrastriate visual cortex
(BA 18) as compared to baseline scans and to patients without photophobia [61].

Datta et al. have reported interictal visual discomfort in both migraineurs with
and without aura. However, only migraineurs with aura demonstrated enhanced
geniculostriate (LGN and V1) BOLD responses to visual stimuli as opposed to
migraineurs without aura and control subjects [62]. In another small fMRI study,
enhanced interictal responsiveness to visual stimulation (incongruent lines) was
observed in five migraineurs, who experienced typical visual aura. This stimulation
was used to successively activate distinct visual cortex areas with distinct line pref-
erences that are believed to play a role in the genesis of typical zigzag-like patterns
as seen in visual aura [63].

In response to visual stimuli, migraineurs with and without aura had stronger acti-
vations of the medial superior temporal area, suggesting involvement of higher visual
processing areas in migraine [64]. Another study combined fMRI and transcranial
sonography to study hyperresponsiveness of visual areas activated by motion percep-
tion (V5 and V3) to optokinetic visual stimulation and further supported the concept
of an interictal motion-processing deficit in migraine [65]. However, interictal altera-
tions in the occipital cortex and LGN of migraineurs with aura were not reproduced
in another well-conducted recent fMRI study in a meticulously phenotyped popula-
tion of migraineurs with side-fixed visual aura [66]. The authors described hyperre-
sponsiveness of frontoparietal visually driven networks involved in oculomotor
control, movement guidance, motion perception, visual attention, and spatial mem-
ory in the symptomatic hemisphere in these patients. There was no difference between
the asymptomatic hemispheres of migraineurs and healthy controls.

By using voxel- and surface-based morphometry, the same group did not found
any association between gray matter structure and aura symptoms in migraineurs.
Comparison of cortical thickness between the hemisphere usually affected by
migraine headaches and the unaffected side showed a difference in cortical thick-
ness in the inferior frontal gyrus, suggesting a potential structural reorganization of
inhibitory pain pathways [67].

No difference between patients with and without aura was observed in another
similar study by Granziera et al., who reported increased cortical thickness in occip-
ital areas MT+/V3A in migraineurs with and without aura compared to healthy
controls [68]. Moreover, the same two groups of migraineurs had significantly lower
fractional anisotropy in other parts of the visual pathway (WM adjacent to V3A,
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colliculus superior, left LGN). The authors stressed the possible bidirectional role of
an altered visual motion processing network on cortical hyperexcitability.
Thickening of the temporo-occipital incisure, an area related to visual motion pro-
cessing, was observed by Messina et al. [69]; Using diffusion tensor imaging, Rocca
et al. showed reduced fractional anisotropy in the optic radiation in migraineurs
with aura compared to migraineurs without aura and controls [70].

In an animal model, it was showed that non-image-forming retinal pathway modulate
the activity of dura-sensitive thalamocortical neurons [71]. Bright light can activate noci-
ceptive neurons in the trigeminal nucleus caudalis through intraocular mechanisms by
luminance-responsive circuits and increases parasympathetic outflow in rodents [72].

Sarchielli et al. used MR spectroscopy to measure metabolic changes in the
occipital cortex during photic stimulation in interictal migraineurs and healthy sub-
jects. N-acetyl-aspartate (NAA), a marker of neuronal, in particular axonal, integ-
rity and mitochondrial function, was decreased more after photic stimulation in
migraineurs with aura, and its subsequent recovery was less pronounced in
migraineurs with aura as compared to migraineurs without aura and healthy con-
trols [73]. One other MR spectroscopy study revealed a significantly higher Glu/GIn
ratio in migraine patients than in healthy controls, suggesting that either altered
neuronal—glial coupling of glutamatergic metabolism or an increased neuron/astro-
cyte ratio in the OC [74] may be part of migraine pathophysiology.

Sandor et al. combined magnetic spectroscopy with a functional paradigm using
sustained visual stimulation in migraineurs with purely visual aura and migraineurs
who experienced sensory, motor, or dysphasic symptoms in addition to visual aura.
Two different metabolic patterns were observed: in the group with purely visual
aura, resting lactate was high and did not further increase with visual stimulation. In
the second group, lactate increased during stimulation, only in visual cortex. This
may reflect a mitochondrial dysfunction in migraineurs with purely visual aura and
dishabituation in migraineurs with complex aura as habituation of evoked potentials
is known to be correlated with lactate decreases in the visual cortex during sustained
visual stimuli [75, 76].

6.8 Additional Cortical Structures

6.8.1 Ictal Findings

In addition to the pain matrix structures that are consistently reported to be activated/
affected in a multitude of different pain conditions (predominantly ACC, insula, and
prefrontal cortex), there is increasing evidence that the temporal lobe and specifi-
cally the temporal pole (TP), which has not usually been associated with the pro-
cessing of pain, may play an important role in migraine pathophysiology. Activation
of the temporal lobe has previously been reported during migraine attacks [4, 5, 43].
The temporal pole is a multisensory (visual, olfactory, auditory) integration area
with extraordinary connectivity (described in a review on interoception [77]), some-
times referred to as part of the paralimbic network. It relates complex highly
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processed perceptual inputs to visceral emotional responses [78]. Therefore, tempo-
ral pole dysfunction may explain sensory and behavioral changes in migraine.

6.8.2 Interictal/Habituation Findings

TP activation with painful heat was exacerbated during migraine, suggesting that
repeated migraines may sensitize TP [39]. In an interictal PET study, a group of
migraine patients with self-reported olfactory hypersensitivity had stronger activa-
tions of the TP [79]. The TP also showed enhanced functional connectivity with
other pain-processing areas, e.g., the thalamus (especially pulvinar), ACC, anterior
insula, amygdala, and nucleus caudatus [39]. In another study, the right temporal
pole was one of the areas that showed atypical age-related cortical thinning in
migraine patients [80].

Greater activations in the ACC in response to moderately painful heat stimula-
tion and reduced activity of SII in response to more intense noxious heat stimuli
were observed in migraineurs when compared to healthy controls. When the two
noxious conditions were compared, migraine patients showed a greater response to
moderately painful heat compared to the highly painful condition, whereas the
reverse pattern was observed in healthy controls [81]. These findings are consistent
with a study of Aderjan et al., who applied repetitive trigeminal-nociceptive stimuli
to migraineurs and healthy controls. Behavioral attenuation of pain ratings did not
differ between both groups. However, gradual increases of ACC responses were
paralleled by decreases in SII responses in healthy volunteers, whereas in
migraineurs, responses in the ACC decreased over time. The authors suggested dys-
functional pain inhibitory circuits, which may be associated with a lack of habitua-
tion [82], which is one of the most consistent psychophysiological and
electrophysiological findings in migraineurs. In a study performed by the same
group and aiming to explore habituation of painful trigeminal and olfactory stimuli,
pain ratings in healthy controls decreased, whereas pain ratings remained unchanged
in patients. This pattern of habituation respectively lack of habituation was reflected
by increased BOLD responses in the insula, cingulate cortex, and thalamus in
migraineurs, but decreases in the control group. Interestingly, in contrary to the
headache-free period, ictal patients did not differ from control subjects [36]. This is
in line with electrophysiological findings where interictal abnormalities of habitua-
tion have been shown to normalize in the premonitory phase and during migraine
attacks, possibly reflecting an increase in the cortical pre-activation level due to
enhanced activity in raphe—cortical serotonergic pathways [83].

Multiple VBM studies have examined gray matter changes in migraine. In these
studies, gray matter reductions were consistently reported in the ACC, insula, and
prefrontal cortex [28, 50, 84—87].

However, gray matter alterations in these regions have been also observed in an
ever-increasing number of VBM studies on other types of chronic pain conditions
(i.e., chronic back pain or fibromyalgia). These alterations are probably unspecific
and rather a reversible fingerprint of pain.
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6.9 Medication-Overuse Headache

Glucose hypometabolism within the orbitofrontal cortex (OFC), ACC, insula, ven-
tral striatum, right inferior parietal lobule, and thalamus was observed in patients
with medication-overuse headache (all migraineurs) in a PET study [88]. Three
weeks after medication withdrawal, these metabolic changes normalized with the
exception of the OFC that remained hypometabolic. The hypometabolism was more
pronounced in patients using combination analgesics than those with single analge-
sics [88]. As OFC hypofunction is known to play an important role in substance
abuse, medication-overuse headache seems to share pathophysiological features.
Fronto-striatal dysfunction may reflect a predisposing psychobiological susceptibil-
ity to medication overuse [89] and may potentially serve as a future marker for risk
of medication overuse.

In line with these PET findings, Riederer et al. observed gray matter increases
in the bilateral thalamus and ventral striatum and gray matter decreases in frontal
regions including the orbitofrontal cortex, ACC, insula, and precuneus in patients
with both migraine and medication-overuse headache relative to healthy controls
in a cross-sectional MRI study [90]. In a subsequent longitudinal study performed
by the same group, only patients with clinical improvement after detoxification
showed a significant decrease of previously increased gray matter in the midbrain
including periaqueductal gray matter and nucleus cuneiformis. Strikingly,
decreases of OFC gray matter volume predicted the clinical response to the detoxi-
fication [30].

Furthermore, dysfunctional mesocorticolimbic dopamine circuits have been
shown in MOH patients. In particular, changes were seen in the ventromedial pre-
frontal cortex and in the substantia nigra/ventral tegmental area. The authors again
stressed the apparent overlap between dopaminergic mechanisms in medication
overuse and other types of substance abuse/overuse [91].

6.10 Conclusions

Taken together, neuroimaging techniques have helped define processes that take
place in the brains of migraineurs. As such they have helped support prior clinical
or preclinical findings and have opened a new understanding of the human
condition.
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Chapter 7
Imaging of Other Primary Headaches

Sarah Miller and Manjit S. Matharu

The use of structural and functional imaging of the human brain has led to signifi-
cant advances in our understanding of pain processing and headache. The applica-
tion of such techniques to primary headache conditions, especially migraine and the
trigeminal autonomic cephalalgias, has provided major advances in the understand-
ing of their underlying pathophysiology. This chapter will focus on trigeminal auto-
nomic cephalalgias but will also briefly explore the findings of neuroimaging studies
in tension-type and hypnic headache.

7.1 Tension-Type Headache

Tension-type headache (TTH) is a common condition with lifetime prevalence
ranging from 30 to 80 %. The condition is characterized by episodes of bilateral,
pressing or tight pain which is mild to moderate in intensity and which has no asso-
ciated features [1]. It was previously thought to be psychogenic, but the current
evidence base no longer supports this view [1].

7.2 Hypnic Headache

Hypnic headaches (HH) are frequent recurring headache attacks occurring only dur-
ing sleep, generally without any cranial autonomic symptoms [1].
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7.3 Trigeminal Autonomic Cephalalgias

Trigeminal autonomic cephalalgias (TACs) are a group of primary headache disor-
ders, which share distinctly similar phenotypes. The 3rd edition (beta version) of the
International Classification of Headache Disorders (ICHD-IIIb) currently lists the
TAC:s as cluster headache (CH), paroxysmal hemicrania (PH), short-lasting unilat-
eral neuralgiform headache attacks (comprising both short-lasting unilateral neural-
giform headaches with conjunctival injection and tearing [SUNCT] and short-lasting
unilateral neuralgiform headaches with cranial autonomic features [SUNA]) and
hemicrania continua (HC) [1]. The TACs are characterized by intense, unilateral
trigeminal distribution pain with concomitant cranial autonomic features. The com-
mon clinical presentation of these disorders has raised the possibility of a shared
pathophysiological mechanism.

7.4 Diagnostic Imaging of Primary Headaches

Diagnosis of all primary headaches is based on careful clinical phenotyping. The
European Federation of Neurological Sciences guidelines state that neuroimaging
should only be considered for those with atypical headache patterns or focal neuro-
logical signs [2]. Likewise, the National Institute for Health and Care Excellence
(NICE) guidelines in the United Kingdom state that imaging should be reserved for
those with atypical clinical features or other conditions making them high risk for
secondary headaches (such as malignancy and immunodeficiency). The NICE
guidelines specifically state that imaging should not be conducted purely for reas-
surance [3].

Recent reviews of the literature on symptomatic TACs have shown a number of
secondary causes [4, 5]. The most striking finding to emerge from these reviews is
the number of symptomatic TACs associated with pituitary lesions [4, 5]. A large
observational study performed in a tertiary referral centre reported that 4 % of
patients with pituitary tumours had CH; however, the objective of this study was to
describe the phenotypes of the headaches that occur in patients with pituitary
tumours and not the prevalence of the different headache types as the patient group
was highly selected and therefore not representative of the general pituitary tumour
cohort [6]. A causal link between pituitary tumours and trigeminal autonomic ceph-
alalgias cannot be assumed on the basis of these observational findings, and there is
no place for routine pituitary imaging in clinical practice until further data from
population-based studies is available. Furthermore, there is considerable risk of
incidental findings with 1 in 10 of the general population having a microadenoma
and 1 in 500 a macroadenoma on routine MRI [5].

Recent evidence has suggested that a significant proportion of patient with
SUNCT and SUNA have trigemino-vascular conflict and these patients respond
well to trigeminal microvascular decompression [7]. It is therefore recommended
that all patients with short-lasting neuralgiform headache attacks undergo dedicated
trigeminal nerve imaging.
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We suggest a routine MRI brain scan in CH, PH and HC and MRI brain scan
with dedicated trigeminal nerve imaging in SUNCT and SUNA.

7.5 Functional Neuroimaging of Experimental Head
and Facial Pain

Functional neuroimaging studies have helped to establish the brain structures involved
in nociception. Two major studies on experimental facial and head pain, alongside a
broad literature on experimentally induced pain, have shown a widespread brain net-
work activated during nociceptive processing [8—11]. Positron emission tomography
(PET) studies in experimental head and facial pain have demonstrated significant
activations were recorded in the insulae, thalamus, anterior cingulate cortex (ACC),
prefrontal cortex, periaqueductal grey and the cerebellum during the acute pain state
when compared to the pain-free state [9, 10]. Findings are summarized in Table 7.1.

7.6 Structural Neuroimaging in Tension-Type Headache

A voxel-based morphometry (VBM) study investigated 20 patients with chronic
TTH compared to subjects with medication-overuse headache (and migraine) and
headache-free controls [12]. A significant decrease in grey matter density within the
pain-processing networks was observed only in those with TTH thereby providing
evidence that TTH is a different disorder from migraine. Areas involved in TTH
included the dorsal rostral and ventral pons, ACC, bilateral insulae, orbitofrontal
cortex, bilateral parahippocampal regions and cerebellum (Table 7.1).

7.7 Structural Neuroimaging in Hypnic Headache

VBM of 14 HH patients revealed decreased grey matter in areas known to be involved
in cortical pain processing [13]. A reduction in grey matter was also seen in the left
posterior hypothalamus, lateralized to the left independent of headache side (Table 7.1).

7.8 Structural and Functional Neuroimaging in Trigeminal
Autonomic Cephalalgias

7.8.1 Cluster Headache

Typical features of cluster headache (CH) include a trigeminal distribution of pain,
circadian and circannual rhythmicity and ipsilateral cranial autonomic features [1].
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Neuroimaging has made a substantial contribution to the understanding of this
condition (Table 7.1).

Recent experimental work into the pathophysiology of CH has led to the under-
standing that the severe unilateral pain is likely mediated by activation of the first
division of the trigeminal nerve, whilst autonomic symptoms are due to the activa-
tion of the cranial parasympathetic outflow via the seventh cranial nerve [14]. The
circannual and circadian periodicity of CH led to the concept of a central origin of
the headache condition and implicated the hypothalamus, in particular, as this is the
structure where the body clock is located in the brain [15, 16]. Functional neuroim-
aging involving blood flow studies, magnetic resonance spectroscopy (MRS) and
more recently connectivity studies have all been studied in CH and have led to
advances in pathophysiology constructs and clinical treatments.

The current findings of studies into TACs can be summarized by three major
abnormalities:

1. Involvement of the pain matrix
2. Posterior hypothalamic dysfunction
3. Involvement of the central opioid system

7.8.1.1 Pain Neuromatrix

Early studies on cerebral blood flow in CH were few in number and used single-
photon emission computed tomography (SPECT) techniques. This semiquantitative
technique taken together with the methodological differences led to heterogeneous
results, with some studies reporting increases, some decreases and some no detect-
able difference in cortical blood flow in CH [17-21]. A more recent study investi-
gating the cerebral blood flow changes using Xenon-133 SPECT in CH patients
outside of a bout and healthy controls [22] demonstrated differences in cerebral
blood flow in the contralateral primary sensorimotor and thalamic regions of CH
sufferers compared to controls. The presence of alterations in pain processing out-
side of an active cluster bout suggested a possible involvement of central tonic pain
mechanisms in the pathogenesis of cluster headache.

The first PET study on CH was performed examining seven patients (four in and
three out of a cluster bout) during nitroglycerine evoked pain [23]. The authors
reported a significant increase in regional cerebral blood flow (rfCBF) in the right
caudal and rostrocaudal ACC, temporopolar region, supplementary motor area, bilat-
eral primary motor and premotor areas, bilateral opercula region, bilateral insula and
bilateral inferior frontal cortex. A reduction in rCBF bilaterally in the posterior pari-
etal cortex, occipitotemporal region and prefrontal cortex was observed in the pain
state. The authors concluded that this work supported their earlier findings suggesting
a preference of the nondominant hemisphere, especially the ACC, in affective pro-
cessing of chronic ongoing pain [24]. Sprenger and colleagues conducted fluoro-D-
glucose PET (FDG-PET) in 11 episodic CH subjects both during and out of a cluster
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bout [25]. In a bout compared to out of a bout scans showed increased metabolism in
the ACC, posterior cingulate gyrus, insula, thalamus and temporal cortex. Decreased
metabolism was observed in the cerebellopontine area. The authors surmised that the
structures activated are involved in descending pain control and hypothesized a defi-
cient top-down modulation of the antinociceptive circuits in CH patients.

Using VBM analysis, Yang and co-workers studied CH patients in and out of a
bout [26]. They reported that in bout, CH patients had significantly reduced grey
matter volume in the middle frontal and in the superior and medial frontal gyri when
compared to controls. A significant increase in grey matter volume outside a bout
compared to in a bout was reported in the anterior cingulate, insula and fusiform
gyrus. The affected regions were all frontal pain modulation areas and may reflect
an insufficient pain modulation capacity in CH patients.

7.8.1.2 Hypothalamic Dysfunction

May and colleagues conducted PET imaging in nine chronic CH subjects using
H,"0 PET during nitroglycerine-induced attacks and were the first to demonstrate
ipsilateral hypothalamic grey matter activation during cluster attacks [27]. Increased
rCBF was also observed in the areas known to be involved with pain processing
such as the contralateral ventroposterior thalamus, the ACC, bilateral insulae, basal
ganglia and anterior frontal cortex and extracerebral areas consistent with large
intracranial blood vessels. The significant activation of the ipsilateral hypothalamus
was not seen when patients were out of a bout [28]. Findings were reproduced dur-
ing H,'0 PET studies of patients during a spontaneous attack [28, 29]. Given that
hypothalamic activation had not been observed in migraine or in experimental facial
pain, it was concluded that the hypothalamus is involved in the underlying patho-
genesis of CH rather than activation being due to a secondary response to first divi-
sion trigeminal pain [30]. In contrast to migraine, none of these studies reported
brainstem activation during an acute attack compared to resting state [28, 30].

Morelli and colleagues were the first to use functional magnetic resonance imag-
ing (fMRI) employing the blood-oxygenation-level-dependent effect (BOLD-
fMRI) techniques to study cerebral activation in CH patients during a bout, both in
and out of attacks [31]. In the pain state compared to pain-free states, significant
activation was reported in the ipsilateral hypothalamus. Trends towards activation
were also reported in areas involved in pain processing.

Further evidence for hypothalamic involvement in CH has also emerged from other
neuroimaging techniques. A study of magnetic resonance spectroscopy (*MRS) on 26
patients (18 ECH, 10 in a bout and eight out of a bout; eight CCH) showed that N-acetyl
aspartate levels (a marker of neuronal density) were reduced in the hypothalamus of
CH patients compared to healthy controls [32]. The reduction of this neuronal marker
was surmised to be consistent with persistent hypothalamic dysfunction in CH patients.

VBM analysis of CH patients compared to healthy subjects has provided some
data to suggest that posterior hypothalamic grey matter is increased in volume, both



7 Imaging of Other Primary Headaches 147

in patients examined during and outside a bout [33]. This study was highly flawed
with poor age and sex matching of subjects and controls as well as errors in the soft-
ware used to analyse the data. More recent VBM studies have failed to show any grey
matter changes in the hypothalamus but did show grey matter volume changes within
the pain matrix previously described in a number of other chronic pain syndromes
[26, 34].

7.8.1.3 Opioidergic System

Opioid receptor binding in CH patients has been studied during a cluster bout but
out of an attack [35]. Decreased opioid receptor binding was observed in the pineal
gland. The pineal gland is known to have functional connections to the trigeminal
system — mainly ophthalmic division projections from the trigeminal ganglion [36].
The authors suggest that the findings are due to receptor downregulation or an
increased release of endogenous opioids. Opioids are known to act on melatonin
release, and these alterations of opioidergic function may relate to the therapeutic
effect of melatonin in CH. The same study also reported decreased opioid activity
in the ipsilateral hypothalamus and ACC, which were inversely related to the
duration of disease.

7.8.1.4 Connectivity Studies in CH

A number of recent studies have reported on white matter microstructure abnor-
malities or functional connectivity changes in CH subjects. Diffusion tensor imag-
ing (DTI) techniques have been applied by Teepker and colleagues, Szab6 and
colleagues and Chou and colleagues [37-39]. All groups reported significant differ-
ences in white matter microstructure in areas of the pain matrix (frontal, parietal and
temporal lobes). In addition all described involvement of areas of the traditional
pain matrix, Chou et al. in the limbic system, Szabo and colleagues in the occipital
lobes and Teepker and colleagues in the occipital lobe and cerebellum [37-39].
Chou and colleagues also used probabilistic tractography to identify highly consis-
tent and direct anatomical connections between the altered areas of diffusivity on
DTI and the hypothalamus and thalamus [37].

Resting state functional MRI (RsfMRI) has also shown significant differences in
the functional connectivity of white matter networks in CH patients compared to
controls. Both Rocca and colleagues and Yang and colleagues reported increased
functional connectivity within networks related to the ipsilateral hypothalamus and
to areas of the pain matrix [40, 41]. Another RsfMRI study compared CH patients
in and out of attacks compared to controls [42]. In an attack, there was significant
increase of functional connection to the ipsilateral hypothalamus when compared to
out of an attack. Further alterations in connectivity were seen in areas involved with
pain processing and the emotional modulation of pain.
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7.8.2 Paroxysmal Hemicrania

Paroxysmal hemicrania (PH) is a rare syndrome characterized by severe unilateral
paroxysms of pain localized to the ophthalmic division of the trigeminal distribution
accompanied by autonomic features. A diagnostic feature of the headache is an
absolute response to indometacin [1].

Matharu and colleagues are the only group to have performed PET imaging in
PH. H,*0 PET scanning during acute attacks and pain-free states revealed that dur-
ing the headache phase compared to pain-free state, significant activation occurred
in the contralateral posterior hypothalamus [43]. Other areas of the general pain
matrix also showed activation in the headache state (Table 7.1). Indometacin admin-
istration was found to reverse this activation.

The only other functional imaging work in PH is of an HMPAO SPECT scan
conducted on a single patient in 1990 by Schlake and colleagues [44]. Bilateral
hypoperfusion in the frontoparietal region was noted between attacks with normal-
ization of the perfusion pattern during a headache.

7.8.3 Short-Lasting Unilateral Neuralgiform Headache
Attacks (SUNCT and SUNA)

SUNCT is a rare disorder with distinctive clinical similarities to CH and PH thus
suggesting a shared pathophysiology [1]. SUNCT and SUNA are characterized by
very brief, unilateral, severe, neuralgic attacks involving the ophthalmic distribution
of the trigeminal nerve associated with conjunctival injection and lacrimation [45].
As with CH, May and colleagues observed activation of the ipsilateral inferior pos-
terior hypothalamus on fMRI scanning during spontaneous SUNCT attacks when
compared to the pain-free state [46]. However, although other groups have also identi-
fied activation of the hypothalamus in SUNCT and SUNA attacks using fMRI tech-
niques, both bilateral and also contralateral activations are described [47, 48]. Auer and
colleagues used fMRI imaging to study three attacks in a single patient and reported
strong activation in the brainstem region, which were suggested to represent activation
of the trigeminal autonomic reflex [49]. These studies are summarized in Table 7.1.

7.8.4 Hemicrania Continua

Hemicrania continua is a primary headache condition that has clinical similarities to
both migraine and TACs. HC is characterized by a strictly unilateral headache of
moderate intensity with superimposed exacerbations of severe intensity accompa-
nied by autonomic features and migrainous symptoms [50]. Similar to PH, it has an
absolute response to indometacin [1].
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Only one functional imaging study has been conducted in HC, and that is from
Matharu and colleagues [51]. PET scans of seven patients in the pain state showed
significant activations of the contralateral posterior hypothalamus and ipsilateral
dorsal rostral pons (Table 7.1).

7.9 Conclusion

Neuroimaging has made substantial contributions to the understanding of these rare
but important primary headache syndromes.

For chronic TTH and HH, the single publications on each subject report a
decrease in grey matter in areas involved in pain processing. It is postulated that
these findings may be a sign of neural plasticity in response to prolonged nocicep-
tive input and generation of central sensitization. However, little conclusion can be
drawn on the basis of a single publication, so more studies are needed into these
disorders.

The hypothesis of a common pathophysiological background for all TACs has
been strengthened by the use of functional neuroimaging. Hypothalamic involve-
ment has been shown in CH, SUNCT, PH and HC (Table 7.1). The pathophysiologi-
cal importance of the hypothalamus would appear to be robust on the basis of the
neuroimaging studies reviewed here. However, it is important to consider any con-
tradictory evidence before concluding a causal link between hypothalamic dysfunc-
tion and TACs. Many positive studies have focused on the hypothalamus, and other
data has been considered insignificant. Hypothalamic activation and structural
changes have now been reported in other primary headache conditions such as
migraine and HH [10, 13, 52]. In fact, hypothalamic changes have been observed in
a wide range of pain conditions such as angina and irritable bowel syndrome but
also non-pain-related conditions such as narcolepsy and autism [52-55]. Although
the majority of neuroimaging studies on non-CH pain do not report hypothalamic
dysfunction, most of these would not be using the hypothalamic area as a target
region thus making them less likely to detect any subtle changes below the set
threshold for significance.

The limited spatial resolution of VBM, PET and fMRI techniques has led some
groups to suggest that the observed areas of activation are not in the hypothalamus
but actually within the midbrain tegmentum [56]. This observation again challenges
the conclusions made from neuroimaging studies that the hypothalamus is the key
region of importance in TACs.

Consistent findings of involvement of various areas belonging to the pain matrix
(e.g. prefrontal cortex, ACC, thalamus, insula and cerebellum) are seen across imag-
ing techniques (Table 7.1). These areas are not specific to TACs but are seen across
a very broad range of acute and chronic pain conditions including migraine [8] and
TTH [12] and are believed to be involved in descending pain modulation. Therefore,
in TACs, activation of these areas is likely due to a response to acute pain and not
indicating areas of attack generation. This view is supported by the observations that
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abnormal activation patterns return to normal in CCH when treated with
neuromodulation or when indometacin is used in PH or HC [43, 51, 57].

Opioidergic system involvement in TACs is suggested by the observations of
decreased activity in the ACC in ECH compared to controls [25]. This area is
thought to play a major role in the central descending opioidergic pain control
mechanisms, and dysfunction in this area may therefore predispose to CH and or its
recurrence. Further evidence of the importance of this system is the decreased
receptor binding seen in the rostral ACC and hypothalamus related to CH disease
duration [35]. The observation that those who respond to ONS for CCH have
increased metabolism in their ACC compared to nonresponders also supports the
concept and suggests that restoration of a normal opioidergic system is important in
treatment mechanisms [57].

To conclude, the rapid advancements in functional and structural imaging tech-
niques will continue to advance our understanding of the complex nature of brain
dysfunction in primary headaches. On balanced reflection, neuroimaging studies of
primary headaches, especially the TACs, appear to suggest a complex neural pain
network dysfunction. Although the hypothalamus is of definite importance in the
pathophysiology of TACs, neuroimaging studies cannot be used to indicate that it
acts on a region of pain generation. Challenges for the future include defining the
importance of the hypothalamus and its associated pain pathways in TACs and the
possible mechanisms of treatment effects.
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CM Chronic migraine

CNV  Contingent negative variation

CR Corneal reflex

CSP Cortical silent period
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ERP Event-related potential

ES Exteroceptive suppression
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MEP  Motor evoked potentials

MO Migraine without aura

MOH Medication overuse headache
nBR Nociceptive blink reflex
NSM  Non-sleep-related migraine

PAS Paired associative stimulation
PD Photic driving
PR Pattern reversal

PSG Polysomnography

PT Phosphene threshold

gEEG  Quantitative electroencephalography

rTMS  Repetitive transcranial magnetic stimulation
SM Sleep-related migraine

SSEP  Somatosensory evoked potential

sTMS  Single-pulse transcranial magnetic stimulation
TCR  Trigemino-cervical reflex

tDCS  Transcranial direct-current stimulation
TMS  Transcranial magnetic stimulation

TSR Trigemino-spinal reflex

VEP Visual evoked potential

8.1 Introduction

Migraine is one of the most common and disabling neurological disorders. It is
characterised by recurrent attacks of headache that are widely variable in duration
(i.e. between 4 and 72 h), intensity and frequency and are accompanied by nausea/
vomiting and/or photo-/phonophobia. In some cases, migraine attacks are preceded
by, or associated with, focal neurological symptoms, i.e. aura. A proportion of epi-
sodic migraine patients experiences a progressive increase in attack frequency lead-
ing to chronic migraine (CM), defined as 15 or more headache days with eight or
more migraine attacks per month. Owing to the lack of interictal sequelae after
transient ictal dysfunction, migraine is commonly considered as a prototype of
functional disorders of the brain.

The clinical manifestations of the more common migraine types, with and with-
out aura, probably depend upon a complex relationship between genetic, environ-
mental and endogenous cognitive and emotive factors, the so-called migraine
susceptibility. These factors should also be studied during the interictal period to
search for the underlying dysfunctions that are able to cyclically ignite migraine
attacks, probably involving both neuronal and vascular components within the head.
These components include the cerebral cortex, the brainstem (e.g. periaqueductal
grey matter and the monoaminergic nuclei), the thalamus and the peripheral and
central components of the trigemino-cervico-vascular complex. The relative impor-
tance and the exact sequence of activation of these structures during a migraine
attack remain elusive and are still under extensive investigation.



8 Neurophysiology of Migraine 157

Many atraumatic methods are currently available for assessing neural functions
in humans, contributing to the recent advances that have been made in understand-
ing the pathophysiological facets of migraine. These methods of clinical neurophys-
iology have allowed the in vivo measurement of the migraineurs’ responses to the
application of various cephalic or extracephalic stimuli. Several interesting changes
have been reported using multimodal evoked potentials, with both noxious and
innocuous stimuli, brainstem and spinal withdrawal reflexes and transcranial neu-
romodulatory techniques such as magnetic or direct-current stimulations. Results
have suggested that neurophysiological states undergo fluctuations related either to
the development of a migraine disorder, to the cyclical recurrence of attacks or to
the eventual migraine chronification. Changes induced by the use or the overuse of
certain pharmacological treatments have also been reported.

This evidence indicates, on the one hand, a relationship between electrophysio-
logical changes and migraine, in spite of some remaining controversies. On the
other hand, it suggests that the methodologies of clinical neurophysiology seem to
be suitable for acquiring further knowledge on the generation of the migraine attack,
its recurrence as well as the transition from an episodic to a chronic state. The intent
of this chapter is to provide a comprehensive overview of the results provided by
different neurophysiological techniques that have been used to study migraine
pathophysiology.

8.2 Electroencephalography

Electroencephalography (EEG) was the first electrophysiological method used to
study brain function of migraine patients. Although EEG was not recognised as use-
ful for the diagnosis of non-acute primary headache disorders, it may provide useful
information in a research setting. Researchers have observed changes regarding
three major EEG features: increased photic driving (PD) amplitude to trains above
18 Hz, often called ‘H-response’ (HR); alpha activity abnormalities; and the pres-
ence of slowing. In addition, EEG studies have been used to investigate the still
ongoing discussion about a proposed relationship between EEG and epilepsy.

Several blinded studies have shown slight excess of various EEG features in
migraine (for a review of the early EEG literature, see [1]). Definitely abnormal
EEG has seldom been reported: focal slowing in 0—15 % and spiking in 0.2-9 % of
patients, generally rather similar to prevalences in healthy controls [2]. Consistent
EEG changes during a visual aura have not been reported, although patients with
brainstem aura (previously termed basilar-type migraine) may have severe clini-
cally relevant EEG slowing that may last for several days [3-6].

During the last 50 years of publication, the increased photic driving response has
rather consistently been reported in migraineurs [7]. The specificity of HR is low
however, because it may also occur in healthy subjects. In a recent study by Fogang
et al. [8], moderate specificity (69 %), but good sensitivity (82 %) was observed
using visual EEG inspection for PD at 20 Hz in a large cohort of migraine patients,



158 G. Coppola et al.

but spectral analysis showed that visual sensitivity was considerably overestimated.
A higher incidence of PD responses has been observed in patients with migraine-
associated vertigo [9], as well as a positive correlation between PD and some of the
clinical features of migraine, such as autonomic symptoms [10]. However, a major
limitation of these studies was the inclusion of patients without taking into account
the period in their migraine cycle. Bjgrk et al. addressed this issue and compared
recordings between attacks with those performed before, during and after an attack,
as well as with the EEGs of healthy subjects in a fully blinded study [11]. PD was in
fact depressed both during and between attacks in migraineurs without aura (MO),
while it was increased immediately before an attack. This pattern was also related
to the increased severity of symptoms [12].

Multichannel EEG during repetitive flash stimulation in MO patients who were
between attacks identified phase hypersynchronisation of the alpha rhythm in all regions
of the scalp, especially in migraine without aura [13]. Migraine with aura (MA) patients
seem to behave differently since a distinct decrease was observed in the power of the
beta frequency band compared with both migraineurs without aura and controls [13].

Quantitative electroencephalographic techniques have shown two parameters to be
particularly significant in migraine: alpha activity and slowing (excess theta or delta
activity). Alpha rhythm asymmetries and alpha total power abnormalities have been
reported [14]. Alpha total power contralateral to the visually affected hemifield was
decreased, within 3 days of an attack [15]. Alpha power was also reduced in MO on
the headache side and in patients with menstrual migraine up to 24 h before the attack
[15]. In some studies an increase in alpha power was observed [14, 16], while
decreased alpha power was seen bilaterally in medial parts of the frontal cortex with
the LORETA localisation method [17]. However, many past studies did not control
for proximity to the next [14] or even the last attack [16]. In a recent blinded study,
controlling for migraine phase, occipital alpha was normal interictally, while alpha
rhythm variability increased in the pre-ictal phase and alpha power increased during
the attack [18], suggesting that observed changes in the alpha rhythm may be caused
by the temporal proximity to the next migraine attack. The changes in alpha rhythm
seem to be related to increased migraine load and clinical photophobia [18].

Migraine patient groups may also have increased slow activity mostly over the tem-
poro-occipital areas [ 14, 19]. An increase in theta power has been observed in all cortical
regions and an increase in delta activity in the (painful) frontocentral region of adult
migraineurs [18]. In another blinded paired qEEG study, these abnormalities in the fre-
quency domain seemed to vary according to the time of examination: right before an
attack (pre-ictal), during the attack (ictal) or between attacks (interictal) [20]. Interestingly,
it was suggested that migraineurs are most susceptible to an attack when the anterior
qEEG delta power and posterior alpha and theta asymmetry values are high [20].

8.3 Polysomnography and Sleep Dysfunction in Migraine

Migraine and sleep are connected, as sleep-related problems may act as a migraine
trigger, drowsiness often precede an attack, and sleeping often relieves the attack.
However, few objective polysomnographic (PSG) studies have been performed.
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During the night before an attack, Goder et al. [21] found decreased cortical
activation reflected by decreased number of EEG arousals and decreased REM den-
sity. Della Marca et al. [22] did also find reduced arousal index in REM and decreased
cyclic alternating pattern (CAP) rate in NREM, suggesting reduced arousability
interictally in patients with sleep-related migraine. In recent fully blinded and con-
trolled studies, Engstrgm et al. [23, 24] found that patients with sleep-related
migraine (attack onset during night or upon waking) had increased number of awak-
enings while those with non-sleep-related migraine had increased slow-wave sleep,
compatible with a foregoing relative sleep deprivation. The authors hypothesised
that a relative lack of sleep in non-sleep-related migraine also might explain reduced
pain thresholds in this group. Thus, hypoarousal seems to characterise migraine
patient groups before attacks, while the presence of nightly hyperarousal might
determine if the migraineurs tend to experience attacks with nightly onset.

Using the method of nonlinear multi-electrode sleep EEG analysis, the maxi-
mum change in dimensional complexity was observed in the pre-ictal period over
the scalp area where the migraine headache would subsequently be perceived [25].

8.4 Evoked Potentials

8.4.1 Visual Evoked Potentials

The amplitude of flash or pattern reversal visual evoked potentials (VEPs) was nor-
mal in the majority of studies, but in some it was increased and in others decreased
compared with controls. Interhemispheric VEP amplitude asymmetry has been
reported several times [26].

Amplitudes of VEPs normally decline during repeated stimulation, often referred
to as habituation. Several pattern reversal VEP studies have shown an interictal
habituation deficit between the first and the following blocks of responses [27-30]
(see [31] for a review).

Other VEP studies have not managed to reproduce lack of habituation in migraine
[32-34]. The discrepant findings may be caused by methodological differences
between studies. A lack of habituation measured by VEP has not been reproduced
in fully blinded studies [35]. Further studies are therefore needed in order to accept
it as a reliable biomarker for migraine.

However, a lack of habituation was also recently found for visual evoked
magneto-encephalographic responses [36] and motion-onset (M-VEP) visual
evoked potentials [37]. Altered visual processing in migraine may be related to
short-range lateral inhibition in the visual cortex [38], and it is possibly under
abnormal thalamic and thalamocortical control [39]. In fact, experimental para-
digms able to positively modulate thalamocortical activity, such as 3-min hyperven-
tilation [40] and 1-h light deprivation [41], have re-established interictal VEP
habituation. Finally, the degree of habituation may depend on where patients are in
the migraine cycle, since some cross-sectional studies indicated that VEP habitua-
tion is minimal between attacks and more prominent during an attack [38, 42, 43].
However, this was not confirmed in a longitudinal blinded study [44].
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8.4.2 Auditory Evoked Potentials

In the majority of studies, researchers were not able to find interictal abnormalities
in the baseline parameters of short-latency brainstem auditory evoked potentials
(BAEP). Sand et al. [45] provide a review of older BAEP studies in their Table 5.
Similar to the results of VEP studies, a significant increase in side asymmetries has
been reported for BAEP [46]. A lack of habituation of waves IV-V dispersion was
found in migraineurs to 40 dB clicks (but not to 55 and 70 dB clicks) in a longitudi-
nal blinded study, in which a direct relationship between BAEP amplitudes and
blood SHT levels was also reported in controls, but not in migraineurs [45]. A lack
of habituation has also been reported for cortical auditory evoked responses for
70 dB, but not 40 dB stimuli [47].

Stronger stimulus intensity dependence of auditory evoked cortical poten-
tials (IDAP) was found between attacks in migraine sufferers compared with
control subjects in one study [47]. This may be another feature of lack of
habituation, as another study reported a negative correlation between ampli-
tude habituation and IDAP [48]. In common with VEP, IDAP has been reported
to normalise during an attack [42]. One study, however, did not confirm this
phenomenon [33].

Evidence that the thalamus in migraine abnormally controls the cortex
between attacks is further supported by analysis of sensory gating, defined as a
filtering of external stimuli by central sensory pathways, in which the thalamus
seems to play a major role. In an auditory P50 event-related potential (ERP)
paradigm, sensory gating was markedly reduced in migraine patients compared
with controls [49, 50], probably in a way that is related to reduced short-term
habituation.

8.4.3 Somatosensory Evoked Potentials

The amplitude and latency of standard somatosensory evoked potentials (SSEPs)
after median nerve stimulation were normal between attacks in the majority of stud-
ies, although increases in amplitude were reported in the only study that used mag-
netoencephalography [26]. During a hemiparaesthetic migraine aura, the parietal
N20 SSEP component was significantly delayed and reduced in amplitude, and both
anomalies progressively returned to values within the normal range during the fol-
lowing headache phase [51].

In concordance with VEP and BAEP studies, a significant increase has been
observed in interhemispheric asymmetries for the amplitude of the N30 SSEP com-
ponent [52]. Deficient habituation has also been confirmed interictally for the SSEP
components. In fact, both the cervical N13 [53] and the sensorimotor N20 [53-55]
component have shown an increasing, instead of a decreasing, response during
continuous electric stimulus repetition.
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The application of a specific bandpass digital filter to broadband SSEP recordings
permits the extraction of a series of high-frequency oscillations (HFOs). Multichannel
source localisation analyses and pharmacological manipulation studies have shown
that the separate analysis of the early (before N20 peak) and late (after N20 peak)
HFO components enables the measurement of thalamocortical fibre activity and
primary cortical activation, respectively. Between attacks, the early component of
the HFOs, but not the late component, was significantly smaller in migraineurs [55—
58], and this reduction was associated with a worsening in the clinical evolution of
migraine [59].

8.4.4 Event-Related Potentials and P300

Contingent negative variation (CNV) is a long-latency EEG surface negative poten-
tial with cognitive and motor components and is considered to be an index of corti-
cal arousal during orientation and attention. Two groups have consistently found
increased CNV amplitude interictally in migraine, which is more pronounced for
the early component (iCNV). The iCNV component seems to be enhanced during
stress and the premenstrual phase of the ovarian cycle, but not during pregnancy [26,
60]. These iCNV changes correlated inversely with disorder duration [61], while the
late component of CNV correlated inversely with depressive symptoms [62].

In concordance with some studies of VEPs, AEPs and SSEPs, CNV have showed
a lack of habituation between attacks [63, 64]. This abnormal information process-
ing has been observed only for the early and not for the late CNV component [64—
67]. This phenomenon seems to have familial characteristics [68], increase just
before an attack. Habituation seems to normalise during an attack [65, 68], after
drug treatment [69, 70] and after non-pharmacological interventions [71].

A loss of habituation in migraine has also been described for cognitive functions,
as measured by the event-related P300 potential. This was seen interictally using a
visual or auditory oddball paradigm and was found to correlate inversely with plate-
let SHT content [26]. However, the habituation deficit could not be confirmed in a
recent study on menstrual migraine patients [72]. In addition, several authors,
including the latter, did not control for proximity to the next attack.

8.4.5 Pain-Related Evoked Potentials

A reliable and objective way to study nociceptive evoked brain responses in the
trigeminal or extracranial systems is by using brief laser pulses, which are able to
excite Ad and C nociceptors in the superficial skin layers.

Between migraine attacks, the N2-P2 laser evoked potential (LEP) is normal
after cephalic and extracephalic stimulation. Remote heterotopic capsaicin applica-
tion [73] as well as a distraction task [74] reduced LEP amplitude in healthy subjects,
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but not in migraineurs, probably because of defective brainstem inhibitory control.
In migraine, the N2-P2 amplitude increased during the premenstrual phase [75],
whereas it is decreased after interfering stimulation by images with different affec-
tive content [76], after excitability-enhancing 5 Hz-repetitive transcranial magnetic
stimulation (rTMS) [77] and after visual and verbal suggestion, especially in
patients with more severe migraine [78]. Moreover, LEP amplitudes increased [79],
and their distribution was shifted rostrally during an attack in one study [80].

LEP studies have confirmed that the reduced habituation seen during repetitive
stimulation between migraine attacks also can be found for the noxious stimulus
modality during short [81] as well as long periods of painful stimulation [82].
Moreover, a lack of habituation of LEP amplitude has been found in patients for
both cephalic (supraorbital zone) and extracephalic (hand dorsum) stimulation [82].
Interestingly, a persistent lack of LEP N2-P2 habituation was observed during an
attack [82], which contrasts with the response normalisation found by some authors
with non-noxious EPs and in the premenstrual phase [75].

8.5 Neuromodulation Methods

8.5.1 Transcranial Magnetic Stimulation

Transcranial magnetic stimulation (TMS) is a non-invasive method used to study
the excitability of the underlying cortical area. Both single-pulse TMS (sTMS) and
repetitive rTMS have been performed in migraine studies, the latter capable of dura-
bly modifying the excitability of the stimulated cortical area.

8.5.1.1 Single-Pulse TMS

With sTMS, both phosphene thresholds (PT) and motor thresholds have been assessed
in migraine but with discrepant results. sSTMS has the advantage of relying on an
objective measure, the amplitude of motor evoked potential (MEP) recorded from a
muscle. Briefly, both increased and decreased thresholds for MEP have been reported
in migraineurs. However, most studies found no significant differences compared to
controls [83, 84]. MEP thresholds were significantly increased in migraine after light
deprivation, an experimental way to modulate subcortical and cortical activities,
whereas they remained stable in controls [84]. Using paired TMS pulses, intracortical
facilitation was found in one study [85], but not in another [83]. The cortical silent
period was normal [85, 86] or reduced [87, 88] in the interictal period of episodic
migraine. Cerebellar conditioning TMS showed a significant reduction in cerebellar
inhibition on the motor cortex in migraine patients compared with controls [89].
With sTMS over the visual cortex, both decreased [86, 90] and increased [91] PT
have been reported in migraine. Several studies also found no differences compared
to controls [92, 93]. A recent meta-analysis found decreased PTs in migraineurs
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with aura interictally, but it was emphasised that the results of PT studies varied
greatly because of methodological differences and that their results therefore should
be interpreted with caution [94].

8.5.1.2 Repetitive Transcranial Magnetic Stimulation

Studies using repetitive transcranial magnetic stimulation (rTMS) have reported
abnormal cortical excitability, manifesting as paradoxical effects, in response to
both depressing and enhancing rTMS paradigms, particularly in MA. Brighina and
coworkers observed that 1 Hz-rTMS at 90 % of the RMT over the motor cortex of
MA patients significantly activates rather than inhibits intracortical facilitatory cir-
cuits [95]. More recently, two independent research groups provided evidence that
5 Hz-rTMS over the motor cortex induced short-term synaptic potentiation more
easily in MA patients than those without aura and controls, in whom they did not
find significant variations in MEP size [96, 97]. On the other hand, excitatory
5 Hz-rTMS induced a significant decrease in MEP size in MA patients rather than
the clear MEP facilitation seen in controls [97]. The authors interpreted these para-
doxical responses as being due to a compensatory cortical homeostatic metaplastic
mechanism in response to a forced increase in cortical excitability. Consistent with
evidence from several EP studies, the MEP response to 5 Hz-r'TMS strongly depends
on when patients are studied during the migraine cycle and on attack frequency [98].
In MO patients, Pierelli et al. [99] used a paired associative stimulation (PAS) para-
digm, a protocol coupling a peripheral nerve and cortical TMS in order to study
long-term associative learning mechanisms. The authors found that (the presumably
inhibiting) PAS paradigm paradoxically increased MEP amplitudes, while the
enhancing part of the PAS protocol did not induce potentiation [99]. More interest-
ingly, the same authors observed in a subgroup that the PAS-induced plastic changes
were inversely related to thalamocortical activation, as assessed by early somatosen-
sory HFOs, suggesting a possible explanation for the observed paradoxical effects.

8.5.1.3 Transcranial Direct-Current Stimulation

Transcranial direct-current stimulation (tDCS) is another non-invasive method that
can modify the excitability of the underlying cortex: cathodal tDCS is inhibitory
and anodal tDCS excitatory. Chadaide et al. [92] studied the effect of tDCS on
TMS-elicited phosphene thresholds (PT). While baseline PTs and the anodal tDCS-
induced PT decrease were similar between migraine patients and control subjects,
cathodal stimulation, that increased the PT in healthy subjects, did not affect the
patient group. In accordance with the latter paper, Siniatchkin et al. [100] showed
that VEP amplitude can increase under anodal and decrease under cathodal tDCS in
healthy subjects, while neither affected VEPs in MA patients. Vigano et al. reported
that N1-P1 and P1-N2 VEP amplitude habituations increased immediately after
anodal tDCS applied over the visual area in migraineurs and controls [101]. Cathodal
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tDCS, but not anodal tDCS, restored the normal facilitatory response to 5 Hz-tTMS
trains in MO and MA patients, as both groups showed a paradoxically inhibited
response at baseline [98].

8.6 Electromyographic (EMG)-Recorded Reflexes

8.6.1 Brainstem Reflexes

Several research groups have reported that the exteroceptive suppression (ES) of
temporalis muscle activity is unchanged between attacks in patients with migraine
in comparison with controls, particularly the multisynaptic ES2 and its recovery
curve, which are markers of the excitability of interneuronal networks in the ponto-
medullary reticular formation [102].

The conventional blink reflex is used to explore the trigeminal system and has
produced inconsistent results. Some studies have reported normal values for R1 and
R2 latencies and amplitudes [103, 104], whereas some have found increased R2
latency during the pain-free period [105], and others have found lower values of R2
amplitude and size only during the headache phase of migraine, which returned to
the normal range after sumatriptan injection [106]. Opposite results have been
obtained from analysis of the BR recovery curve after supraorbital conditioning,
since it was reported to be normal in one study [102] and slightly faster in another
[107], especially when patients report allodynia during migraine [108].

Using a stimulation electrode that mainly activates Ad-fibres, Katsarava et al.
[109] found normal latencies and areas under the curve for the nociceptive blink
reflex (nBR) R2 component in migraineurs interictally, but reduced habituation, as
another group observed in a later study [110]. During the migraine attack, nBR-R2
amplitude and habituation were shown to be increased [109, 111, 112], which sug-
gests temporary ictal sensitisation of the reflex pathway. Recovery curves for the
nBR-R2 component both after supraorbital or peripheral conditioning were within
normal limits between migraine attacks [113].

In a study of the corneal reflex (CR), which is mediated by small nociceptive
fibres, a lower reflex threshold was found between attacks in migraineurs compared
with controls [114]. This contrasts with the results of a subsequent study where
baseline response areas under the curve and latencies of the CR- R2 components did
not reach the level of significance [115].

Knowing that the trigeminal pathways and motor neurons in both the neck and
upper limb muscles are functionally and anatomically connected, neurophysiological
abnormalities in the pain-free phase have been similarly revealed by means of tri-
gemino-cervical reflex (TCR) recordings [116], but no significant differences were
observed for the trigemino-spinal reflex (TSR) [117]. Between attacks, the recovery
cycle for the TCRs was markedly faster in migraine patients than in controls, while
no significant differences were observed for the TSRs. A cold pressor stimulus
reduced the TCR and TSR areas equally in both migraine patients and controls [117].
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8.6.2 Spinal Reflexes

Within the nervous system, one of the most typical abnormalities resulting from
dysfunction of pain processing is represented by activity-dependent changes in the
excitability of central neurons resulting in an abnormal temporal summation (TS) of
pain stimuli. In humans, the functional activity of the TS of pain can be tested using
the temporal summation threshold (TST) of the nociceptive withdrawal reflex
(NWR) method.

An increased NWR area with a normal reflex threshold has been reported in
episodic migraine between attacks. A reduced TST of pain [118], accompanied by
an increase in pain perception [119], was demonstrated in episodic migraine in
between attacks. Interestingly, administration of a nitric oxide donor, glyceryl trini-
trate, induced a transitory facilitation of TS-NWR only in those patients who devel-
oped a full-blown migraine attack [120].

8.7 Chronic Migraine

Some migraine patients experience a progressive increase in attack frequency, leading
to headache chronification, i.e. they have 15 or more headache days per month with
eight or more migraine attacks per month. The majority of these patients have CM,
mostly associated with the excessive intake of acute medications, defining medication
overuse headache (MOH). The precise pathophysiological mechanisms are not yet
understood. Among various possible explanations, central sensitisation and defective
central pain control systems are the most widely accepted causative factors.

An increase in the amplitude of pain-related cortical responses has been detected
in chronic migraine both with [121] and without medication overuse [122]. Similar
to the situation during an attack, the LEP brain distribution is shifted rostrally within
the anterior cingulate cortex in CM [123].

Excessive cortical activation has also been reported in non-painful SSEP studies
of CM or MOH [54, 58].

In CM, a neurophysiological pattern quite similar to that of episodic migraineurs
recorded during an attack, including habituation, ictal thalamocortical activity
(early HFO) normalisation and increased amplitude of the primary cortical compo-
nent (late HFOs) [58].

In MOH, the initially higher SSEP amplitudes that reflect sensitisation were fur-
ther increased during stimulus repetition, resulting in a persistent sensitisation pro-
portional to the duration of the headache chronification phase [54]. In addition,
SSEP amplitudes may differ according to the overused drug, being smaller in triptan
overusers than in patients overusing nonsteroidal anti-inflammatory drugs (NSAIDs)
[54]. These abnormalities in the cortical responses to somatosensory stimulation
seem to be influenced by genetic factors [124]. Moreover, MOH patients still
showed deficient habituation mechanisms during CNV [125] and LEP [126]
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recordings, the latter normalising after withdrawal of the overused medication.
In agreement with the SSEP study mentioned above [54, 58], and as usually hap-
pens during an attack, the VEP P100m amplitude habituated normally on stimulus
repetition in CM and in controls [36].

Using a test of cortical inhibition known as transcranial magnetic suppression of
perceptual accuracy, researchers observed that CM patients (with or without medi-
cation overuse) had the lowest suppression index in comparison with healthy con-
trols, with episodic migraineurs falling in between [127].

By further exploring inhibitory circuits, Curra et al. measured the TMS-induced
cortical silent period (CSP) in a group of MOH patients. CSP duration was signifi-
cantly shorter in triptan overusers than in the NSAID or triptan-plus-NSAID over-
user subgroups [88]. Cosentino et al. reported an inhibitory response in CM patients
during trains of TMS at 5 Hz, instead of a progressive facilitation, similar to results
obtained by the same researchers during an attack of episodic migraine [98].

In CM, sensitisation phenomena might manifest either at the brainstem [128] or
spinal levels. A significantly lower withdrawal reflex threshold, higher amplitude
and lower TST were found in MOH patients before detoxification in comparison
with episodic migraine and controls [118]. All these neurophysiological abnormali-
ties tended to improve after a detoxification programme [118].

8.8 Conclusions

The diagnosis of migraine is still based on medical interviews and an objective
neurological examination, while paraclinical tests mainly are useful to exclude sec-
ondary headache and to evaluate comorbid disorders or severe hemiplegic or brain-
stem aura [129]. The search for biomarkers that may predispose individuals to
recurrent migraine attacks has provided a range of interesting bioelectrical param-
eters that correlate with migraine and seem to change during the migraine cycle on
the group level. Notably, many neurophysiological studies have disclosed changes
in the spinal, brainstem and cortical responsivity to external innocuous or noxious
stimuli in migraine. These results can be summarised as follows (Table 8.1):

* Enhanced interictal photic driving in EEG seemed to be rather consistently
reported, but this ‘H-response’ is not specific, and it was not confirmed in a fully
blinded study.

* EEG power mapping (QEEG) studies have shown variable changes in two param-
eters alpha activity and excess slowing, but the influence of unspecific factors,
like drowsiness, has not been settled.

* In EP studies of episodic migraine, a lack of habituation on recordings performed
between attacks and sensitisation during the attack have been found, especially with
somatosensory stimuli. Habituation tends to normalise during attacks. In the pre-ictal
phase, both sensitisation and deficient habituation may variably co-exist in response
to non-noxious and painful stimuli. In patients who evolve into CM, the cortical
response pattern could be locked in a state combining both initial sensitisation and
late habituation. The usability of VEP habituation as a neurophysiological biomarker
in migraine is limited by the lack of replication in fully blinded VEP studies.
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Table 8.1 Synoptic table of electrophysiological changes comparing episodic migraine between
attacks, during an attack and chronic migraine with or without medication overuse

Episodic migraine
between attacks

Episodic migraine before

or during an attack

Chronic migraine/MOH

Technique
EMG- | Habituation of BR Normal habituation Persistent sensitisation
recorded 1 Recovery cycle of TCR | Transient sensitisation at the trigeminal and
reflexes spinal level
EEG Normal or increased EEG activity changes
photic driving. Increased | shortly before and during
alpha variability and the attack. Increased
excess slowing photic driving before
attack
PSG | Arousals in NSM and | Arousals before attack
preserved arousability in | in SM
SM | Sleep latency before
attack
TMS and Paradoxical effects Changes shortly before, Paradoxical prevalence
tDCS during and immediately of inhibitory responses
after the attack
EP and 1 Thalamocortical Normal thalamocortical Normal thalamocortical
ERP activity activity activity
Normal or | habituation Normal habituation or Normal (CM) or |
transient sensitisation habituation (MOH)

Arrows indicate the direction of change
CM chronic migraine, EEG electroencephalography, EMG electromyography, EP, evoked poten-
tials (visual, sensory and auditory), ERP event-related potentials, MOH medication overuse head-
ache, TMS transcranial magnetic stimulation, tDCS transcranial direct-current stimulation, PSG
polysomnography, SM sleep-related migraine, NSM non-sleep-related migraine

Persistent sensitisation

Only subtle abnormalities in the processing of noxious information have been
revealed between migraine attacks, while more prominent changes seem to occur
during an attack and when migraine becomes chronic.

Studies with rTMS or tDCS have reported abnormal cortical excitability mani-
festing as paradoxical effects in response to both depressing and enhancing
paradigms, particularly in MA. These paradoxical effects might be a conse-
quence of an abnormal thalamocortical drive that impairs short- and longer-
term changes in cortical synaptic effectivity, finally leading to maladaptive
responses.

Studies with EEG and visual and somatosensory evoked high-frequency oscilla-
tions suggest that an abnormal rhythmic activity between thalamus and cortex,
namely, thalamocortical dysrhythmia, may be the pathophysiological mechanism
underlying abnormal information processing in migraine.

Future research in this subject area in oncoming years should be devoted to under-

stand the precise anatomical structures involved in the recurrence of migraine suscep-
tibility and to the development of new target pharmacological and non-pharmacological
interventions that are able to improve temporal information processing.

In order to reduce divergences between studies, more attention should be
paid to performing blind studies. In confirmatory research, blinding both
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recording and analysis would be helpful. Accurate clinical data and a headache
diary should be recorded before, during and after the day of testing, in order to
prospectively monitor the patients’ clinical fluctuations. The effects of homeo-
static factors including sleep, arousal, attention and drowsiness should be
explored, both with polysomnographic studies and more sophisticated ERP
protocols.

Better insight into the nature of interictal cortical dysfunction will hopefully
enable us to solve the mystery of migraine recurrence, a phenomenon so enthralling
that the writer Oliver Sacks considered it to be ‘not only an elemental activity of the
cerebral cortex, but an entire self-organising system, a universal behaviour, at
work....the creative heart of Nature itself’ [130].
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9.1 Introduction

Primary or idiopathic headache syndromes are disorders where a temporary or
permanent dysfunction of the central nervous system is present, but apparent organic
lesions cannot be found. They include migraine, tension-type headache (TTH), and
the trigeminal autonomic cephalalgias (TACs), among which the most common is
“cluster headache” (CH). Primary headaches are highly prevalent and the most
common neurological disorders among the general population. They are receiving
growing attention over the years on the one hand because they affect people’s
quality of life and on the other hand because of their significant economic impact.
The International Classification of Headache Disorders (ICHD) in its previous [1, 2]
and current version [3] are the most sensitive diagnostic tool for headaches, and
application of the proposed criteria greatly improved research on headaches allow-
ing for a better comparison of clinical data between headache centers.

The large and still growing scientific knowledge on the primary headaches
pathophysiological mechanisms, though scientists have not completely disentan-
gled them, has contributed to raise interest on these neurological conditions. In fact,
great advances were made during the last decades through the new research tech-
niques. Clinical neurophysiology methods, in particular, have allowed in vivo mea-
surements of the headache patients’ cortical and peripheral responses to various
sensory stimuli.

In this chapter we will review the neurophysiological studies in primary head-
aches other than migraine (treated elsewhere).

9.2 Tension-Type Headache

The most relevant neurophysiological abnormality in migraine is the interictal defi-
cit of cortical habituation to repetitive stimulation. Habituation is defined as “a
response decrement as a result of repeated stimulation” [4] and is a common feature
of responses to any kind of sensory stimulation. In most studies this phenomenon is
not present, and sometimes replaced by potentiation, in episodic migraine patients
between attacks, but normalizes just before and during the headache phase. It is
likely to be due to interictal cortical hyper-responsivity, which could be a possible
expression of thalamocortical dysrhythmia [5]. The phenomenon of habituation has
been investigated in tension-type headache as well, but there are only a few reports
about it.

In episodic TTH sufferers, the habituation of the latency of P300 (a long-latency
cognitive cortical evoked potential) was normal, while P300 amplitude also showed
some degree of habituation, although not of statistical significance [6]. No habitua-
tion deficits were observed exploring visual evoked or event-related potentials other
than P300 in episodic [7] or chronic TTH patients [7, 8]. Mismatch negativity,
which is likely to reflect the automatic central processing of a novel stimulus, and
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P300 habituation were significantly lower in TTH children than in healthy subjects
in one study, where P300 habituation also positively correlated with behavioral
symptomatology [9].

Patients affected by chronic TTH showed a normal habituation in scalp poten-
tials evoked by CO, laser stimulation (LEPs) of the hand and facial skin [10].

By investigating habituation of sympathetic skin responses (SSR), a tool used to
evaluate autonomic dysfunction, Ozkul and Ay found that in both episodic migraine
without aura and TTH patients, there was a lack of habituation compared to normal
controls [11].

The mild electrophysiological similarities in the cortical habituation behavior
between the episodic forms of migraine and TTH suggest that some subgroups of
TTH patients might be at the end of the migraine spectrum.

Sensitization is defined as facilitation occurring at the beginning of the stimulus
presentation. The few studies in which the dynamic behavior of responses was ana-
lyzed using successive blocks of responses did not find any clear evidence for sen-
sitization, expressed as increased amplitude of the first block, neither in episodic
TTH for visual evoked potentials (VEPs) [7], visual P300 [6], laser evoked poten-
tials (LEPs) [9], and sympathetic skin responses [11] nor in chronic TTH for visual
P300 [8] and LEPs [10].

Some indirect evidence for sensitization was found in TTH, chiefly in its chronic
form, with nociceptive specific reflexes and laser evoked cortical potentials, which
enable to explore the cortical responses to peripheral nociceptive stimuli.

In chronic TTH patients, the amplitude, area, and latency [12—15] of the blink
reflex R2 component were not different respect to values in healthy subjects, but it
had a slower recovery cycle that was interpreted as a possible reduced excitability
of the brainstem interneurons [14]. When a nociception-specific electrode was used,
lower values of the normalized root mean square and area under the curve of the
blink with control subjects were found respect to controls [16]. According to the
authors, it may reflect consistent increases in eye muscle activity on the painful
stimulation side.

One of the most investigated electrophysiological tests in TTH patients is the
exteroceptive suppression of the temporalis muscle contraction that is the reflex
inhibition of contraction of jaw-closing muscles by electrical stimulation of the
infraorbital and mental nerves. It is obtained by surface EMG recordings of con-
tracted muscles, where two different periods of suppression can be identified (SP1
and SP2). The SP2, mediated by a polysynaptic chain of interneurons likely to
belong to the bulbar reticular formation, correlates to the level of excitability of
these brainstem interneurons [17]. In episodic TTH patients, it was found normal,
and in chronic TTH subjects, it was shortened in some studies, but not in others
[18], possibly due to methodological differences.

Trigeminocervical reflex obtained from the sternocleidomastoid muscle after
electrical stimulation of the supraorbital or infraorbital nerve had reduced latencies
in chronic tension-type headache patients, similarly to migraineurs [19-21]. These
findings further sustain the presence of a possible dysfunction in brainstem inter-
neuronal activity controlling the pericranial muscles.
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The presence of central sensitization in chronic TTH is strongly suggested also
by the results of studies on pain sensitivity in pericranial or lower limb tissues.
Testing the nociceptive lower limb flexion reflex, significantly lower subjective pain
thresholds and reflex threshold in chronic TTH than in controls were found [22],
associated with a paradoxical facilitation of the reflex response during the cold pres-
sor test suggesting deficient descending inhibition, an abnormality also found by
others [23]. Pressure pain thresholds (PPTs) were found normal in episodic and
“mixed” TTH in every studies [24—28] except one [29], but decreased in chronic
TTH in almost all studies [28, 30—33] especially on the anterior part of the tempo-
ralis muscle [25, 26, 30-32, 34] and in the upper part of the trapezius muscle [35].
Only one study did not confirm these results [26]. In a follow-up study, where PPTs
were tested in episodic TTH patients at baseline and retested during the following
twelve years, the baseline PPTs were normal but decreased at the follow-up in
patients who develop the chronic form, suggesting that it was the headache fre-
quency to induce an increased pain sensitivity and not the opposite [36].

Another indirect measure of sensitization is the temporal summation that is the
increase in pain perception to repeated noxious stimulation, obtained by an algom-
eter and heterotopic noxious conditioning stimulation (HNCS). Chronic TTH suffer-
ers had more pain from repeated algometer pressures, both at finger and shoulder,
and it was less inhibited by conditioned HNCS compared with controls [37]. Lower
pain thresholds in the muscle and skin of the cephalic region but not of the extrace-
phalic region with higher rating to suprathreshold single and repetitive electrical
stimulation were reported in patients with chronic TTH than in healthy subjects [38].

When investigating laser evoked potentials in chronic TTH patients, the heat
pain threshold was not different respect to controls, at the level of both the hand and
pericranial skin, but the total tenderness scores (TTS) at pericranial sites were
higher in patients than in controls, which was associated to a greater amplitude of
the N2a—P2 LEP complex elicited by stimulation of the pericranial zone [39].

9.3 Cluster Headache and Other Trigeminal Autonomic
Cephalalgias (TACs)

Electrophysiological methods were used to investigate cognitive and nociceptive pro-
cesses in trigeminal autonomic cephalalgias, particularly in cluster headache (CH).

Two visual event-related potential studies in cluster headache either during the
bout or outside and in chronic paroxysmal hemicrania showed a normal cognitive
habituation [8, 40]. However, intensity dependence of auditory potentials, which is
supposed to be an indirect expression of deficient habituation in migraineurs [41],
was found markedly increased also in cluster headache patients both during and
outside the bout [42].

Formisano et al. were the first to found abnormal habituation of the blink reflex
in a small number of CH patients during the attack, but in this study there was not a
comparison group of control subjects [43]. Habituation of both the R2 and the R3
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blink reflex components are impaired in CH patients on the affected side compared
to healthy controls, and this abnormality was even more pronounced than that found
in episodic migraine [44]. These results were replicated by using the nociception-
specific concentric stimulating electrode: R2 reflex area and habituation were
reduced on the affected CH side, and the degree of habituation deficit correlated to
number of days elapsed from the beginning of the bout and the daily attack fre-
quency [45]. Contrasting findings were obtained in another study, where the authors
failed to detect altered habituation of the nBR R2 in episodic and chronic CH within
or outside a bout, but the majority of CH patients investigated were taking one or
several prophylactic medications at the time of recordings, which may biased the
results [46].

Classical blink reflex studies did not disclose any sign of sensitization in CH [47,
48]. In episodic CH patients within a bout, a significantly faster R2 blink reflex
recovery curve on the symptomatic side was found after paired supraorbital stimuli,
likely to indirectly reflect sensitization within the spinal trigeminal nucleus.
Furthermore, when the supraorbital stimulus was preconditioned by a peripheral
stimulation of the index finger, the R2 recovery curve was faster on both affected
and unaffected sides in CH patients than in controls. Naloxone injection transiently
reverted this bilateral R2 sensitization, suggesting that the faster R2 recovery may
reflect hypoactivity of reticular nuclei, due to reduced descending opiatergic inhibi-
tion [49], a mechanism that was recently supported by functional neuroimaging
studies [50, 51].

Cluster headache patients had lower thresholds for pressure pain [52], electric
pain, and nociceptive flexion reflex [53] on the affected than on the unaffected side
both in the episodic (in and outside of a bout) and in the chronic type [54]. A phase
shift of the normal circadian rhythmic variations in nociceptive flexion reflex thresh-
old in episodic bouts of CH with respect to the remission period and absence of
circadian rhythmicity of the nociceptive flexion reflex threshold in chronic CH
patients have already been described [54]. The functional activity of the descending
diffuse noxious inhibitory controls (DNIC) (or conditioned pain modulation sys-
tem) was also investigated in a group of episodic CH patients during active and
remission phases compared to healthy controls, by measuring the influence of a cold
pressor test on the nociceptive withdrawal reflex [55]. Cluster headache patients had
a significant facilitation in temporal processing of pain at spinal level during the
active phase of the disease, and a facilitation in pain processing reverted during the
remission phase of the disease. The cold pressor test activating the DNIC did not
induce any significant inhibitory effect on the neurophysiological responses during
the active phase of the disease, but was able to induce a clear inhibition during the
remission phase. It was thus hypothesized that cluster headache sufferers have a
dysfunction of the supraspinal control of pain, which changes according to the clini-
cal activity of the disease and leads to facilitation of pain processing.

Procacci et al. (1989) found cutaneous and deep hyperalgesia to mechanical and
electrical stimuli with earlier appearance of pain after an ischemic test in the upper
limbs on the affected side of the body in episodic CH patients [56], but when using
quantitative sensory testing, perception of warmth, cold, and pressure, the sensation
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of pain was reduced on the affected side as compared with the contralateral asymp-
tomatic side in episodic and chronic CH patients [57, 58].

Unfortunately, the literature concerning neurophysiological tests in trigeminal
autonomic cephalalgias other than cluster headache is really poor. In one study, pain
pressure threshold, subjective pain perception after sural nerve stimulation, and
nociceptive flexion reflex threshold were tested in patients with chronic paroxysmal
hemicrania and with hemicrania continua, and they appeared reduced mostly on the
affected side, compared to healthy subjects [59]. Corneal reflex thresholds were
significantly reduced on both sides only in chronic paroxysmal hemicrania patients,
though there were no abnormalities in the blink reflex. In patients affected by the
idiopathic form of another rare type of TACs, “short-lasting unilateral neuralgiform
headache attacks with conjunctival injection and tearing” (SUNCT) trigeminal
reflexes and laser evoked potentials did not show any abnormalities [60].

9.4 Discussion

Neurophysiological studies have disclosed some abnormalities of the spinal,
brainstem, and cortical responsivity to external innocuous or noxious stimuli not
only in migraine but also, at a lesser extent, in other primary headaches. These
abnormalities can be summarized as follows:

* In subgroups of tension-type headache sufferers, some evidence of deficient
habituation chiefly with cognitive potentials (mismatch negativity and P300) and
sympathetic skin responses have been found. Indirect evidence for sensitization
has been disclosed in chronic TTH patients with nociceptive specific reflexes and
grand-averaged evoked potentials. These studies suggest for the subjects chroni-
cally affected the presence of generalized increased sensitivity to pain and a dys-
function in supraspinal conditioned pain modulation, which may contribute to
the development and/or maintenance of central sensitization in this disorder.

» Habituation deficit of the blink reflex was found in episodic cluster headache
patients and more pronounced than in interictal migraineurs, suggesting that
additional dysfunctional neurobiological factors are implicated in CH, though
CH and migraine probably share some pathophysiological mechanisms, as sug-
gested also by the marked increase of intensity dependence of auditory potentials
found in CH [42]. A sensitization of pain processing was observed only during
the bout, but not outside. Several causes could be at the basis of this observation:
a dysfunctioning descending aminergic, especially dopaminergic, control [61,
62], a malfunctioning hypothalamo-trigeminal control [63], and an altered
descending opiatergic pain control system [50, 51]. Future electrophysiological
works should aim to understand the role of the descending monoamine and opi-
oid systems in the mechanism of sensitization and lateralization of pain and to
unravel the mechanisms of CH periodicity and of its chronification.
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Chapter 10
Biochemistry of Primary Headaches

Paola Sarchielli, Stefano Caproni, Cinzia Costa, Delia Szok, and Janos Tajti

Although the diagnosis of primary headaches remains generally clinical, research-
ers have made great efforts in the investigation of neurotransmitter pathways, neu-
ropeptides, hormones, and the vascular and trigeminal systems. The increasing
evidence regarding the systems involved in migraine, in addition to tension-type and
cluster headaches, has permitted better comprehension of the cerebral and extraneu-
rological mechanisms underlying these types of headaches, leading, in some cases,
to the identification of a treatment target. This chapter deals with the biochemical
alterations that play a pivotal role in the pathophysiology of primary headaches.

10.1 Markers of Trigeminovascular System Activation

10.1.1 Calcitonin Gene-Related Peptide

Calcitonin gene-related principle peptide (CGRP) is a 37-amino-acid neuropeptide
that is widely distributed in the peripheral and central nervous systems. Following
noxious stimulation, CGRP is released on the periphery, where it induces
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neurogenic inflammation and sensitization of sensory nociceptive fibers, including
those distributing to meningeal vessels, and promotes excitatory neurotransmission
at the central concentration (dorsal horn of the spinal cord and trigeminal nucleus
caudalis), mediating the sensation of pain to the entire body. Head CGRP-containing
nerves supply blood vessels to various parts of the body.

Approximately 50 % of trigeminal neurons express CGRP and CGRP receptor.
The binding of CGRP to its functional receptor can lead to the activation of multiple
pathways that modulate gene expression and ion channel activity with a positive
feedback loop, which may in part explain why the peripheral injection of CGRP
leads to a delayed migraine-like headache several hours after injection [1, 2].

CGRP may play a role in neuronal—glial interactions in the trigeminal ganglia.
The mechanism proposed involves the release of CGRP during the neuronal activa-
tion of the trigeminal ganglia. This CGRP then stimulates the satellite glial cells,
which release proinflammatory cytokines, thereby further modulating the neuronal
response [3].

CGRP involvement in migraine pathophysiology is supported by the ability of
this neuropeptide infused intravenously to induce attacks, and by the effectiveness
of the CGRP antagonists, olcegepant and telcagepant, as acute antimigraine agents
[4]. The latter positive findings are further sustained by other approaches aimed at
stopping CGRP activity using antibodies against CGRP and the CGRP receptor.

It has been suggested that CGRP might be a marker of trigeminovascular acti-
vation [5]. In migraine patients CGRP concentrations were measured both in
peripheral blood and in the extrajugular vein (EJV). While in the former studies an
increase in CGRP in the EJV blood of migraine patients assessed during attacks was
found compared with controls, this finding was not confirmed in most recent
research [5, 6] (Table 10.1).

These discrepant results are difficult to reconcile. According to Tfelt-Hansen and
Le, the bulk of EJV blood flow comes from the extracranial tissue of the head and
face and only 22 % comes from the internal cerebral circulation in humans.
Moreover, the middle meningeal veins contribute only to a small fraction of blood
in the EJV. The CGRP in EJV blood, therefore, is most likely derived from part of
the vasculature without the blood-brain barrier [7].

The effect of sumatriptan on CGRP is most likely caused by an antimigraine
effect, which is not mediated by a decrease in CGRP. In fact, in human volunteers
the subcutaneous administration of sumatriptan did not induce variations in EJV
concentrations of CGRP [8].

Recent research focusing on the interictal plasma concentrations of chronic
migraine (CM) patients showed higher values in these patients in the absence of a
migraine attack and with no symptomatic medication. Variables such as age, analge-
sic overuse, depression, fibromyalgia, vascular risk factors, history of triptan con-
sumption, or type of preventive treatment did not influence CGRP concentrations [9].

Further evidence of the involvement of CGRP in migraine is derived from studies
using saliva as a specimen that is easy to obtain, providing information on the patho-
logical states and representing a clinical model for studying neuronal mechanisms
involved in migraine. Salivary CGRP concentrations have been reported to be elevated
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Table 10.1 Biochemical alterations in migraine with and without aura

Migraine with aura Migraine without aura
Substances Reference | Ictal Interictal Ictal Interictal
CGRP [9] 1 (plasma) | — 1 (plasma) -
[11] - - Increased, -

then

normalized

(plasma)

[12] - - Not increased | Not increased

(plasma) (plasma)
NKA [25] 1 (plasma) | NS 1 (plasma) NS
PACAP-38 [44] - - 1 (plasma) | (plasma)
VIP [48] - 1 (plasma) - 1 (plasma)
5-HT [54] 1 (plasma) | | (plasma) 1 (plasma) | (plasma)
DA [60] - 1 NS (platelet) | — 1 (platelet)
NE [71] - - - | (plasma)
Octopamine [67] - NS - 1 (plasma)
Synephrine [67] - NS - 1 (plasma)
Endocannabinoids [76] - - - 1 (platelet)
Glutamate [82] 1 (CSF) - 1 (CSF) -

| (plasma) | (plasma)

Nitrite (NO) [88] - 1 (plasma) - 1 (plasma)
BDNF [100] - | (platelet) - | (platelet)
NGF [100] - | (platelet) - | (platelet)
BDNF [101] - - 1 (plasma) -
Adiponectin [113] - 1 (plasma) - 1 (plasma)
NPY [123] 1 (plasma) | | (plasma) 1 (plasma) | (plasma)
SP [131] - - 1 (saliva) -
EDN-1 [140] - - | (plasma) -

CGRP calcitonin gene-related peptide, NKA neurokinin A, PACAP pituitary adenylate cyclase-
activating peptide, VIP vasoactive intestinal peptide, 5-HT 5-hydroxytriptamine, DA dopamine,
NE norepinephrine, NO nitric oxide, BDNF brain-derived neurotrophic factor, NGF nerve growth
factor, NPY neuropeptide Y, SP substance P, EDN-1 endothelin-1, NS not significant, CSF cerebro-
spinal fluid, 1 increased, | decreased, — no data

in migraineurs during a spontaneous migraine attack, with a return of concentrations
to nearly interictal values in response to rizatriptan and onabotulinumtoxinA (onab-
otA) [10, 11].

CGRP resulted in increases in the EJV blood of cluster headache (CH) patients
in the active periods, with normalization after either subcutaneous sumatriptan 6 mg
or O, inhalation [12-14].

Another study including patients with chronic tension-type headache (CTTH)
showed no changes in CGRP concentrations measured in the cubital vein at 10, 20,
and 60 min after nitroglycerin infusion, further supporting the specificity of CGRP
for primary headaches involving trigeminovascular activation [15]. Similarly, no
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variations in CGRP concentrations were found in the EJV and antecubital vein
samples from patients with cervicogenic headache assessed both in the presence
and absence of headache [16].

10.1.2 Neurokinin A

Experimental evidence suggests that NKA, substance P (SP), and CGRP might act
as neurotransmitters at the first central synapses of the trigeminal nociceptive path-
way to transmit the sensory stimuli to the higher brain centers and could play the
role of cotransmitters or comodulators [17]. Immunocytochemical studies have
revealed that a contingent supplying cerebral blood is immunoreactive to neuroki-
nin A (NKA) and is derived from the trigeminal ganglion [18].

A significant increase in NKA and in CGRP concentrations was demonstrated
in the plasma of young migraine patients during attacks, suggesting, although
indirectly, that CGRP and NKA might be involved in the pathogenesis of
migraine attacks [19]. Furthermore, an increase in NKA and also CGRP, nitrite,
and cyclic guanosine monophosphate (cGMP) concentrations were found in the
internal jugular vein (IJV) blood of migraine patients during attacks. They
reached their highest values during the first hour, then tended to decrease pro-
gressively and returned, after the end of the attacks, to values similar to or below
those detected at the time of catheter insertion. Prostaglandin E2 (PGE2) and
6-keto prostaglandin Fla (6-k-PGF1la), in addition to cyclic adenosine mono-
phosphate (cAMP) concentrations significantly increased during the first hour,
but reached a peak during the second hour and remained within the same range
until the fourth and sixth hours. These findings suggest early activation of the
L-arginine/nitric oxide (NO) pathway, which accompanies the release of vasoac-
tive peptides, including NKA, from trigeminal endings and a late rise in the syn-
thesis of prostanoids with algogenic and vasoactive properties, which may
intervene in maintaining the headache phase [20].

10.1.3 Pituitary Adenylate Cyclase-Activating Peptide

Pituitary adenylate cyclase-activating peptide (PACAP) is a multifunctional vasodi-
latory peptide that has recently been implicated in migraine pathogenesis. It belongs
to the vasoactive intestinal polypeptide (VIP)-glucagon growth hormone-releasing
factor secretin superfamily [21]. PACAP binds to three different G-protein-coupled
receptors. The PACAP receptor can be associated with subunits of the CGRP recep-
tor, including receptor activity modifying protein 1 (RAMP1); thus, a possible syn-
ergistic effect of CGRP and PACAP receptor cAMP signaling has been suggested,
but this effect needs to be tested in future research [22].
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In the trigeminovascular system, PACAP is expressed in the trigeminal nucleus
caudalis (TNC) and trigeminal ganglia. PACAP and its receptors are also expressed in
sphenopalatine ganglia (SPG) neurons, which control dural vessel tone and cranial
blood flow. Like CGRP, PACAP binds to a variety of the central nervous system
(CNS) sites, such as the dorsal horn of the spinal cord, brainstem, thalamus, and hypo-
thalamus [23-26]. PACAP plays an excitatory role in pain transmission, suggesting
that it might play a role in central sensitization [21]. Interestingly, PACAP and CGRP
share the ability to induce light aversion in mice and just like CGRP, PACAP has been
linked to anxiety-like behavior and chronic stress response [27]. This may be relevant
for migraine, which recognizes both anxiety and stress as potential triggers of attacks.

Several lines of evidence relate PACAP to migraine pathophysiology. In human
studies, PACAP-38-induced dilatation of human meningeal arteries, but was less
potent than VIP. It seems that the ability of PACAP-38 to induce a migraine is not
because of its weak vasodilatory effects, but rather because of its other central
actions [28]. Moreover, PACAP-38 was able to induce dural mast cell degranula-
tion, more potently than VIP and PACAP-27 [29].

This suggests that it might play role in triggering neurogenic inflammation in the
dural vessels, which may be relevant to migraines [30].

In rats, at least, PACAP has also been linked to nitric oxide. This was suggested
by the increase in PACAP concentrations within the TNC after nitroglycerin injec-
tion, which is more relevant in wild-type than in knockout mice and its increase in
both plasma and TNC after electrical stimulation [31, 32]. These findings therefore
support the coupling of PACAP and NO in the trigeminovascular system, which has
also been observed for CGRP and NO [33].

The role of PACAP in migraine pathophysiology was confirmed by recent findings
obtained from migraine patients. Like CGRP, administration of PACAP to migraineurs
induced a delayed migraine-like headache after an initial nonspecific headache in con-
trast with controls, who experienced only the initial headache phase. Similarly, PACAP
induced an early vasodilation of the middle cerebral artery and superficial temporal
artery in both healthy controls and migraineurs, but only the latter experienced a
delayed migraine-like headache [34]. Very recent clinical research in migraineurs dem-
onstrated that PACAP plasma concentrations were elevated during attacks compared
with interictal concentrations [35]. Interestingly, in this study interictal PACAP concen-
trations were lower than those of healthy subjects, whereas ictal PACAP concentrations
of migraineurs were within the range of those of healthy subjects. Based on mecha-
nisms partially shared with CGRP, which can be relevant for migraine attacks, PACAP
is considered a potential target for antimigraine agents. PACAP and VIP have common
receptors, VPACI1 and VPAC2, while the PACI1 receptor is specific to PACAP [36].

Only one PACI1 receptor agonist, maxadilan, is presently available, and has been
isolated from the salivary glands of the sand fly Lutzomyia longipalpis. Maxadilan
is a 61-amino acid peptide. The deletion of the amino acids between 25 and 41 gen-
erated a specific PAC1 receptor antagonist, termed M65 [37]. A recent study dem-
onstrated that maxadilan had no effect on CGRP release and M65 did not block the
PACAP-38-induced CGRP release in the trigeminal system [38].
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10.1.4 Vasoactive Intestinal Peptide

Vasoactive intestinal peptide (VIP) is one of the parasympathetic signaling transmit-
ters contributing to cranial parasympathetic outflow mediated through the SPG. The
activation of parasympathetic cranial outflow during migraine and CH attacks due to
the trigeminal-autonomic reflex may be mediated by the above neurotransmitter and
receptors [12]. VIP is structurally and functionally related to PACAP-38, but differs
from PACAP in migraine-inducing properties. The first experience in this regard did
not show the ability of VIP to induce migraine-like attacks. It evoked only a very
mild headache in healthy volunteers, despite eliciting intracranial vascular dilation.

In a recent study, only 18 % of patients reported migraine-like attacks after VIP
infusion against 73 % of patients reporting migraine after PACAP-38 infusion. Both
peptides induced marked dilatation of the extracranial but not intracranial arteries.
VIP-induced dilatation was normalized after 2 h, whereas vasodilatation induced by
PACAP-38 was longer lasting (>2 h) [39]. On this basis, VIP concentrations have
been considered a marker of parasympathetic activation in migraine.

Recent evidence suggests that increased interictal VIP concentrations measured
in peripheral blood might be a biomarker helping with CM diagnosis, but it was not
able to clearly differentiate CM from episodic migraine (EM). Patients with EM
showed, in fact, significantly higher concentrations of VIP compared with controls,
but lower than those with CM [40].

Concentrations of CGRP and VIP were also indicated to be potential predictors
of the efficacy of onabotA in CM. As in the previous study, VIP and CGRP plasma
concentrations were significantly increased in CM patients compared with controls.
Concentrations of CGRP and, to a lesser degree, VIP, were significantly increased in
responders vs nonresponders. The probability of being a responder to onabotA was
28 times higher in patients with a CGRP concentration above the threshold of 72 pg/
mL. Although the sensitivity in calculating the threshold for VIP was poor, the prob-
ability of CM patients with low CGRP concentrations responding to onabotA was
significantly higher than in those patients with high VIP concentrations [41].

10.2 Monoaminergic Systems

10.2.1 Serotonin (5-hydroxytriptamine)

More than 50 years ago Sicuteri et al. [42] hypothesized the involvement of
5-hydroxytriptamine (5-HT) in migraine based on the demonstration of signifi-
cantly higher concentrations in the urine of 5-hydroxyindoleacetic acid, the major
stable metabolite of 5-HT, during migraine attacks. Since then, several studies have
tried to verify whether or not biochemical anomalies of 5-HT occur in migraine,
some of them using platelets as a peripheral model of serotonergic neurons. In
agreement with Sicuteri’s results, during a migraine attack, the first studies showed
a significantly increased 5-HT turnover in plasma [43] and saliva [44]. Furthermore,
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increased concentrations of 5-hydroxyindoleacetic acid have been reported in the
cerebrospinal fluid (CSF) of migraineurs during attacks [45].

Conversely, interictal concentrations of plasma serotonin have been shown to be
low in migraineurs [42]. Furthermore, concentrations of platelet 5-HT appear to fluc-
tuate differently in female migraineurs than in healthy women during the different
phases of the menses and, more importantly, the concentrations of indole decrease
significantly in the luteal phase in menstrual migraine before the painful attacks [46].
An increase in serotonin transporter activity was found with medication-overuse head-
ache (MOH), which was normalized after withdrawal in parallel to the improvement
of headache frequency. However, the study was not able to differentiate whether the
increase in serotonin uptake was caused by a regular intake of analgesics or triptans or
was a consequence of frequent headache attacks [47]. In addition, a recent interictal
neuroimaging study showed increased availability of 5-HT transporters in the brain-
stem of migraineurs, suggesting an imbalance in the serotonergic system [48].

All the above findings hypothesize that migraine might be a syndrome of a chroni-
cally low central serotonin system with consequent 5-HT receptor hypersensitivity,
and that migraine attacks might be triggered by a sudden increase in 5-HT release.

10.2.2 Dopamine and Norepinephrine

An alteration in dopaminergic and noradrenergic systems has been suggested in
migraine. Both neurotransmitters are derived from the metabolism of tyrosine. In
particular, tyrosine hydroxylase generates 3,4-dihydroxyphenylalanine (DOPA).
Dopamine (DA) and norepinephrine (NE) are synthesized by DOPA decarboxylase
and dopamine b-hydroxylase enzymes (Db-h) respectively.

Increased concentrations of DA were found in platelets of migraine without aura
(MwoA) patients, in comparison with healthy control subjects. Even higher concentra-
tions were detected in patients with CH. The increased platelet DA concentrations have
been interpreted as an abnormal biochemical phenotypic trait of primary neurovascular
headaches [49]. The higher concentrations of DA can be the consequence of a reduction
in Db-h activity. Reduced Db-H enzyme activity and reduced NE concentrations have
been reported in MwoA patients [50].

More recently, particular polymorphisms in the gene encoding for Db-h protein
have been associated with migraine [51]. All these findings support the notion that
complex abnormalities in the metabolism of tyrosine could result in the possible
derangement of dopaminergic and noradrenergic pathways in migraine and also in CH.

10.2.3 Elusive Amines

The involvement of the elusive amines, tyramine and octopamine, in migraine
pathophysiology was proposed several years ago, but only in the last few years has
there been a renewed interest in their role in migraine. These amines, together with
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DA and NE, are products of the alternative metabolic pathways of tyrosine. The
renewed interest in elusive amines has also been derived from the discovery of a
new class of G-protein coupled receptors, the trace amines receptors (TAARs), and
there is a high affinity for these amines in rodents and humans [52]. TAARs have
been identified in various tissues, including specific brain areas such as the rhinen-
cephalon, limbic system, amygdala, hypothalamus, extrapyramidal system, and
locus coeruleus. Some of these areas are relevant parts of the pain matrix modulat-
ing pain threshold. Their functions are mainly regulated by synapses using DA and
NE as neurotransmitters.

Plasma concentrations of all trace amines have been determined in plasma and
platelets of patients with primary neurovascular headaches. In particular, signifi-
cantly higher concentrations of octopamine, synephrine, and tyramine were found
in the plasma and platelets of CH patients, in both the remission and active phases,
compared with control subjects or migraine patients. Additionally, intraplatelet con-
centrations were higher in CH patients than in control subjects.

In migraine patients assessed during headache-free periods, plasma concentra-
tions of octopamine and synephrine were also higher than in controls, but in
migraine with aura (MwA) patients, the difference did not reach the concentration
of statistical significance [53]. Based on these results, an abnormality in the metabo-
lism of tyrosine toward the increased synthesis of products of the decarboxylase
pathway in migraine, resulting in increased synthesis of octopamine, synephrine,
and tyramine in association with a decrease in NE, has been hypothesized.

10.3 Endocannabinoid System

Several lines of evidence support the central role of the endocannabinoid system in
pain modulation [54]. It has been demonstrated that cannabinoid (CB) type-1 recep-
tor (CB1R)-dependent retrograde mechanisms are involved in the release of neu-
rotransmitters controlling nociceptive inputs and that the concentrations of these
lipids are high in sensory terminals, skin, and dorsal root ganglia known to be
involved in the transmission and modulation of pain signals. In the trigeminal sys-
tem, activation CB 1R has been shown to inhibit trigeminal neuron activity, which is
pivotal in the pathogenic events of migraine [55].

Endocannabinoids are also involved in the descending modulation mediated by
brainstem ventrolateral periaqueductal gray (PAG) of basal trigeminovascular neu-
ronal tone and Ad-fiber dural-nociceptive responses via CB1. Interaction between
serotonergic and endocannabinoid systems in the processing of somatosensory
nociceptive information suggests that at least part of the therapeutic action of trip-
tans might occur via endocannabinoid-containing neurons in the ventrolateral PAG
[56]. The endocannabinoid system is also involved in neurobiological mechanisms
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underlying drug addiction as it influences glutamatergic cortico-striatal transmis-
sion and the activity of the mesolimbic reward system [57].

Reduced concentrations of AEA were shown in the CSF of CM patients with and
without medication overuse, reflecting impairment of the endocannabinoid system
in these patients, which may contribute to chronic head pain and seems to be related
to increased CGRP and NO production [58]. The activity of active endocannabi-
noids, anandamide membrane transporter (AMT) and fatty acid amide hydrolase
(FAAH), and the concentration of cannabinoid receptors were also measured in
peripheral platelets from patients with episodic MwoA, episodic tension-type head-
ache (ETTH), and healthy controls. A significant increase in the activity of AMT
and in FAAH activity was observed in female but not male patients with MwoA. No
differences in the cannabinoid receptors emerged among the study groups. These
findings suggest an increase in anandamide (N-arachidonoylethanolamine — AEA)
degradation by platelets in women with migraine, which may be responsible for a
reduction in AEA concentration in the blood, and which can lower the pain thresh-
old and may explain the prevalence of migraine in women [59].

The activity of AMT and of FAAH was assessed in platelets of CM patients
without symptomatic drug overuse, MOH patients, episodic migraine (EM) patients,
and control subjects. AMT and FAAH appeared to be significantly reduced in both
CM and MOH patients, compared with either controls or EM patients. This reduc-
tion was observed in both male and female patients in the CM and MOH groups.
These changes observed in the endogenous cannabinoid degrading system have
been hypothesized to reflect adaptive behavior to chronic headache and/or drug
overuse [60].

In a more recent study a significant reduction in FAAH activity was demon-
strated in MOH patients before withdrawal of treatment compared with controls.
This was coupled with a significant improvement (reduction) in the facilitation of
spinal cord pain processing (increased temporal summation threshold and related
reduction in pain sensation) at both 10 and 60 days after treatment withdrawal.
These findings could be a consequence of mechanisms aimed at reducing the endo-
cannabinoid degradation and increased endocannabinoid system activity, resulting
in an antinociceptive effect in patients undergoing withdrawal of treatment [61].
This supports the potential role of the CB1 receptor as a possible therapeutic target
in CM [58].

A further confirmation of the dysfunction of the endocannabinoid system associ-
ated with a deficiency in the serotonergic system in CM and MOH is derived from
a study investigating 2-acylglycerol (2-AG) and AEA concentrations in the platelets
of these patients. These concentrations were significantly lower in MOH patients
and CM patients than in the control subjects, with no significant differences between
the two patient groups. Endocannabinoid and serotonergic systems appear to be
both mutually related and defective in CM and MOH patients, and can contribute to
headache chronification [62].
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10.4 Glutamate

Glutamate, the major excitatory neurotransmitter in the CNS, is involved in several
aspects of migraine pathophysiology. Preclinical data suggest its involvement in
cortical spreading depression, trigeminovascular activation, and central sensitiza-
tion. Based on these findings, glutamate concentrations have been determined in
migraine patients both in peripheral blood and in CSF to assess possible dysfunc-
tion of the glutamatergic system in these patients [63]. An alteration in glutamate
concentrations has been reported in migraine patients, with higher concentrations of
CSF and plasma glutamate in episodic migraine patients compared with controls
[64]. Furthermore, higher glutamate concentrations in CSF have been reported in
chronic daily headache (CDH) patients related to the increase in the end-products of
nitric oxide [65].

Platelet glutamate uptake and release have also been evaluated in patients
with MwA and MwoA. Both glutamate release from stimulated platelets and
plasma glutamate concentrations appeared to be increased in migraine patients,
more markedly in MwA patients. Platelet glutamate uptake, assessed as
3H-glutamate intake, also appeared to be increased in MwA, whereas it was
reduced in MwoA patients compared with controls. These findings suggest the
involvement of different pathophysiological mechanisms in the two migraine
types, with a more pronounced upregulation of glutamatergic metabolism in
MwA [66].

Glutamate concentrations were also assessed using MR spectroscopy in vivo in
women with migraine, and showed higher glutamate to glutamine ratios in occipital
regions in women with migraine during the interictal state. These findings support
the hypothesis that this increased ratio could arise from neuronal—glial coupling of
glutamatergic metabolism differences compared with controls or an increased neu-
ron/astrocyte ratio in the occipital cortex in migraine patients [67].

Glutamate and glutamine are strongly compartmentalized (in neurons for
glutamate and in astrocytes for glutamine). The visual cortex is the brain region
with a higher neuron/astrocyte ratio (the highest neuronal density and the relatively
lowest density of astrocytes. Elevations in extracellular glutamate or potassium
above certain thresholds are likely candidates to be the final common steps in the
multiple distinct processes that can lead to cortically spreading depression.
Astrocytes play a key role in this phenomenon, by acting as a sink for extracellular
glutamate and potassium, in addition to generally acting as a buffer for the ionic and
neurochemical changes that initiate and propagate cortical spreading depression.

In parallel to serotonin synthesis, the major route of tryptophan catabolism is the
kynurenine pathway, which produces neuroactive metabolites. Among these sub-
stances, kynurenic acid has potential neuroprotective action blocking glutamate
release and glutamatergic neurotransmission. Thus, kynurenines may affect several
pathogenic events involving glutamate pathogenesis in migraine directly, by acting
on glutamate receptors and exerting other neuromodulatory effects, and indirectly
via an altered serotonin metabolism [68].
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10.5 Nitric Oxide

Nitric oxide (NO) is a labile molecule with only a few seconds half-life, which is
synthesized by endothelium, neuronal cells, and immune cells by specific NO syn-
thases (NOS; endothelia, neuronal and inducible NOS). It is rapidly oxidized by tis-
sue oxygen to the stable end products, nitrate and nitrite; the total concentration of
both is the best index of overall NO production in the circulation. The most important
effect of NO is the activation of the soluble guanylate cyclase. This enzyme induces
the synthesis of cGMP and NO-cGMP pathways in smooth vascular muscles and is
responsible for vascular dilatation and relaxation. Through these effects, NO is
involved in the regulation of cerebral vessel tone in the cerebral blood flow.

Nitrite concentrations in plasma were investigated in patients with migraine and
CH patients compared with a group of healthy nonheadache controls. Significantly
higher nitrite concentrations were found in migraine patients, with and without
aura, and in cluster headache patients, during the remission and cluster phases,
than in controls, suggesting the involvement of a basal dysfunctioning in the
L-arginine-NO pathway in the peripheral mechanisms, predisposing patients with
neurovascular headaches to individual attacks [69].

In another study, basal plasma concentrations of NO metabolite nitrites (mea-
sured spectrophotometrically after the conversion of nitrates to NO,-), similar in
patients and controls, were found to be significantly increased after glyceryl trinitrate
(GTN) infusion at pain peak in patients and after 45 min in controls, but not after
120 min, with no differences between groups. These data do not support the presence
of basal hyperactivity of the L-arginine-NO pathway in CH patients. The authors
hypothesized that increased NO production might be of relevance in the mechanisms
leading to CH attacks, but other factors are likely to render CH patients hyperrespon-
sive to NO, ultimately causing the occurrence of pain and associated features [70].

It has been demonstrated that increased NO may interact with reactive oxygen
substances (ROS). Enhanced endothelial NO and superoxide anion release may be
involved in the induction of migraine through cerebral blood flow changes [71].

Dysfunction of the L-arginine/NO pathway activation was also investigated in
migraine and tension type headache. It was demonstrated that the activation of the
L-arginine/NO pathway in migraine patients, especially those with aura, increased basal
and collagen-stimulated production of NO, and cGMP in the platelet cytosol of migraine
patients, accompanied by a decrease in collagen-induced aggregation, especially in
patients with aura, compared with controls and this production was further increased
during attacks [72]. The increase in NO production in association with a decrease in
platelet aggregation to collagen was also confirmed in female migraineurs compared
with female controls with no headaches. This decrease was most evident at mid-cycle
in nonmenstrual migraine patients and in the luteal phase in menstrual migraine patients,
and was more accentuated during migraine attacks in both subgroups. The activation of
the L-arginine/NO pathway was more accentuated in the luteal phase in menstrual
migraine patients, and this could be responsible for the increased susceptibility to
migraine attacks during perimenstrual and menstrual periods in these patients [73].
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In patients with chronic daily headache (CDH) evolving from a previous episodic
migraine and in patients with CTTH a significant reduction in platelet collagen
aggregation was coupled with increased NO and cGMP production and a significant
increase in cytosolic Ca(2+) concentration, which was more evident in patients with
analgesic abuse compared with healthy control individuals. This was accompanied
by a reduced platelet content and collagen-induced secretion of serotonin, and in
patients with tension-type headache by increased glutamate content [74].

Based on the above findings, antagonizing NO production or the blockade of steps
in the NO-cGMP pathway, or scavenging of NO have been proposed to be potential
targets in the treatment of primary headaches for new drugs in treating migraine and
other headaches. Nonselective NOS inhibitors are likely to have side effects, whereas
the selective compounds, nNOS and i-NOS inhibitors, are now under investigation.
Antagonizing the rate-limiting cofactor tetrahydrobiopterin could be another very
likely new treatment. It is more unlikely that the antagonism of cGMP or its formation
will also be feasible, but augmenting its breakdown via phosphodiesterase activation
is a possibility, in addition to other ways of inhibiting the NO-cGMP pathway.

10.6 Neurotrophins

The involvement of nerve growth factor (NGF) in peripheral nociception clearly
emerged from the evidence in experimental pain models of upregulation and increased
delivery of this neurotrophin. Overexpression of the high affinity tyrosine kinase A
(TrkA) receptors by nociceptive terminals was also observed and accompanied by
enhanced SP and CGRP release [75]. The role of NGF as a peripheral pain mediator is
further suggested by the effectiveness of NGF neutralizing molecules as analgesic
agents in many models of persistent pain; these molecules have also been evaluated in
exploratory clinical trials. A further mechanism mediated by NGF in experimental
models of hyperalgesia is the enhancement of N-methyl-D-ASPARTATE (NMDA)-
evoked responses through the induction of brain-derived neurotrophic factor (BDNF)
synthesis by TrkA-positive sensory neurons and its interaction with Trk-B receptors.

Experimental data also suggest that NGF might activate mast cells through the
collaborative interaction with lysophosphatidyl serine expressed on membranes of
activated platelets. This could be of relevance for the neurogenic inflammation
mechanisms, assumed to constitute an experimental model of acute migraine attack,
where the occurrence of activated platelets has been demonstrated.

All these findings strongly suggest the potential implication of both NGF and
BDNF maintaining chronic pain states in humans, including headache.

Higher concentrations of BDNF were also demonstrated on the periphery in
patients affected by neurovascular primary headaches. In one report, patients with all
primary headaches showed significantly decreased platelet concentrations of BDNF,
but a selective reduction of platelet NGF was found only in migraineurs and not in CH
patients. No changes were observed in the plasma concentrations of either of the neu-
rotrophins in the two patient groups compared with controls. These findings further
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suggested the potential involvement of BDNF and NGF in the pathophysiology of
both headache disorders, and raised the possibility that it might be helpful in differen-
tiating migraine biologically from CH [76].

Tumor necrosis factor (TNF)-alpha, sSTNF-R1, sTNF-R2 receptors were also
determined in a further study aimed at verifying changes in BDNF serum concentra-
tions in migraine patients assessed during migraine attacks. BDNF was increased
during a migraine attack, whereas there was no significant difference in the serum
concentrations of TNF-alpha, sTNF-R1, and sTNF-R2 between attacks and head-
ache-free periods. This report therefore reinforces the hypothesis of the involvement
of BDNF in migraine pathophysiology [77].

Further studies have been performed to assess NGF and BDNF in the CSF of patients
with chronic headache. Significantly higher concentrations of NGF were demonstrated in
the CSF of patients with CDH, with no differences between patients with and those without
analgesic abuse [78]. Similar findings were found in a subsequent study revealing higher
concentrations of both neurotrophins in the CSF of both CM and fibromyalgia patients.
Values of BDNF and those of NGF correlated positively with those of glutamate [79].

In the spinal cord after the stimulation of primary sensory neurons various sub-
strates are released from the central terminals, such as ATP or BDNF. ATP is able to
influence the activity of the microglia, which causes the release of BDNF from the
microglia through the activation of the P2X4 receptors. BDNF activates the TrkB
receptors, which results in the downregulation of the K*-Cl-contransporter of the
second-order neurons, which convey information to the thalamus. This process is
associated with the development of allodynia.

Experimental findings demonstrated that somatostatin (SOM) is a regulatory
peptide in both the central and peripheral nervous systems. In humans, SOM is used
to treat opioid-resistant pain. In animal models, SOM and its stable analog octreo-
tide (OCT) have analgesic effects and SOM released from sensory neurone periph-
eral endings exerts anti-inflammatory actions. Activity-induced release of
endogenous SOM can be modulated by the trophic factor glial-cell-line-derived
neurotrophic factor (GDNF).

Table 10.2 Biochemical alterations in different migraine types

Substances Reference | Migraine type Sample | Alteration
Orexin-A [109] Chronic migraine CSF Increased
Adiponectin [112] Migraine Plasma | Increased (ictal)
Decreased (interictal)
Leptin [121] Episodic migraine Plasma | Decreased (interictal)
GABA [126] Chronic migraine with | CSF Decreased
depression
Substance P [132] Chronic migraine Saliva Increased
Plasma | Increased
Endothelin-1 [139] Migraine with and Plasma | Increased (6 h after the onset
without aura of the attack)

GABA gamma-aminobutyric acid
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Glial-cell-line-derived neurotrophic factor and SOM were measured in the CSF
of CM and fibromyalgia patients both with and without analgesic abuse and control
subjects. Significantly lower concentrations of GDNF and SOM were found in the
CSF of both CM and fibromyalgia patients compared with controls, with no signifi-
cant differences between those with analgesic overuse and those without. The abuse
of simple or combination analgesics does not seem to influence the biochemical
changes investigated, which appear to be more strictly related to the chronic pain
state [80] (Table 10.2).

10.7 Neurometabolic Systems

10.7.1 Hpypothalamic Orexinergic System

The hypothalamus has been involved in several headache disorders, including
migraine. Its role in migraine has initially been suggested owing to the observations
of premonitory symptoms in migraineurs, such as changes in thirst, food cravings,
and mood and sleep disturbances. More recently, functional imaging showed hypo-
thalamic activation during acute migraine attacks [81].

It has also been demonstrated that several hypothalamic peptides, proteins, and
neurotransmitters involved in feeding are also involved in migraine pathophysiology.
Among them orexin, adiponectin, and leptin should be mentioned.

Specifically, orexin (OX) A- and OXB-containing neurons are primarily located
in the lateral hypothalamus. They project to the cortex, thalamus, hypothalamus,
brainstem (including the locus coeruleus and the raphe nucleus), in addition to the
gastrointestinal tract. Orexins interact with 2G-protein coupled receptors, OXR1
and OXR2, which have been shown to contribute to regulate food intake. Further
evidence suggests that orexin might also modulate adipose tissue metabolism by
inhibiting lipolysis.

The hypothalamic orexinergic system may act as a key regulator of involvement
in the modulation of trigeminovascular activation and processing and may therefore
be involved in the pathophysiology of a variety of primary headaches, including
cluster headaches and chronic migraine [82].

Based on the above evidence, OXA and corticotropin-releasing factor (CRF)
were determined in the CSF of CM patients without analgesic abuse and in that of
MOH patients. Significantly higher concentrations of both OXA and CRF were
found in the CSF of MOH and to a lesser extent in patients with CM without anal-
gesic abuse compared with controls. A significant positive correlation was also
found between CSF OXA and CRF values, monthly drug intake group, and scores
of a self-completion ten-item instrument to measure dependence upon a variety of
substances, the Leeds Dependence Questionnaire (LDQ) in the MOH patient group.
The significantly higher OXA concentrations found in CM, mainly in MOH, can be
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interpreted as a compensatory response to chronic head pain or, alternatively, as an
expression of hypothalamic response to stress due to chronic pain. A potential role
for orexin-A in driving drug-seeking in MOH patients through the activation of
stress pathways in the brain can also be hypothesized [83].

Changes in the concentrations of hypothalamic neuropeptides in migraineurs
under preventive treatment with amitriptyline and flunarizine were assessed in
another study. Thirty-nine migraine patients with a body mass index <25 kg/m? and
with no endocrinological or metabolic diseases were assigned to receive amitripty-
line, or flunarizine, for 3 months. Orexin-A and orexin-B concentrations were sig-
nificantly reduced in both groups. Conversely, plasma neuropeptide-Y
concentrations were markedly increased, with the highest concentrations at the
second and third months, in both patient groups. Correlation of orexin-A concen-
trations with weight gain suggest their involvement in body weight increase occur-
ring in migraineurs during amitriptyline or flunarizine prophylactic treatment [84].

10.7.2 Adipokines

Adiponectin (ADP) is a protein primarily secreted from adipocytes, and its recep-
tors are expressed in the brain (particularly in the proopiomelanocortin [POMC]
and neuropeptide Y [NPY] neurons of the hypothalamus), the blood vessel endothe-
lium, in addition to liver and muscle.

As far as migraine is concerned, a pattern similar to that observed with serotonin
has been hypothesized in migraineurs, with low concentrations of ADP interictally
and increased concentrations during acute attacks. ADP concentrations appeared to
be raised in migraine and this increase was independent of psychiatric comorbidi-
ties, migraine severity and allodynia [85].

Conversely, in a pilot study of female episodic migraineurs, the high molecular
weight (HMW]):low molecular weight (LMW) ADP ratio concentration was asso-
ciated with migraine severity and was predictive of acute treatment response to
sumatriptan. In responder patients, the HMW:LMW ratio concentration was in fact
greater at pain onset compared with nonresponders. Responders also showed a
decrease in the HMW:LMW ratio at 60 and 120 min after treatment compared with
onset. These changes in responders remained significant after adjusting for covari-
ates, including measured body mass index (m-BMI). Although nonresponders
showed no significant changes in unadjusted T-ADP or ADP oligomer or ratio con-
centrations, the HMW:LMW ratio appeared to be increased in nonresponders after
adjustments [86]. ADP and the HMW:LMW ratio of ADP were therefore suggested
to be potential novel biomarkers and drug targets for episodic migraine.

In the recent Atherosclerosis Risk in Communities Study, the prevalence of
migraine was significantly associated with total adiponectin only in older men, but
not in older women [87].
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10.7.3 Leptin

Leptin is an adipocytokine involved in appetite suppression and the modulation of
inflammatory processes. It is primarily produced by adipocytes such as adiponectin
and leptin, but can also be produced by several other tissues, including the brain.
Interestingly, leptin receptors are abundantly expressed in the arcuate nucleus
(ARC) and dorsomedial nucleus (DM) hypothalamus. Leptin has also been shown
to modulate inflammation.

In the first study leptin concentrations in migraineurs were determined in serum
pre- and post-treatment in two small groups of patients treated with amitriptyline or
flunarizine. Body mass index (BMI) and serum leptin concentrations were found to
be increased at 4 and 12 weeks post-treatment with both preventive drugs compared
with baseline concentrations. It would not be possible to discriminate from the
above results if the changes in leptin concentrations were entirely due to weight
gain or a therapeutic response [88].

In more recent research, Guldiken et al. [89] assessed interictal serum leptin con-
centrations in migraineurs compared with age- and gender-matched controls. Lower
leptin concentrations and lower fat mass were found in episodic migraineurs.
However, there was no significant difference in leptin concentrations between the
groups after adjusting for fat mass.

No conclusive results can be drawn from the above research on leptin. Further
research is therefore needed evaluating serum leptin concentrations in migraineurs
that should take into account disease duration, sex hormones, and the phase of the
menstrual cycle in women.

10.7.4 Neuropeptide Y

Neuropeptide Y is widely distributed throughout sympathetic nerve endings where
it is costored and cosecreted with noradrenaline. It is considered a marker of norad-
renergic function. NPY participates in the autonomic control of cerebral circulation
and can be involved in disorders characterized by neurogenically mediated changes
in the cerebral blood flow, such as migraine, cluster headache, and stroke.

Studies on this marker are dated. Significantly lower plasma concentrations of
NPY in young MwA patients and, to a lesser extent, those with MwoA were found
in the interictal period, compared with a control group. Plasma NPY concentrations
tended to increase significantly during migraine attacks, particularly in patients with
MwA. No significant variations were observed between headache-free periods and
attacks in tension-type headache patients.

Reduced NPY concentrations in the interictal period have been interpreted as
evidence of the derangement of the sympathetic function in the course of migraine
(especially MwA), whereas the increase in NPY concentrations during migraine
attacks was suggested to be an expression of sympathetic activation, even though
this system is less functionally efficient [90].
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These results denied an increased sympathetic tone in migraine patients with
either migraine or subarachnoid hemorrhage (SAH), and suggested that the higher
CSF NPY might originate centrally. Findings in subarachnoid hemorrhage patients
argue in favor of a decreased sympathetic tone, which could represent a homeostatic
response counterbalancing vasoconstriction mediated by other mechanisms [91].

10.7.5 Gamma-Amino Butyric Acid

Gamma-amino butyric acid (GABA) is the major inhibitory neurotransmitter in
the CNS where it plays an important role in pain modulation. The most effective
drugs for migraine prevention, valproate and topiramate, exert a potent
GABAergic agonism. Direct evidence of the role of GABA in migraine is scarce.
A dated research reported that this neurotransmitter could be detected during
attacks only in migraineurs, but not in TTH patients, suggesting an increase in
this inhibitory neurotransmitter in the brain of migraine patients ictally aimed at
antagonizing pain [92].

The GABA concentrations were also measured in the CSF of CM patients, and
only those with comorbid depression showed significantly lower concentrations of
this inhibitory neurotransmitter with no difference when comparing patients with
controls supporting the possibility that a GABA deficiency might underlie mecha-
nisms of depression in CM and that preventive therapies modulating GABA neuro-
transmission might be useful in this condition [93].

More recently, GABA concentrations were measured using magnetic resonance
spectroscopy (MRS), in migraine patients. They did not differ significantly in
migraineurs and controls during attacks and interictally. GABA concentrations, how-
ever, did vary significantly as a function of severe headache attacks and of attack-related
disability, further suggesting the role of GABA in suppressing headache attacks [94].

Despite the potential role of the GABAergic system in migraine, no association
was found between common variants of the GABA A receptor and migraine, deny-
ing their major contribution to migraine susceptibility [95].

10.8 Substance P

The neuropeptide substance P (SP) is widely distributed in both the central and the
peripheral nervous system. In the trigeminal system, SP, present in sensory afferent
neurons, mediates vasodilation and nociceptive information.

Experimental findings demonstrated that stimulation of the trigeminal ganglion in
cats and humans elicits release of SP and CGRP. Immunoreactivity of SP was found
to be increased in the saliva of migraine and cluster headache patients during attacks.
This increase was accompanied by a rise in CGRP in both migraine and cluster head-
ache patients, and also VIP, but only in cluster headache patients [96]. A further study
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reported significantly higher concentrations of SP, together with those of CGRP and
NGEF in the plasma and saliva of patients with CM compared with control subjects.
Plasma concentrations of SP and CGRP correlated significantly with their concentra-
tions in saliva. There was a significant positive correlation between NGF and both
neuropeptide concentrations in plasma, and between the neuropeptide concentrations
in both plasma and saliva. NGF and both neuropeptides were highly associated with
pain intensity [97].

A central sensitization has been advocated to explain chronic daily headache due
to sustained trigeminovascular system activation. Glutamate-NO-cGMP-mediated
mechanisms and increased release of sensory neuropeptides have been shown to
play an important role in the maintenance of chronic head pain. In particular, among
sensory neuropeptides from the trigeminal system, SP, CGRP, and, to a lesser extent,
neurokinin A, appeared to be significantly increased in the CSF of CDH patients.

Substance P and somatostatin-like immunoreactivity in addition to enkephalinase
activity have also been evaluated in a dated study in the CSF during spontaneous and
histamine-induced attacks in cluster headache patients in the active phase. During the
histamine-provoked attacks, CSF and plasma somatostatin and enkephalinase activity
were unchanged, while plasma SP decreased significantly. During spontaneous
attacks, a significant lowering of SP without changes in somatostatin was found in
plasma compared with controls. Notably, both during and between attacks in the clus-
ter phase, plasma enkephalinase activity was increased in comparison with the values
in controls and this could explain the reduced concentrations of SP detected [98].

In a further study, SP and 5-HT concentrations were determined in platelets of
migraine and TTH patients. SP concentration was significantly higher, whereas
5-HT concentration was significantly lower in both patient groups compared with
controls. Furthermore, there was significant negative correlation between the con-
centrations of platelet SP and those of platelet 5-HT. These findings may reflect
similar changes in monoaminergic pathways involved in trigeminal pain processing
in both types of primary headache [99].

10.9 Endothelins

Endothelin-1 (EDN-1), encoded by the EDN1 gene on chromosome 6p24, is one of
the most potent vasoconstrictors in humans, but also exerts neuronal effects. EDN-1
is in fact able to induce cortical spreading depression (CSD) in animal models and its
involvement in migraine is demonstrated by increased concentrations during attacks
[100]. In preclinical studies expression of ET(A) and ET(B) receptor mRNA was
detected in human cerebral arteries with different effects: endothelin A receptor ago-
nism mediates strong vasoconstriction, whereas agonism to ET (B) receptor deter-
mines concentration-dependent vasodilation. In one study, EDN-1 ictal values were
markedly elevated at the beginning of the migraine crisis (<2 h) and declined to
interictal or even lower concentrations later (4—6 h) in the course of an attack. The
local vasoconstriction at the beginning of a migraine attack was interpreted to be
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EDN-1-mediated secondary to serotonin activation [101]. Vasopressin, which is
known to induce EDN-1 synthesis in endothelial cells, seems to play a role as a
mediator of elevated plasma EDN-1 in migraine, as suggested by the finding of
increased vasopressin concentrations 3 h after the attack onset, preceding an EDN-1
increase at 6 h [102]. In contrast to the above results, only one study reported
decreased concentrations of plasma EDN-1 during migraine attacks compared with
interictal conditions, which returned to basal values after pain relief [103]. In a more
recent study, EDN-1 appeared to correlate with the duration of migraine, systolic and
diastolic blood pressure, carotid artery intima media thickness, and impaired endo-
thelial vasoreactivity. An increase in EDN-1 was indicated to be an expression of
endothelial injury in migraineurs, independent of attacks and associated with vascu-
lar risk factors [104].

10.10 Hormonal Alterations in Primary Headaches

In primary headache disorders, contributions are made to the premorbid state by
genetic and epigenetic factors. Hormonal fluctuations alter the triggering of the
migraine attack. Estrogen has mainly an excitatory effect, while progesterone has an
inhibitory effect in the CNS. The progesterone concentration is decreased in the
premenstrual phase and its withdrawal could cause cortical hyperexcitability. CSD
is a propagating transient negative direct potential shift, which occurs in the aura
phase of MwA. CSD is influenced by estrogen [105]. Estrogen receptors, which are
expressed by the microglia, become activated during CSD, with the consequence of
the release of cytokines [106]. In the migraine-related structures (e.g., hypothala-
mus, periaqueductal gray), estrogen has been revealed. Neuronal hyperexcitability
during the menstrual cycle is modulated by the brain-derived neurotrophic factor,
which is induced by estrogen and is decreased by progesterone. It is supposed that
degranulation of the dural mast cells could activate the perivascular nerve fibers.
The mast cells synthesize gonadotropin-releasing hormone, which can modulate the
neuronal activity [105].

10.10.1 Migraine

The prevalence of migraine changes with age. Migraine occurs in 3—10 % of prepu-
bertal children (puberty begins at 8—14 years in girls and 9-15 years in boys), and the
rates are similar among boys and girls. In the postpubertal period, the hypothalamus
resets its neurohormonal systems [107]. Migraine affects close to three times as many
adult women (15-17 %) as adult men (6 %), and the prevalence of migraine decreases
in postmenopausal women. Alterations in the hormonal milieu of the reproductive
cycles of women are associated with the frequency of migraine headache. The pat-
terns of migraine correlate with menarche, pregnancy, lactation, and the menopause.
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10.10.2 Tension-Type Headache

A literature review has indicated that TTH is triggered by the menses. Population
studies have revealed that 12.7 % of women have menstrual TTH, but pregnancy,
the clinical features of TTH may improve. TTH remains unchanged or worsens in
70 % of postmenopausal women. A connection between the hormonal fluctuation
and the pathomechanism of TTH is currently lacking [108].

10.10.3 Cluster Headache

No strong link has been detected between CH and hormones, nor is there any asso-
ciation between CH and menarche, menstruation, hormonal contraceptive use or
menopause. In spite of this, data exist that point to the remission of CH during preg-
nancy, with a relapse several days after delivery and a worsening in the perimeno-
pausal period. The results of clinical studies revealed no relationship between
menstruation and CH or between the use of hormonal contraceptives and CH [108].

10.11 Immunological Findings in Primary Headaches

10.11.1 Migraine

Among the mechanisms thought to intervene in migraine pathophysiology the
involvement of allergic factors has been hypothesized for many years [109]. High
comorbidity between migraine and atopic diseases such as eczema and asthma has
been shown in dated studies, whereas the role of dietary factors as triggers of
migraine via immunological mechanisms has been criticized over the years [110].

Evidence for the involvement of the immune system in migraine comes from
findings of changes of serum concentrations in complement and immunoglobulins,
histamine, and immune cells in migraine patients, without clarification of the mech-
anisms involved [111].

Research into cytokines in patients with migraine has demonstrated fluctuations of
cytokine concentrations in migraine. The involvement of proinflammatory cytokines in
migraine attacks is emphasized in a study showing a trend toward an increase in plasma
concentrations of TNF-a in children with migraine compared with controls. In the same
study, TNF-a and IL-1 «, in addition to sSTNF-RI concentrations, were significantly
higher in MwA than in MwoA [107]. Prophylactic drugs seemed to reduce all proinflam-
matory cytokine concentrations with no significant differences from each other [112].

More recent research concerning the distribution of undetectable and detectable
anti-inflammatory cytokines in children and adolescents with migraine or TTH did
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not demonstrate differences among the two groups and age-matched control sub-
jects [113].

Chronic migraine with MOH is also characterized by alterations of some immune
parameters compared with episodic migraine patients indicating an inflammatory
state, as in other chronic pain conditions, especially with comorbid depression
[114]. They include changes in white blood cell and total lymphocyte count and
number and percentages of some lymphocyte subsets, such as CD4, CD19, CDS8,
and CD3 [115, 116]. These changes are accompanied by a reduction in beta-
endorphin lymphocyte concentrations, according to previous findings in migraine
and tension-type headache.

The assessment of cytokine concentrations in the cerebrospinal fluid of headache
patients assessed during attacks showed significant group differences in IL-Ira,
transforming growth factor-beta (TGF)-f1, and monocyte chemoattractant protein
(MCP)-1 in episodic TTH and migraine compared with controls, and a significant
difference in MCP-1 between cervicogenic headache and MwA. Intrathecal MCP-1
appeared to correlate with IL-1ra, IL-10, and TGF- B 1 in episodic TTH, and MCP-1
with IL-10 in MwA patients. Cytokine changes are modest compared with those
found in other serious neurological conditions, and have been interpreted as being a
mild response to pain [117].

More information on the involvement of immune cells in migraine is derived
from research into meningeal sterile inflammation. Sterile inflammation is believed
to play a role in the persistent activation of meningeal trigeminal nociceptors and
related blood vessels underlying migraine attack precipitation and maintenance.

Mast cells surrounding dural nociceptors are activated in the course of sterile
meningeal inflammation. Activated mast cells degranulate and release several pro-
inflammatory mediators such as histamine and proinflammatory cytokines, which
contribute to sustained trigeminal nociceptor activation. Among proinflammatory
mediators, tumor necrosis factor (TNF)-a, in particular, is thought to intervene in
the sensitization of meningeal nociceptors and the induction of intracranial throb-
bing pain through a complex meningeal immunovascular mechanism implicating
activation of the TNF receptor (TNFR) 1 and 2 on both vascular and immune cells,
in addition to downstream activation of meningeal NOS, COX-1, and COX-2, and
phosphorylation of MAP kinase p38 in vascular cells. IL-1p, but not IL-6, also pro-
motes the activation and increased mechanosensitivity of intracranial meningeal
nociceptors.

Other mediators potentially implicated in promoting the persistent activation of
meningeal nociceptors after CSD might be vasoconstricting mediators released dur-
ing the prolonged reduction in CBF that follows CSD [118]. One potential factor in
this regard is the arachidonic acid-derived 20-hydroxyeicosatetraenoic acid (20-
HETE), because of its ability to activate the ion-channel TRPV1 on nociceptors.

The involvement of TNF-a in trigeminovascular activation is supported by its tran-
sientincrease together with that of soluble intercellular adhesion molecule (ICAM)-1 in
the internal jugular blood of MwoA patients assessed ictally. The increase in TNF-a
can be induced by sensory neuropeptides, mainly CGRP released from activated tri-



206 P. Sarchielli et al.

geminal endings. SICAM-1 concentrations then progressively decrease and the very
late activation antigen (VLA)-1 expression by lymphocytes is downregulated during
migraine attacks. This could antagonize their transvascular migration in the brain, to
further support the hypothesis of “sterile” inflammation in the dura mater [119].

A further finding in the jugular venous blood of MwoA patients is the transient
increase in the concentrations of the neutrophil chemotactic chemokine IL-8, but not
the monocyte chemotactic chemokine MCP-1 or the lymphocyte chemotactic che-
mokine RANTES during attacks, consistent with the increase in CGRP. Experimental
evidence demonstrated a CGRP-induced activation of IL-8 gene expression, but not
RANTES and MCP-1, via transcriptional factor AP-2 transduction in response to
cyclic adenosine monophosphate in sensory neurons involved in inflammatory pain
models. Although IL-8 is transiently increased during migraine attacks, it is unlikely
to be due to an accumulation of leukocytes secondary to neurogenic inflammation,
as it is for other neuroinflammatory conditions affecting CNS [120].

Several preclinical and clinical data suggest the putative role of matrix metallo-
proteinases in migraine. These proteolytic enzymes involved in the remodeling of the
majority of protein components of the extracellular matrix may alter the composition
and function of the blood-brain barrier and promote a local inflammatory process
with accumulation of inflammatory mediators capable of discharging and sensitizing
meningeal nociceptors. In experimental models, they are upregulated by CSD [121].

10.11.2 Tension-Type Headache

Few studies have been performed in TTH patients, suggesting dysfunction of the
immune system in patients, mainly in the chronic form (CTTH).

Decreased serum concentrations of IL-2 were found in patients with CTTH and in
those with CM compared with controls. Decreased serum IL-2 concentrations have
been interpreted to be a reflection of the reduction in 5-HT or catecholamine concentra-
tions in CNS [122]. Conversely, concentrations of interleukin (IL)-1p were significantly
elevated in participants diagnosed with CTTH compared with healthy controls, while
IL-18 concentrations were found to be significantly elevated in men with CTTH [123].

In a recent study, children with CTTH showed lower IgA concentrations, but not
lower cortisol concentrations. A significant negative association between the num-
ber of years with headache and IgA concentration was found [124].

10.11.3 Cluster Headache

Some evidence suggests the involvement of an inflammatory process in CH. Reduced
activity of the NK cells and an increase in lymphokine-activated killer (LAK) gen-
eration has been shown in patients with CH compared with controls [125, 126].
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Impairment of the cytolytic and proliferative responsiveness of peripheral blood
mononuclear cells to IL-2 was also found [127].

Further findings in cluster headache patients concern the increase in the number
of monocyte and NK cell populations (despite the reduced activity of these cells),
alterations in NK+, CD3+, and CD4+ concentrations found in the cluster period,
probably pain- or stress-related, reduced activity of Gi proteins, and a marked
downregulation of Gi « mRNA [128, 129]. An increase in IL-1  concentrations in
CH patients between attacks has been shown compared with controls. IL-1  was
further increased during the ictal phase of CH compared with patients between
attacks and normal individuals [130]. These data were contradicted by a more
recent study on systemic changes in the IL-1 or IL-6 systems in CH patients [130].
In the same study, elevated soluble IL-2 receptors indicative of T cell activation
were also found in cluster headache patients assessed during attacks. It has been
hypothesized that IL-2 might be involved in the activation of the hypothalamus by
stimulating CRF release.

10.11.4 Other Primary Headaches

Elevated TNF alpha concentrations were found in the CSF, but not in the plasma, of
almost all new daily persistent headache (NDPH) patients assessed; similar concen-
trations were found in CM patients. An inflammatory status in the CNS has been
hypothesized in both conditions and is considered one of the causes of refractoriness
to treatment [131].

10.12 Magnesium in Primary Headaches

Magnesium (Mg) is an essential element that controls several cellular functions.
Its physiological roles include control of neuronal activity, cardiac excitability,
muscular contraction, neuromuscular transmission, vasomotor tone, blood pres-
sure, and peripheral and cerebral blood flow. A deficiency of Mg in migraineurs
was proposed for the first time by Durlach [132], who found that migraineurs may
excrete excessive amounts of Mg owing to stress. More recently, a Mg load test
study [133] revealed that migraine patients had greater retention of Mg than
healthy controls, suggesting its systemic deficiency. Lower concentrations of Mg
were found in CSF and were detected by *'P-magnetic resonance spectroscopy in
the brain of migraine patients assessed interictally [134]. Low free Mg in the brain
was also associated with deficient energy metabolism in patients with migraine
and cluster headaches [135].

Low Mg concentrations have been associated with vasoconstriction, platelet
aggregation, neurotransmitter release, including SP. Based on the preclinical and
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clinical evidence, Mg was assessed in the serum, but contrasting results were
obtained in this regard. In particular, they did not appear to be significantly differ-
ent among episodic (both with and without aura) and chronic migraine patients
[136], and in hemiplegic migraine [137], or conversely to be reduced interictally
and more consistently ictally [138]. Interestingly, an inverse correlation between
increased P100 amplitude and lowered serum Mg concentrations was found in a
study involving children suffering from migraine with and without aura assessed
in a headache-free period. Both groups expressed neuronal hyperexcitability of
the visual pathways related to a lowered threshold for migraine attacks, which
can be normalized in most patients by treatment with oral magnesium pidolate
[139].

Studies on Mg in erythrocytes and lymphocytes are more consistent, all showing
on average a significant reduction in migraine patients compared with controls or
TTH patients with no significant variations between ictal and interictal concentra-
tions [140, 141]. It has been hypothesized that this reduction might be due to abnor-
mal regulation of intracellular Mg that can reflect at the peripheral concentration
changes observed in the brain of a migraineur. Red blood Mg deficiency may also
explain premenstrual syndrome including migraine.

Serum ionized magnesium (IMg2+) was also measured by an ion-selective elec-
trode for Mg2+ in patients with various headache syndromes. Low serum IMg2+
and a high ICa2+/IMg2+ ratio were found in 42 % of migraine patients assessed
with attacks, but in only 23 % of patients with other severe, continuous headaches.
Conversely, total serum Mg was normal in all patients [142]. In another study,
30.8 % of chronic migraine patients had low serum ionized but not total Mg concen-
trations, and 61.5 % had high ionized Ca/Mg ratios. Proportions for chronic tension-
type headache patients were 4.5 and 36.4 % respectively. A high incidence of IMg2+
deficiency and elevated 1Ca2+/IMg2+ ratio has also been demonstrated during
menstrual attacks (45 %), confirming previous suggestions of the involvement of
Mg deficiency in its development [143].

Taking into account the above results, some Mg formulations have been used for
prophylactic treatment (magnesium pidolate, trimagnesium dicitrate, magnesium
oxide) and for the treatment of acute headaches (magnesium sulfate).

Two double-blind, randomized, placebo-controlled trials have shown the thera-
peutic efficacy of Mg supplementation in migraine patients, one involving women
with menstrual migraine treated with two cycles of Mg or placebo taken daily from
ovulation to the first day of flow [144, 145]. A third trial using a different Mg salt
showed no effect of oral Mg on migraine [146].

In a randomized, double-blind, placebo-controlled study involving children
and adolescents (aged 3-17 years), the administration of magnesium oxide
induced a statistically significant trend toward reduction in headache frequency
[147].
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Further trials have also shown that intravenous magnesium sulfate is effective in
the treatment of acute migraine [148]. Intravenous magnesium sulfate with pro-
chlorperazine was also able to abort a prolonged migrainous aura [149].

In addition, Mg was found to be effective for the treatment of CH. After i.v.
administration of magnesium sulfate, 41 % of patients reported meaningful relief
defined as a complete cessation of attacks or relief for more than 3 days [150].

Based on the promising findings described above, Mg in the sulfate salt formula-
tion can be recommended for migraine and possibly CH attacks. This may be particu-
larly relevant for migraine patients) considering that up to 50 % of patients during
attacks have low ionized Mg concentrations. Furthermore, Mg in chelated formula-
tions may be recommended for the prophylactic treatment of patients with MwA and
MwoA. Mg may also be indicated for patients with other headaches, such as TTH,
with pericranial muscle tenderness, if peripheral Mg deficiency is demonstrated [151].

10.13 Conclusion

In this chapter we reviewed the most important aspects of the biochemistry of pri-
mary headaches. The most consistent results have been obtained for migraine
(Tables 10.1 and 10.2). Further investigations are needed to broaden the horizons of
this topic. The integration of the different fields of the pathophysiology of head-
aches could, in future, allow for a significant improvement in the knowledge and the
management of such a relevant and common ailment.
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Chapter 11
Pathophysiology of Migraine:
Current Status and Future Directions

Jakob Mgller Hansen and Dan Levy

11.1 Introduction

Around 10 % of the global adult population has active migraine [1]. The public
health burden of migraine is high because migraine attacks are associated with
temporary disability and substantial impairment in activities [2]. As such,
migraine is ranked as one of the most disabling conditions [3, 4]. The wide-
spread disability produced by migraine [5] is therefore an important target for
treatment.

The hallmark of migraine is the head pain, but a plethora of other clinical symp-
toms is needed for a headache to be qualified as a migraine according to the current
diagnostic criteria; see Table 11.1.

There has been tremendous progress in our acceptance, understanding and
treatment possibilities of migraine, but to optimize migraine management, it is
important that we continue to improve our understanding of the basic migraine
mechanisms. An understanding of migraine pathophysiology must encom-
pass the varied clinical symptoms and relate these findings to anatomy and
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Table 11.1 Diagnostic criteria for migraine, according to the current classification of headache
disorders of the International Headache Society [14], reproduced with permission

Diagnose Migraine without aura (MO) Migraine with aura (MA)
Diagnostic (A) Atleast 5 attacks fulfilling (A) Atleast 2 attacks fulfilling criteria
criteria criteria B-D B-D
(B) Headache attacks lasting (B) One or more of the following fully
4-72 h (untreated or reversible aura symptoms:
unsuccessfully treated) 1. Visual
(C) Headache has at least two of 2. Sensory
the following four 3. Speech and/or language
characteristics: 4. Motor
Unilateral location, 5. Brainstem
Pulsating quality, 6. Retinal
Moderate or severe pain (C) Atleast two of the following four
intensity, characteristics:
Aggravation by or causing 1. At least one aura symptom
avoidance of routine physical spreads gradually over >5 min,
activity (e.g. walking or and/or two or more symptoms
climbing stairs) occur in succession
(D) During headache at least one 2. Each individual aura symptom
of the following: lasts 5-60 min
Nausea and/or vomiting 3. At least one aura Symptom is
Photophobia and phonophobia unilateral
(E) Not better accounted for by 4. The aura is accompanied, or
another ICHD-3 diagnosis followed within 60 min, by
headache
(D) Not better accounted for by another

ICHD-3 diagnosis, and transient
ischemic attacks have been
excluded

11.2 Genetic Predisposition in Migraine

Due to both clinical and genetic heterogeneity in migraine patients, as well as a long
list of possible environmental causes and triggering factors, it has been difficult to
identify genes and their importance for the common types of migraine [6].

A genetic basis for migraine with aura (MA) was reported [7, 8] with loci for
visual aura mapped to chromosome nine [9] at 9q21-q22 [10]. Genome-wide asso-
ciation studies in the general population have suggested susceptibility loci for
migraine [11] that were later confirmed [12] and also for migraine without aura [13].

Important insights into the genetic and molecular pathophysiology of migraine
have come from studies of rare monogenic subtypes of migraine, where mutations in
a single gene are linked to a migraine phenotype. These include familial hemiplegic
migraine (FHM) and migraine in familial advanced sleep phase syndrome (FASPS).

FHM is a dominantly inherited subtype of migraine with aura, phenotypically
characterized by fully reversible half-sided weakness and other aura symptoms pre-
ceding or accompanying a migraine headache and at least one affected first-degree
relative [14]. Mutations in a number of different genes cause the FHM phenotype
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[15-19]. The migraine aura is believed to be mediated by cortical spreading depres-
sion (CSD) and is a self-propagating wave of cellular depolarization in the cerebral
cortex (see also below) [20, 21].

In vivo studies of mice with knock-ins of two different FHM genes showed
increased susceptibility to CSD as well as increased velocity of propagation of CSD
compared with wild-type animals [22-25]. FHM mutations may thus predispose to
CSD, migraine aura and possibly headache [20, 26]. The fact that the FHM-1 knock-
in mice also show a relevant pain phenotype [27, 28] suggests that these transgenic
mice are an important model to improve our understanding of migraine pathogene-
sis and may be used as a platform for testing novel anti-migraine drugs.

Another genetic factor that may drive migraine is a mutation in the gene encod-
ing casein kinase I8 (CKI9). This mutation underlies familial advanced sleep phase
syndrome (FASPS), which is characterized by early sleep times and early-morning
awakening, and affects a phosphorylation site within the CKI-binding domain of the
human PER2 gene [29].

A recent study reported of two families, each with a distinct missense mutation
in the gene encoding CKI9, in which the mutation co-segregated with both the
presence of migraine and advanced sleep phase [30]. The authors engineered a
knock-in mouse carrying one of the mutations (CKI3-T44A allele) and showed in
a beautiful translational set-up that these mice were more sensitive to pain after
treatment with the migraine trigger nitroglycerin [31], had a reduced threshold for
CSD and astrocytes - which could play a role in CSD [32]- from the KI mice exhib-
ited increased calcium signalling. Interestingly, the FHM-1 knock-in migraine
mouse model also shows a change in circadian phenotype towards an enhanced
circadian resetting [33].

It is important to note that the common types of migraine, MA and MO, are gen-
erally not associated with any of the known FHM mutations [34—37]. Furthermore,
many of the traits found in these monogenic subtypes of migraine (e.g. hemiplegia
during aura, progressive ataxia in FHM and FASP) are not found in common types
of migraine. The translation from the promising animal studies of the monogenic
migraines into a human clinical setting, and the relation between these rare subtypes
and MO and MA, may thus not be as straightforward as hoped.

The search for the elusive migraine genes is ongoing and is expected to provide further
suggestions for molecular pathways and possible treatment targets; see also Chap. 4.

11.3 What Causes a Migraine Attack?

11.3.1 Triggering Factors for Migraine

A migraine trigger is any factor that on exposure or withdrawal leads to the develop-
ment of a migraine attack [38]. Migraine triggers are often stereotypic within each
patient, with a large degree of overlap between patients, and constant across geo-
graphic, cultural, ethnic or racial boundaries [39—41].
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Triggering factors for migraine are found across the migraine spectrum, from migraine
without aura to migraine with aura, and in familial hemiplegic migraine [42—47]. Despite
a large number of reported trigger factors, the mechanisms by which migraine triggers
exert their effect is not clarified. It can be speculated that different migraine triggers acti-
vate a wide variety of brain areas, ultimately resulting in release of nociceptive molecules
from the parenchyma or meninges that are capable of activating and sensitizing menin-
geal nociceptors [48] and ultimately the migraine pain pathway [49].

The link between known triggering factors and the genesis of a migraine attack
requires, however, a better scrutiny. While retrospective and diary studies often
identify numerous factors, clinical studies paint a different picture [40].

One study exposed 27 MA patients to their self-reported triggers in order to
assess the causal relation between trigger factors and migraine attacks. The study
tried to trigger a migraine aura with factors that the patients themselves had identi-
fied as strong triggers. These triggers included different types of photostimulation,
strenuous exercise or a combination of these factors. It was found that only 11 %
reported attacks of MA following provocation, which led the authors to conclude
that experimental provocation using self-reported natural trigger factors causes MA
only in a small subgroup of patients with MA [50].

Testing the role of low-intensity factors such as chocolate as a migraine trigger
also indicated mixed results with two studies concluded as negative [51, 52], while
another was positive [53].

To better evaluate the role of migraine triggers in the onset of new or first attacks
of migraine and to determine if avoidance of trigger factors improves migraine sta-
tus, prospective cohort studies are required.

11.4 Signalling Molecules in Migraine

Migraine is considered a neurovascular headache [54]. It is believed to arise from a
primary brain dysfunction, leading to activation and sensitisation of primary affer-
ent neurons that innervate the cranial meninges, i.e. peripheral trigeminovascular
neurons and the ensuing release of vasoactive neuropeptides [55, 56].

Release of vasoactive peptides during attacks could be the result of activation of
a brainstem reflex [57], where activation of trigeminal nerves and subsequent noci-
ceptive signaling to the central nervous system mediates a parasympathetic reflex
arc during migraine, leading to the release of e.g. neuropeptides [58].

11.4.1 Calcitonin Gene-Related Peptide (CGRP)

A prominent example is CGRP, a 37-amino-acid neuropeptide identified in the early
1980s [59, 60]. CGRP is broadly distributed in the nervous system [61, 62] and in
the trigeminal pain pathway at peripheral [63—65] and central levels [66—68]. CGRP
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is released from perivascular trigeminal nerve terminals [69, 70] but does not acti-
vate or sensitize the nociceptors in the rat meninges [71] or in the human skin and
muscle [72]. Animal models of headache and pain suggest modulatory role of
CGRP in nociceptive transmission [71, 73-77].

In 1988, it was reported that CGRP is released into the extracerebral circulation of
humans during thermocoagulation of the trigeminal ganglion [78]. Studies in migraine
patients showed elevation of CGRP during [79] and outside of migraine attacks [80].
However, a newer study challenged these reports, showing no changes in plasma
CGRP during migraine attacks compared to outside of attacks [81]. Regardless, the
importance of CGRP in migraine pathogenesis was underlined after large randomized
controlled trials confirmed that CGRP antagonists are effective in subsets of patients
in treating acute migraine attacks [8§2—85] and also in migraine prophylaxis [86]. The
exact pathways involved in mediating the role of CGRP in migraine attacks and mech-
anisms by which CGRP antagonists abort or prevent migraine are not fully clarified
but may involve both peripheral and central sites of action [68, 87].

The newest chapter in the saga of CGRP-based migraine treatment was the find-
ing that monoclonal antibodies to CGRP are effective in migraine prophylaxis [88,
89]. Interestingly, both the anti-migraine action of the CGRP antibodies and their
large molecular weight point to a peripheral site of action for CGRP in migraine.

11.4.2 Vasoactive Intestinal Peptide (VIP) and Pituitary
Adenylate Cyclase-Activating Polypeptide (PACAP)

Two other neuropeptides that are also of interest in migraine pathophysiology are
VIP and PACAP. These peptides are secreted from perivascular parasympathetic
nerve fibres [90]. PACAP is also found in trigeminal nerve fibres surrounding cere-
bral blood vessels [91]. The release of VIP and PACAP regulates cerebrovascular
tone and haemodynamics of the brain [92]. Studies of VIP in double-blinded
placebo-controlled crossover studies in both healthy subjects [93] and migraine
patients [94] showed a very modest headache/migraine induction rate.

Infusion of PACAP in healthy subjects induced vasodilatation of a similar
magnitude to VIP but longer lasting [95]. PACAP induced sustained cephalic vaso-
dilatation as well as migraine attacks in migraine patients without aura [96]. In a
randomized head-to-head comparison study of intravenous administration of
PACAP and VIP, more patients (73 %) reported migraine-like attacks after PACAP38
than after VIP (18 %) [97].

PACAP-induced migraine was associated with sustained dilatation of extracra-
nial arteries and elevated plasma PACAP before onset of migraine-like attacks. Two
receptors, VPAC, [98] and VPAC, [99], are activated with equal affinity by PACAP
and VIP, but a third receptor, PAC|, is selectively activated by PACAP [100]. PACAP
has a much higher affinity for the PAC1 receptor. Thus, it can be speculated that the
PACAP38-evoked migraine involves the activation of the PACI receptor, which
may be a future anti-migraine drug target [101]. See also Chap. 10.
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11.5 The Premonitory Symptoms

Many migraine patients experience a prodromal phase with so-called premonitory
symptoms, hours or even days before the aura or headache. The most commonly
reported premonitory symptoms are yawning, stiff neck, fatigue, irritability, food
cravings, difficulty concentrating, mood change, light hypersensitivity and nausea
[102-104].

It is worth noting that some typical premonitory symptoms (heightened sensitivity
to light, sound and smell) are also found on the list of migraine triggers. It may well be
that migraine patients identify as triggers particular sensory stimuli to which they are
already more sensitive because their acute migraine attack has already begun [105].

Cortical hypersensitivity may underlie some of the premonitory symptoms
exhibited by migraineurs. For example, in a PET study of patients reporting pre-
monitory symptoms, activation of extrastriate visual cortex in patients with sensitiv-
ity to light (i.e. photophobia) was significantly greater in patients with photophobia
compared to those without, suggesting that photophobia may be linked to activation
of the visual cortex during the premonitory phase of migraine [106].

Several prodromal- and attack-related migraine symptoms have been hypothe-
sized to be caused by alterations in dopaminergic function (e.g. yawning, nausea,
vomiting and fatigue), and dopamine antagonist medications have been successfully
employed in the acute treatment of migraine [107, 108]. There is also indirect evi-
dence for a role of dopamine in acute migraine attacks based on previous studies
[109]. For example, in visually triggered migraine, blood oxygen level-dependent
(BOLD) fMRI (functional magnetic resonance imaging) showed that baseline
T2-weighted signal intensities increased in the red nucleus and substantia nigra
before the onset of visually triggered symptoms, suggesting activation of brainstem
dopaminergic structures during migraine attacks [110].

A recent PET study set out to identify other brain areas that may be involved in the
premonitory phase of migraine [111] using i.v. infusion of nitroglycerin (NTG) that is
able to induce both migraine headache [31] and premonitory symptoms [112].

The authors reported brain activations, in particular of the hypothalamus, in the
premonitory phase, notably at a time point when the patients were totally pain-free.
The hypothalamus might also be an important brain region during the attack [113,
114]. The hypothalamus may thus be a possible site of drug action for very early
treatment of impending migraine attacks. Possible targets might include hypotha-
lamic peptides, especially the orexins [115]. Orexin receptors antagonism attenuates
trigeminal nociceptive activity and increases the threshold for cortical spreading
depression (CSD), but these actions may not necessarily involve the hypothalamus.

Although targeting the hypothalamic orexinergic system has been suggested as a
novel mechanism for the preventive treatment of migraine with and without aura
[116], a recent randomized controlled trial testing of the orexin receptor antagonist
filorexant for migraine prevention did not find any effect compared to placebo [117].
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11.6 The Migraine Aura

About a third of patients with migraine have attacks with aura [118], a usually tran-
sient clinical disturbance that a can be attributed to brain dysfunction [20]. In
migraine with typical aura, the most prevalent aura symptoms are visual distur-
bances [119]; see Fig. 11.1.

Following the original description of the cortical spreading depression (CSD)
phenomenon in rabbits by Ledo [120], it has been hypothesized that CSD and the
ensuing cerebral oligemia are the underlying mechanisms of the migraine visual
aura [21, 121]. While a CSD has never been recorded during a migraine attack,
spreading depolarizations closely resembling CSD have been well documented in
humans following ischemic stroke, intracerebral hematoma, subarachnoid haemor-
rhage and brain trauma [122-124].

A seminal finding however that provided critical support for the role of CSD in
mediating the aura was a functional MRI study in a patient showing perturbations in

Fig. 11.1 Typical propagation pattern of a visual migraine aura. (a) The figure depicts the right
visual hemifield and the travelling visual migraine aura, with the numbers indicating the time
passed (in minutes) since first occurrence. (b) Here, the visual disturbance is projected onto a flat
model of the primary visual cortex by reversed retinotopic mapping (Used with permission and
adapted from [159])
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the occipital cortex during visual aura that are consistent with features of CSD in the
rodent cortex [125].

CSD may be one of the cortical events that lead to the genesis of migraine pain.

Animal studies have shown that CSD initiated in the rat visual cortex can lead
to long-lasting activation of nociceptors that innervate the dura mater [126].
Interestingly, the activation of meningeal nociceptors following CSD was not
mediated by the parasympathetic system, suggesting again that meningeal vasodi-
latation may not play a role in the emergence of the headache in MA. In the same
model, it was also shown that CSD can also activate spinal trigeminal nucleus that
receive input from the dura, thereby linking CSD to activation of the trigeminovas-
cular pathway [127]. This supports previous findings in rodent models that CSD
activates trigeminovascular afferents and evokes a series of cortical meningeal and
brainstem events consistent with the development of headache [26] — possibly
through the opening of stressed neuronal pannexinl channels [128]. In addition to
activating peripheral and central trigeminovascular neurons, CSD has been shown
to mediate meningeal excitability by modulating corticotrigeminal networks [129].

A study based on quantitative examination of the timing of migraine symp-
toms relative to aura reported that headache and other migraine symptoms com-
monly occur simultaneously with aura, at least in a substantial number of
patients [130]. This result suggests that in some attacks, the pain and associated
symptoms of migraine are caused by parallel mechanisms occurring at the same
time as the aura rather than as a direct downstream consequence of the mecha-
nism underlying the aura, such as CSD. Whether CSD and its related migraine
aura is a trigger of headache is still debatable, but well-planned prospective
recordings of migraine attacks in patients and validated animal studies may help
solve this long-standing riddle.

11.7 Migraine Headache: How and Where?

Structures that produce, or are perceived to produce, head pain can be found in the
trigeminovascular system; see Fig. 11.2. Within the skull, its periosteal lining, the
meninges and large vessels, but not the brain itself, are able to generate nociceptive
signals [131].

Peptidergic nerve fibres with cell bodies in the trigeminal ganglion innervate
intracranial meningeal blood vessels, the dura mater and venous sinuses (i.e. the
trigeminovascular system) [132, 133] which are considered the major pain path-
ways that mediate migraine pain [134]. The major pain pathway from the vessels
and dura mater is the first (ophthalmic) division of the trigeminal nerve [135].
Traction on cerebral vessels was suggested as the cause of headache pain [136]
leading to the pathophysiologic concept of migraine as vascular headaches [131].
Clinical studies of various vasodilators [93, 94, 97, 137-139] and functional brain
imaging [140, 141] suggest that vascular changes, though present, are unlikely to be
the primary cause for head pain in migraine [142, 143]. This view is supported by
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Fig.11.2 Themajorstructuresinvolved in activation of the trigeminovascular system. Trigeminovascular
input from the meningeal-vascular structures passes through the trigeminal ganglion and synapses on
second-order neurons in the trigeminocervical complex. These neurons in turn project in the quintotha-
lamic tract and, after decussating in the brainstem, synapse on neurons in the thalamus before projecting
to the sensory cortex (Reproduced with permission and adapted from [160])

recent treatment trials where drugs without (prominent) vascular effects are effec-
tive in both abortive [144] and prophylactic migraine treatments [86]. A different
view, suggesting that migraine pain could arise as a result of a brain disturbance in
aminergic sensory modulatory systems, including brainstem, hypothalamic and tha-
lamic structures, has also been suggested [145]. This debate is far from resolution
[146-148]; see also Chap. 1.

11.8 Migraine Triggers in a Human Experimental Model

Because migraine attacks are fully reversible and can be aborted by therapy, the
headache- or migraine-provoking property of naturally occurring signalling mole-
cules can be tested in a human model. If a naturally occurring substance can pro-
voke migraine in human patients, then it is possible, although not certain, that
blocking its signalling will be effective in the treatment of acute migraine attacks.
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To this end, a human in vivo model of experimental headache and migraine in
humans has been developed [149].

This model has predicted efficacy of nitric oxide synthase inhibition and cal-
citonin gene-related peptide receptor blockade and has been used to examine
other endogenous signalling molecules as well as genetic susceptibility factors
[150]. Human models of migraine offer unique possibilities to study mechanisms
responsible for migraine and to explore the mechanisms of action of existing and
future anti-migraine drugs [151]. Furthermore, these models have played an
important role in the translational migraine research leading to the identification
of three new principally different targets in the treatment of acute migraine
attacks [84, 152, 153].

New additions to the model, such as advanced MR modalities and PET [111,
114, 138, 143, 154, 155], may lead to a better understanding of the complex events
that constitutes a migraine attack and better and more targeted ways of intervention.
See also Chap. 5.

11.9 Conclusion and Future Perspectives

There has been tremendous progress in our understanding of migraine mechanisms
and treatment over the last decades. Migraine, however, remains under-diagnosed
and under-treated and its research underfunded. A number of important questions
will be in focus in the time to come.

New migraine treatments are needed. As the case of CGRP shows, it is possible
to go from animal studies based on anatomy and physiology to human experimental
studies and to clinical trials to yield a working drug based on stringent translational
thinking (and as always, a certain amount of serendipity). Along this line of think-
ing, future migraine drugs could act well on PACAP, orexins or other endogenous
signalling molecules. The future development of prophylactic treatments for
migraine thus will require a better understanding of the endogenous factors that
mediate the activation of the trigeminovascular system.

Though still new to the migraine field, the recent successes in migraine prophylaxis
with monoclonal antibodies to CGRP [88, 89] suggest that antibody-based treatments
could be of potential use in migraine. New trials of other antibodies are currently
under way (e.g. ClinicalTrials.gov Identifier: NCT02163993, NCT01688739).

Botulinum neurotoxin has been tested for prophylactic treatment of episodic
migraine headaches and has consistently been found to be no better than placebo —
both from a clinical and statistical perspective [156]. Interestingly, in chronic daily
headaches and chronic migraines, botulinum neurotoxin showed a small to modest
benefit [157]. The reasons for different treatment effects between low- and high-
frequency migraine are still a matter of debate. To date, botulinum neurotoxin injec-
tion is the only FDA-approved treatment for chronic migraine. A recent study
examined the hypothesis that botulinum neurotoxin affects specifically meningeal
nociceptors and reported that botulinum neurotoxin was able to inhibit mechanical
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nociception in these neurons [158], thus providing mechanistic insights into how
botulinum neurotoxin might exert any anti-migraine effect.

Future studies are needed to dissect the different aspects of the migraine bio-
phenotype. These studies must be based on good human prospective studies in addi-
tion to experimental and observational basic science and animal studies to ensure
translational progress in the migraine field.
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Chapter 12
Pathophysiology of TTH: Current Status
and Future Directions

Sait Ashina and Lars Bendtsen

12.1 Introduction

Tension-type headache (TTH) is a highly prevalent primary headache with enormous
socioeconomic costs [1, 2]. Frequent or chronic TTH has a major impact on both the
individual and population levels. Our understanding of mechanisms of TTH has
improved due to recent advances in basic, clinical, and epidemiologic research.
Abnormalities in peripheral and central nociceptive systems in combination with
environmental, emotional, and genetic factors are involved in the pathophysiology
of TTH. Risk factors for poor prognosis and/or chronification of TTH have been
identified in longitudinal epidemiological studies.

12.2 Psychological Factors

Emotional factors such as stress and mental tension have been shown to be risk fac-
tors for the development of TTH. A positive correlation between headache and
stress was demonstrated in patients with TTH [3, 4]. Stress also induces more
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headache in patients with CTTH than in healthy controls possibly by inducing
hyperalgesia in the setting of already sensitized nociceptive pathways [5, 6].
Interestingly, stress did not enhance abnormal temporal summation of pain, a clini-
cal correlate of wind-up of nociception in humans, or modulate diffuse noxious
inhibitory control [7]. Clinical depression is a common psychiatric condition in
frequent TTH and may possibly be involved in the pathophysiological mechanisms
of TTH, but the relationship between these two conditions can be bidirectional [8].
Janke et al. [9] demonstrated that depression increased vulnerability to TTH in
patients with frequent headaches during and following the laboratory stress test.
Moreover, depression was associated with increased pericranial muscle tenderness.
Thus, depression may contribute to central sensitization or increased excitability of
central pain pathways in patients with CTTH [9, 10]. Furthermore, maladaptive
coping strategies such as catastrophizing and avoidance seem to be common in TTH
[11]. The neurobiological mechanisms through which emotional factors contribute
to TTH are not fully clarified. Further studies are warranted and needed to explore
the possible relation of corticolimbic circuits to central sensitization in TTH.

12.3 Genetic Factors

Genetic factors seem to play a role in the pathophysiology of TTH, but the inheri-
tance in this type of headache is likely polygenic due to high prevalence and vari-
ability in frequency. In CTTH, population-relative risk in first- and second-degree
relatives was increased threefold compared to controls [12, 13]. The mode of inheri-
tance in CTTH was investigated by complex segregation analysis [13]. The analysis
demonstrated the multifactorial inheritance in CTTH supporting multifactorial
model. The relative importance of genetic and environmental influence for the
development of TTH was studied in population of twins [14]. The environmental
influence was found to be of major importance for episodic TTH (ETTH), and a
genetic factor was minor. Currently, we believe that the majority of the population,
perhaps all, has the potential to develop TTH if exposed to sufficiently strong envi-
ronmental risk factors.

12.4 Peripheral Factors

12.4.1 Muscle Tenderness

Peripheral factors involving muscles and peripheral nociceptors have long been
considered of importance in the pathophysiology of TTH. Increased tenderness in
pericranial muscles during attacks and headache-free periods is a frequent finding
and abnormality in patients with ETTH and CTTH [15-21]. Tenderness has been
demonstrated to be uniformly increased throughout the pericranial region and is
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positively associated with both the intensity and the frequency of TTH [17, 19, 20].
Tenderness and hardness have been found to be increased both on days with and
without headache, indicating that hardness is not the consequence of actual head-
ache [10, 22-24]. A recent series of pilot studies reported an increased number of
active trigger points both in patients with frequent ETTH and in patients with
CTTH [25-27].

12.4.2 Muscle Strain

Sustained pericranial muscle contraction has long been suggested to be an etiologic
factor in TTH. Sustained experimental tooth clenching was reported to induce more
headaches in TTH patients than healthy controls [28], and these patients are more
likely to develop shoulder and neck pain in response to static exercise than controls
[29]. Several laboratory-based electromyographic (EMG) studies have reported
normal or only slightly increased muscle activity in TTH [30]. However, EMG
activity has been reported to be increased in myofascial trigger points [31], and it is
possible that continuous activity in a few motor units over a long time could be suf-
ficient for excitation or sensitization of peripheral nociceptors.

12.4.3 Muscle Blood Flow

A microdialysis study in TTH demonstrated an increase in muscle blood flow dur-
ing exercise that was lower in patients than in controls, but lactate levels in a tender
site in the trapezius muscle did not differ between patients and controls [32]. It was
suggested that the altered blood flow was caused by altered sympathetic outflow to
blood vessels in striated muscle secondary to central sensitization of nociceptive
pathways.

12.4.4 Inflammation

The increased myofascial pain sensitivity in TTH could be secondary to the release
of inflammatory mediators resulting in excitation and sensitization of peripheral
sensory afferents. Infusion of a combination of endogenous substances into the tra-
pezius muscle resulted in more pain in patients with frequent ETTH compared to
controls [33]. The “inflammatory” hypothesis has been challenged by Ashina et al.
[34] who demonstrated that the in vivo interstitial concentrations of adenosine
S-triphosphate, glutamate, glucose, pyruvate, urea, and prostaglandin E, in tender
muscles during rest and static exercise did not differ between patients with CTTH
and controls.
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12.4.5 Summary of Peripheral Factors

Overall, previous studies indicate that muscle pain in TTH is not caused by gen-
eralized excessive muscle contraction and muscle ischemia. It cannot be excluded
that a locally increased muscle tone without EMG activity may result in micro-
trauma of muscle fibers and tendon insertions or that excessive activity in a few
motor units may excite or sensitize peripheral nociceptors. Pericranial myofascial
pain sensitivity is increased in patients with TTH, and peripheral activation or
sensitization of myofascial nociceptors could play a role in the increased pain
sensitivity.

12.5 Central Factors

12.5.1 Pain Sensitivity and Central Sensitization

The increased myofascial pain sensitivity in TTH could also be due to central fac-
tors such as sensitization of second-order neurons at the level of the spinal dorsal
horn/trigeminal nucleus, sensitization of supraspinal neurons, and decreased antino-
ciceptive activity from supraspinal structures. Pain detection thresholds have been
reported normal in patients with ETTH in studies performed before the separation
between the infrequent and frequent form of TTH in the second edition of the
International Classification of Headache Disorders (ICHD-2) [18, 35-38]. Pain
detection thresholds may be decreased in patients with frequent ETTH [33, 39], and
both pain detection and tolerance thresholds were found to be decreased in patients
with CTTH in studies performed with sufficient or large sample size [17, 39—44].
The difference in pain sensitivity is even more pronounced in cephalic and extrace-
phalic regions in CTTH when recording pain sensitivity to clinically relevant stim-
uli, i.e., suprathreshold stimuli [40].

Hypersensitivity to various sensory stimulus modalities has been demon-
strated in CTTH, including pressure [17, 41, 44], thermal [41], electrical [40, 42,
45-47], and inflammatory (intramuscular infusions of painful substances) stim-
uli [33, 39, 48, 49]. In addition, sensitivity to various stimulus modalities in vari-
ous tissues, i.e., muscle, skin, tendons and peripheral nerves, is increased both at
cephalic and extracephalic sites, both during and outside of a headache phase
[17,39-42, 44, 49].

Increased temporal summation to pressure pain and trend toward increased tem-
poral summation to electrical pain in patients with CTTH compared to controls has
been reported [7, 40]. These studies point toward the generalized increase in pain
sensitivity in patients with frequent TTH. Widespread pain sensitivity in frequent
TTH and CTTH supports the role of central sensitization. A population-based study
demonstrated a close relationship between altered pain perception and chronifica-
tion of headache confirming findings from experimental studies [50]. Furthermore,
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it was demonstrated that the increase in TTH prevalence over a 12-year period was
related to increased pain sensitivity [50]. Increased pain sensitivity is a consequence
of frequent TTH, not a risk factor, and the results support that central sensitization
plays an important role for the chronification of TTH [51]. In addition, stimulus-
response function for pressure versus pain in pericranial muscles is not only quanti-
tatively but also qualitatively altered in patients with CTTH. The above hypothesis
was further supported by a study demonstrating decrease in the volume of gray
matter brain structures involved in pain processing in patients with CTTH [52]. This
decrease was positively correlated with duration of headache and was most likely a
consequence of central sensitization generated by prolonged input from pericranial
myofascial structures [52]. However, generalized hypersensitivity and central sensi-
tization can only partially account for the increased pericranial tenderness in patients
with CTTH because of incomplete correlation between general pain hypersensitiv-
ity and pericranial tenderness [17, 19].

12.5.2 Central Pain Modulation

Decreased antinociceptive activity from supraspinal structures, i.e., deficient
descending inhibition, may also contribute to the increased pain sensitivity in
chronic TTH [7, 42, 46, 47, 53, 54]. A high-density brain electroencephalo-
gram mapping study found impaired inhibition of nociceptive input in CTTH
[53]. Impaired descending inhibition could be the primary abnormality, or it
could contribute to or be a consequence of central sensitization [23]. Further
studies are needed to clarify this issue. Both central sensitization and deficient
descending inhibition may contribute to the development of CTHH from its
episodic form.

12.6 Risk Factors for Chronification

Poor outcome or chronification of TTH has been studied in longitudinal epidemio-
logical studies [55, 56]. Lyngberg et al. [55] defined poor outcome of tension-type
headache as 180 TTH days or more per year at follow-up either due to increased
frequency from ETTH at baseline into CTTH or unremitting CTTH. Predictors of
poor outcome in multivariate model were found to be baseline CTTH, active
migraine, sleeping problems, and demographic factor such as not being married.
Increasing age (per 10-year increase), poor self-rated health, smoking, no physical
activity, and frequent use of pain relievers tended to be associated with poor out-
come (p<0.20). In another study, Ashina et al. [56] found that unilateral headache,
nausea, and individual headache attack duration of 72 h or more were associated
with poor outcome or chronification of pure TTH, but the associations did not reach
statistical significance likely due to small sample size.
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12.7 Biochemical Factors

12.7.1 Serotonin

The role of serotonin (5-hydroxytryptamine, 5-HT), an important transmitter in the
antinociceptive pathways descending from the dorsal raphe nucleus in the brain
stem to the spinal dorsal horn, in TTH has been investigated by studying 5-HT in
peripheral blood [23]. However, the results of the studies are inconsistent due to
clinical and methodological differences [23]. In summary, patients with ETTH have
a decreased platelet 5-HT uptake and increased plasma 5-HT, whereas patients with
CTTH have normal platelet 5-HT uptake, decreased platelet 5-HT, and normal
plasma 5-HT [23]. In addition, there is a negative correlation between plasma 5-HT
and headache frequency that has been demonstrated in CTTH [57]. Thus, patients
with CTTH may have an impaired ability to increase plasma 5-HT and thus possibly
synaptic 5-HT levels in response to increased nociceptive inputs from the peripheral
nociceptors. A serotonergic dysfunction may contribute to central sensitization of
nociceptive pathways and transformation of ETTH to CTTH, but further studies are
needed to confirm this hypothesis. Moreover, we do not know whether the periph-
eral changes in 5-HT actually reflect similar mechanisms in central neurons. Studies
involving newer methods including functional brain imaging are warranted.

12.7.2 Neuropeptides

There has been increasing interest in the role of neuropeptides in primary headaches.
Bach et al. [58] reported normal calcitonin gene-related peptide (CGRP) levels in the
cerebrospinal fluid (CSF) in patients with CTTH. Ashina et al. [59, 60] measured
plasma levels of CGRP, substance P, NPY, and VIP in the cranial and peripheral circu-
lation of patients and control subjects. It was shown that plasma levels of all four
neuropeptides were normal in the cranial and peripheral circulation of patients.
Moreover, plasma levels of neuropeptides were largely unrelated to the headache state,
and no relationship between CGRP levels and muscular factors was demonstrated [59,
60]. However, it is important to state that findings of normal levels of neuropeptides in
the cranial and peripheral circulation cannot exclude that abnormalities of these neuro-
peptides at the neuronal or peripheral or muscular levels may play a role in the patho-
physiology of CTTH. Further studies with new sensitive methods of analysis are
necessary to clarify the role of neuropeptides in the pathophysiology of CTTH.

12.7.3 Glutamate, Enkephalins, and Endorphins

Plasma levels of the excitatory amino acid glutamate were shown to be normal in
patients with TTH [61]. In addition, in vivo concentrations of glutamate in a tender
point of the trapezius muscle in patients with CTTH did not differ from control



12 Pathophysiology of TTH: Current Status and Future Directions 241

subjects in the resting state and in response to static exercise [34]. However,
Sarchielli et al. [62] demonstrated an increase in platelet glutamate content in CTTH
patients and suggested that glutamate in the central nervous system may be involved
in the induction and maintenance of headache. Interestingly, in a randomized,
double-blind, placebo-controlled, crossover trial, N-methyl D-aspartate (NMDA)
antagonist memantine was reported to reduce pain intensity in CTTH patients to a
limited extent [63].

The level of met-enkephalin in the CSF was demonstrated to be increased in
patients with CTTH [64]. However, no correlation was found among CSF met-
enkephalin-immunoreactivity and pericranial tenderness, nociceptive flexion-reflex
threshold, or thermal pain threshold.

In contrast, there was no difference in the B-endorphin level in the CSF between
CTTH patients and control subjects [58]. In patients with ETTH, B-endorphin levels
in peripheral blood mononuclear cells were lower than in controls [65]. Moreover, a
positive correlation was found between pressure-pain threshold values and -endorphin
levels in patients and control subjects [65]. These findings suggest that patients with
TTH may have dysfunction of the endogenous antinociceptive systems.

12.8 Mechanism-Based Treatment

The hypothesis of central sensitization in TTH is supported by pharmacological
studies. Amitriptyline, a tricyclic antidepressant medication, is the drug of choice for
the prophylaxis of TTH. Amitriptyline was shown to reduce both headache and peri-
cranial myofascial tenderness in patients with CTTH [66]. Bendtsen et al. suggested
that the reduction of myofascial tenderness during treatment with amitriptyline may
be caused by a segmental reduction of central sensitization in combination with an
enhanced efficacy of noradrenergic or serotonergic descending inhibition [66].
Mirtazapine, a noradrenergic and specific serotonergic antidepressant that acts by
antagonizing the adrenergic alpha2-autoreceptors and alpha2-heteroreceptors as
well as by blocking 5-HT2 and 5-HT3 receptors, is considered a second drug of
choice in the prophylaxis of TTH [67]. Venlafaxine, another second drug of choice
for the prophylaxis of TTH, is a potent inhibitor of serotonin and norepinephrine
reuptake and weak inhibitor of dopamine reuptake in the CNS [67]. Findings of
lower serotonin (5-HT) reuptake inhibition and higher analgesic efficacy of amitrip-
tyline than citalopram, a selective serotonin reuptake inhibitor, suggest that 5-HT
reuptake inhibition is not the major mechanism of action of amitriptyline in TTH
[68]. The analgesic and prophylactic effect of anti-depressants in CTTH is not solely
due to 5-HT reuptake inhibition, and other mechanisms such as norepinephrine reup-
take inhibition, NMDA receptor antagonism, and blockade of muscarinic receptors
and ion channels are possibly involved and should be addressed in future studies.
Nitric oxide (NO) has also been a subject of research in TTH. Ashina et al.
demonstrated that infusion of the NO donor, glycerol trinitrate, provokes TTH-
like headache attacks in patients with chronic TTH [69]. In addition, a NO syn-
thase (NOS) inhibitor significantly reduced headache [70] as well as pericranial
myofascial tenderness and hardness [71] in patients with CTTH. In addition,
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CHRONIC TENSION-TYPE HEADACHE

Continuous nociceptive input from pericranial myofascial tissues

induce and maintain

central sensitization at the level of the spinal dorsal horn/trigeminal
nucleus so that stimuli that are normally innocuous are
misinterpreted as pain

Fig. 12.1 The proposed pathophysiological model of chronic tension-type headache delineates
two major aims for future research: (i) to identify the source of peripheral nociception in order to
prevent the development of central sensitization in patients with episodic tension-type headache
and (ii) to reduce established central sensitization in patients with chronic tension-type headache
(Reprinted with permission from Bendtsen [23])

Sarchielli et al. [62] reported increased platelet NOS activity in patients with
CTTH possibly reflecting central upregulation of NOS. These data support the
role of central sensitization in the pathophysiology of chronic TTH. Moreover,
these findings suggest that inhibition of NO and thereby central sensitization may
become a novel approach in the future treatment of CTTH.

12.9 Conclusions

Pericranial myofascial mechanisms are probably of importance in ETTH, whereas
sensitization of nociceptive pathways or central sensitization in the central nervous
system due to prolonged nociceptive stimuli from pericranial myofascial tissues
seems to be responsible for the conversion of ETTH to CTTH (Fig. 12.1). Future
studies should focus on how (1) to identify the source of peripheral nociception in
order to prevent the development of central sensitization and thereby the transfor-
mation of episodic into chronic TTH and (2) to reduce established central
sensitization.
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Chapter 13
Pathophysiology of Cluster Headache:
Current Status and Future Directions

Mark Obermann and Manjit Matharu

13.1 Introduction

Typical clinical features of cluster headache (CH) include trigeminal distribution of
pain, circadian and circannual rhythmicity, and ipsilateral cranial autonomic fea-
tures [1]. The striking circadian and circannual periodicity led to the suggestion that
the hypothalamus, which is the structure involved in the human biological clock
system, plays a pivotal role in the pathophysiology of this disorder [2]. Several stud-
ies using neuroimaging techniques or measuring hormone levels supported the
hypothesis of a hypothalamic involvement [2—7]. Animal studies added further evi-
dence regarding this hypothesis [8]. Based on previous data, even invasive treatment
methods such as hypothalamic deep brain stimulation (DBS) were justified. More
recent studies point towards a complex neural network performance deficit in CH
with complex interactions and multiple influences that will have to be unravelled in
the future [9, 10].
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13.2 Symptomatic Cluster Headache

Cluster headache is generally a primary headache disorder but in rare cases can be
the manifestation of an underlying symptomatic condition. Much can be learned
from close examination of these symptomatic cases in terms of the potentially dys-
functional regions and underlying pathophysiology. To avoid confusion with pri-
mary CH, most authors refer to symptomatic headaches with a cluster headache
phenotype or cluster-like headache (CLH), but the expression symptomatic CH is
used as well. Multiple different pathologies have been identified and associated with
CLHs. From 1975 to 2008, 156 CLH cases were published. Many of these reports
did not provide sufficient information though approximately one-half appear to be
good mimics of primary CH, fulfilling the ICHD-2 criteria [11].

With regard to aetiology, most of the reported pathologies were of vascular
(38 %), tumoural (26 %), and inflammatory or infectious (14 %) origin as well as
headaches related to trauma (9 %).

With regard to localisation of the pathology, many cases with close proximity to
the hypothalamus were published during the last decades. These include the pituitary
[12—14], sella [15], third ventricle [16], cavernous sinus [17], anterior communicat-
ing artery [12], or sphenoid sinus [18]. But there are nearly as many cases which fulfil
the ICHD-2 criteria for CH with pathologies in diverse locations such as herpes zos-
ter ophthalmicus [19], upper cervical meningioma [20], facial herpes simplex [21],
frontal skull fracture [22], carotid artery aneurysm [ 12], fronto-temporal-parietal sub-
dural haematoma [22], epidermoid tumour of the posterior fossa [23], vertebral aneu-
rysm [24], post-tonsillectomy, trigeminal neurinoma [25], dental extraction [26],
foreign body in the maxillary sinus [27], and intraocular lens implant [28].

These symptomatic cases do not seem to share an obvious common pathophysi-
ological pathway that would help us better understand the mechanisms associated
with or leading to the development of CH. In some cases, it might just be coinciden-
tal coexistence of two conditions, while in others, the pathology may be just enough
to lift a potential “subclinical” CH over a certain threshold to become clinically rel-
evant. Interestingly, at least 12 of the reported cases fulfilling the ICHD-2 criteria
ceased completely after surgery, thereby suggesting that at least some of the reported
cases are secondary to the underlying pathology rather than coincidental coexistence
of two disorders [29]. With regard to the diverse underlying lesions, Straube and col-
leagues have suggested that these lesions may trigger CH by producing an imbalance
of the parasympathetic and sympathetic autonomic systems [30]. Whatever the
mechanisms by which symptomatic CH are generated, it is worth appreciating that
these mechanisms may not be relevant to the pathophysiology of primary CH.

13.3 Neuroendocrinology

Neuroendocrine studies have provided indirect evidence supportive of deranged
hypothalamic function in CH. It was initially demonstrated that plasma testosterone
concentrations were altered during the CH period in men [31]. Subsequently, it has
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been observed that there are abnormalities in the secretion of melatonin and cortisol,
alterations in the secretion of luteinising hormone and prolactin, and altered
responses of luteinising hormone, follicle stimulating hormone, prolactin, growth
hormone, and thyroid-stimulating hormone to challenge tests in patients with CH
[32]. There is preservation of the hypothalamic-pituitary axis, and the abnormalities
are more supportive of a primary dysfunction of the hypothalamus. Interestingly,
changes of the CSF orexin level were not observed during active CH episodes,
which are considered to play a pivotal role in the pain processing of CH patients.
Cavoli and colleagues measured orexin-A in ten patients with CH by radioimmuno-
assay. CSF orexin levels were in the normal range, and no association between clini-
cal presentation and orexin-A level could be observed [33].

Several possibilities have been raised regarding the observed neuroendocrine
alterations. First, these changes may be the result of the severe CH pain itself.
Second, they may reflect a stress reaction (pain associated or independent) or, third,
are induced by pain accompanying sleep disturbances. All of these possibilities
would suggest that these alterations are rather unspecific phenomena. Interestingly,
some of the observed hypothalamic changes can also be detected in remission peri-
ods which would imply that these changes can be considered to be specific for CH
itself continuing independently of the pain and therefore might be a kind of trait
marker for the disease itself.

13.4 Genetics

Data from twin and family studies have suggested that CH has a heritable compo-
nent, with 2—7 % of patients reporting a positive family history for this disorder [34].
First-degree relatives of CH patients have a five- to 18-fold increased risk and sec-
ond-degree relatives a one- to threefold increased risk to also get CH compared with
the general population [35]. Genetic alterations within the orexinergic system of the
hypothalamus have been suggested to be responsible for this observation. It has
been shown that the G1246A polymorphism of the OX,R gene (HCRTR2) increases
the risk for CH [36]. However, these data were not replicated in larger CH patient
populations [26]. This gene polymorphism was not observed in migraineurs [37].

13.5 Sleep

The clinically obvious association of CH with sleep remains undisputed. The major-
ity of patients experience attacks during the night and are frequently awakened by
these attacks. It was hypothesised that CH could be associated with REM (rapid eye
movement) sleep phases, but this was not confirmed by polysomnography over four
consecutive nights. The sleep phases were randomly distributed [38]. However, a
small case-control study showed an association of CH with sleep apnoea syndrome
during the active cluster period that resolved once the bout resolved. There was an
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increased rate of central apnoeas and a higher respiratory stress index (8.6+16)
compared with healthy controls (3.4+2.1; p=0.002). However, only one out of five
patients treated with nasal continuous positive airway pressure showed any benefit
in regard to the cluster headache attack frequency [39].

13.6 Structural Imaging

One of the pioneering studies showing hypothalamic involvement in CH was per-
formed by May and colleagues [2]. The authors used the method of voxel-based mor-
phometry (VBM), an automated, unbiased, whole brain technique. It allows comparison
of structural brain images, particularly the volume or density of grey and white matter.
May and colleagues investigated 25 CH patients compared with 29 healthy controls
and detected isolated increased grey matter in the inferior posterior hypothalamus [2].
These VBM studies have been repeated in a larger patient population and with newer,
more refined analysis algorithms. Up to now, three studies have been performed, but
none of these have been able to confirm the initial finding. Matharu and colleagues
investigated 66 patients suffering from CH and 96 age- and gender-matched healthy
subjects. This study did not detect any hypothalamic changes at all [40]. Similar find-
ings were reported by two later studies [9, 10]. However, both studies were able to
demonstrate several changes within the central pain-processing network [29].

13.7 Functional Imaging

Functional imaging allows detection of alterations in the activity of the pain-
processing networks in the brain in vivo during ongoing pain. Several functional
imaging studies with positron emission tomography (PET) and functional magnetic
resonance imaging (fMRI) have been performed in CH. Nitroglycerine triggered
headache attacks in nine chronic CH patients resulted in a strong activation of the
ipsilateral posterior hypothalamus detected by H,'3O PET [41]. This activation pat-
tern was also observed in spontaneous CH attacks in one patient who had undergone
deep brain stimulation (DBS) [6]. In four patients with episodic CH, fMRI con-
firmed the activation pattern within the ipsilateral posterior hypothalamus [42].

However, some authors suggested that the detected activation pattern in the func-
tional imaging shows activation of an area close to the hypothalamus, most likely
the midbrain tegmentum, rather than the hypothalamus itself [43].

13.8 Resting State fMRI

The analysis of low-frequency (<0.1 Hz) fluctuations seen on fMRI scans at rest
allows detection of functionally connected brain regions, so-called resting state
networks (RSNs). Synchronous variations of the BOLD signal can be measured as
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percentage signal change compared to the BOLD mean signal intensity over time
[44-46]. The fluctuations observed by resting state analysis are thought to reflect
the intrinsic property of the brain to handle the past and prepare for the future [47].
Resting state (RS) alterations have been observed in chronic pain [48]. Rocca and
colleagues studied RS in 13 patients with episodic CH compared with healthy con-
trols. Patients were studied in a pain-free state. Apart from other changes, the
authors observed functional connectivity within the network starting from the
hypothalamus [49].

13.9 Magnetic Resonance Spectroscopy

An additional existing imaging technique to study brain biochemistry in vivo is
magnetic resonance spectroscopy. In episodic CH patients, hypothalamic
N-acetylaspartate/creatine and choline/creatine levels are significantly reduced
compared with healthy controls. Interestingly, changes were even detectable when
the patients were outside bout, when they were not having any CH attacks anymore
[4, 7]. This observation led to the suggestion that these alterations cannot simply
reflect an epiphenomenon of the pain itself [7].

13.10 Deep Brain Stimulation

The clinical picture of CH and the results from imaging studies provided the ratio-
nale for hypothalamic deep brain stimulation (DBS) in the treatment of CH. It was
thought that this technique might offer the possibility to “turn off the CH generator”
as high-frequency hypothalamic stimulation would inhibit hypothalamic hyperac-
tivity [50]. The stimulation area was mainly chosen by adoption of the results from
the initial VBM study [2]. To assess to what extent DBS stimulation is able to abort
acute CH attacks, Leone and colleagues investigated 136 CH attacks in 16 chronic
CH patients [51]. Only 23 % of patients reported a reduction of pain intensity by
more than 50 %, and only 16 % of headache attacks were completely terminated.
These data indicated that DBS is not sufficient in the treatment of active CH attacks
[51]. Further studies showed that only continuous stimulation over several weeks
markedly reduces or terminates CH attacks [52, 53]. Fifty-eight patients with drug-
resistant chronic CH and posterior hypothalamic region DBS have been reported in
the literature so far. Leone and colleagues investigated 16 drug-resistant chronic CH
patients who received hypothalamic implants over a mean period of 4 years. After
the first 2 years, 83.3 % of patients had experienced a pain termination or at least
significant pain reduction. After 4 years, 62 % of patients were still pain-free [54].
These results were confirmed by several other studies.

Interestingly, there were no changes in regard to long-term stimulation in
electrolyte balance, sleep-wake cycle, or hormone levels of cortisol, prolactin,
thyroid hormone, and thyroid-stimulating hormone, which are known to be
altered in CH [55-61].
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Although the evidence of the imaging studies seemed to be overwhelming, some
authors raised the question of the precise anatomical localisation of the DBS. Sanchez
del Rio and Linera questioned if the shown diencephalic/midbrain activity pattern cor-
responds to the midbrain tegmentum rather than the genuine hypothalamus [43, 62].
Although the anatomical boundaries of the hypothalamus are quite clear (anterior, lam-
ina terminalis; posterior, posterior margin of the maxillary bodies; superior, hypotha-
lamic sulcus; medial, third ventricle; lateral, subthalamus and internal capsule; inferior,
optic chiasm, median eminence, tuber cinereum, mamillary bodies, and posterior pitu-
itary), the functional boundaries are more vaguely determined. Matharu and colleagues
re-examined the statistical parametric maps and coordinates of the activation pattern of
PET studies in CH [62]. The observed activation in the diencephalon and the mesen-
cephalon in CH is centred over the midbrain tegmentum and is close to the hypothala-
mus but more posteriorly [41]. In contrast, functional imaging studies in CH using
BOLD-fMRI studies detected activation of the posterior and middle hypothalamus
rather than the mesencephalon. The authors suggest that these differences are most
likely based on methodological issues, mainly the problem of insufficient spatial resolu-
tion (fMRI 4-5 mm; PET 5-10 mm). They conclude that these data can only be inter-
preted in the context of other knowledge but might be, therefore, also influenced by the
a priori hypothesis.

Though most investigators report that the DBS electrodes are implanted in the
posterior hypothalamus, a careful examination reveals that the implantation site
in these patients is in fact the midbrain tegmentum [62]. This raises the possibil-
ity that this therapy is not being targeted at the hypothalamus but at one of the
pathways connecting to the hypothalamus. This may be one of the reasons DBS
in cluster headache is only effective in approximately two-thirds of patients in the
long term. Moreover, stimulation of the trigeminal pain-processing network by
occipital nerve stimulation (ONS) in CH patients presented similar results in
regard to pain reduction efficacy suggesting a rather unspecific role of both ONS
and DBS in CH [63].

Additionally, positive DBS results were also observed in other pain disorders,
questioning the pathophysiological concept of specific hypothalamic alteration
in CH and raising some serious concerns regarding their validity and specificity.
Interestingly, hypothalamic region DBS was also effective in the treatment of symp-
tomatic trigeminal neuralgia (TN) in five multiple sclerosis patients [64]. These
patients had to be therapy refractory prior to electrode implantation. Beneficial
effects with pain reduction were observed in three of the patients even within the
first 24 h after implantation. As long as controlled studies are lacking, the results of
such studies should be interpreted with caution, and careless utilisation should be
avoided. However, one can conclude based on the reported study results that DBS of
the posterior hypothalamus region is not exclusively effective in CH but also shows
beneficial effects in other pain conditions as well.

In contrast, there are also chronic pain conditions where hypothalamic DBS does
not seem to be effective. Franzini and colleagues reported four patients with second-
ary neuropathic trigeminal pain who did not experience any relevant pain reduction
after electrode implantation [64]. However, the reported patient population was het-
erogeneous without comparable clinical features, which makes an interpretation of
the study results difficult.
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13.11 Role of the Hypothalamus

On the basis of the clinical features of CH with trigeminal distribution of pain, circadian
and circannual rhythmicity, and ipsilateral cranial autonomic symptoms in combination
with the results from the neuroimaging studies, the pathophysiological importance of
the hypothalamus seems to be robust and scientifically proven. In particular, structural
and functional neuroimaging studies supported the hypothesis of hypothalamic altera-
tions being involved in the pathophysiology of CH [2, 41, 42]. These data seemed to be
so conclusive that even invasive therapy methods such as DBS were used to directly
influence the “hypothalamic CH generator”’. However, other contrary findings should be
taken into consideration before prematurely adopting this hypothalamic hypothesis [9,
10]. One major criticism about most of the interpretations from previous studies is that
the focus was directed almost exclusively at results that support the importance of the
hypothalamus in CH, while other data were often neglected or considered inconsequen-
tial. It might be useful to take a step back and have a look at the whole picture, as this
strong hypothesis-driven research might have led us in the wrong direction.

Hypothalamic activation and structural changes can also be detected in other
primary headache disorders such as migraine [65], hemicrania continua [66],
chronic facial pain [67], and hypnic headache [68] and is not an exclusive feature of
CH. Interestingly, hypothalamic changes can even be observed in totally different
conditions such as angina pectoris [69], irritable bowel syndrome [70] or anorexia
nervosa[71], autism [72], fragile X syndrome [73], narcolepsy [74], and Huntington’s
disease [75]. However, most of the neuroimaging studies that investigated pain dis-
orders other than CH did not observe any hypothalamic alterations, but most of the
other studies that investigated pain disorders did not predefine the hypothalamus as
the target anatomic region which impedes the detection of more subtle activation or
structural change below the threshold of statistical significance.

The exact anatomic location of the observed activations or structural alterations
in CH has been attributed to different structures [9, 10] in view of the limitation of
spatial resolution of the neuroimaging techniques used (PET 5-10 mm; MRI
4-5 mm). Based on these methodological limitations, it was suggested that the
observed activations might be localised in the midbrain tegmentum rather than in
the hypothalamus itself. This challenges the validity of some of the neuroimaging
results in regard to the precise anatomic location of the changes reported.

Although neuroendocrine [32] and genetic studies [36] detected changes in CH
and also seem to point at hypothalamic changes, the specificity of these observa-
tions must be questioned. HPA axis disturbances were also detected in fibromyalgia
[76], chronic fatigue syndrome [77], irritable bowel syndrome [78], and migraine
[79], genetic mutations were not reproducible [80].

13.12 Conclusion and Future Directions

Even though the results of different studies on CH are very diverse and partly con-
tradictory on superficial examination, they point towards a complex neural network
performance deficit in CH rather than a single locus of abnormality, albeit that the
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hypothalamus may play an important role in the pathophysiology of this disorder.
Imaging has given some important insights into the pathophysiology of this very
complex disorder but may not be able to resolve this puzzle alone. CH may be a
good model condition to study the remarkable plasticity of the human brain due to
its different disease conditions and its adaptation capacities to the different cluster-
associated pain states. More sophisticated studies (especially longitudinal designs)
are needed to address this aspect properly.

While posterior hypothalamic region DBS can be useful in some patients with
medically refractory cluster headache, it may be a non-specific therapy and needs to
be used cautiously, when all other treatment avenues have been exhausted. The impor-
tance of this issue is further outlined by the recent emergence of less invasive neuro-
stimulation methods, such as occipital nerve stimulation, sphenopalatine ganglion
stimulation, and vagal nerve stimulation, which should be considered prior to DBS.

The evidence available thus far has improved our knowledge of the pathophysi-
ology of this disorder, pointing towards more complex pathophysiological model of
the disease, but more research in this area is urgently needed to be able to find the
way out of this complicated maze.
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Chapter 14

Pathophysiology of Medication Overuse
Headache: Current Status and Future
Directions

Signe Bruun Munksgaard and Frank Porreca

14.1 Introduction

Migraine is thought to be the world’s third most common neurological disorder and
is ranked as seventh among the leading causes of disability [1, 2]. Its economic
impact is measured in billions of dollars [3, 4], and it accounts for 2.9 % of work
time lost due to disability [2]. Notably, these high rankings for the burden of
migraine occur in spite of the fact that treatments are available, clearly suggesting
that current migraine therapeutics are inadequate [2, 5].

The introduction of triptans represented a significant advance in the therapeutic
management of migraine, and triptans as a class are considered the drugs of choice
for management of migraine [6-8]. However, the frequent use of triptans can lead
to the conversion of episodic migraine into a chronic condition, frequently referred
to as medication overuse headache (MOH) [9, 10]. MOH was recognized before the
introduction of triptans from patients overusing ergots, opioids, and other analgesics
[11-13]. The overuse of analgesics in the treatment of cluster headache or tension-
type headache (TTH) [14] can also lead to MOH [15, 16]. Importantly, MOH is
more disabling than episodic headache and much more difficult to treat [15-17].
MOH is a chronic headache, affecting patients mainly between 20 and 50 years of
age and thus in their most productive years [18-21].

S.B. Munksgaard, MD, PhD (<)

Department of Neurology, Danish Headache Center, Glostrup Hospital,
University of Copenhagen, Glostrup, Denmark

e-mail: signebm@gmail.com

F. Porreca, PhD (D<)

Department of Pharmacology and Anesthesiology,

Arizona Health Sciences Center, University of Arizona, Tucson, AZ, USA
e-mail: frankp @u.arizona.edu

© Springer International Publishing Switzerland 2015 259
M. Ashina, P. Geppetti (eds.), Pathophysiology of Headaches:
From Molecule to Man, Headache, DOI 10.1007/978-3-319-15621-7_14


mailto:signebm@gmail.com
mailto:frankp@u.arizona.edu

260 S.B. Munksgaard and F. Porreca

The treatments employed in MOH are primarily a combination of information on
the disease and further detoxification from the overused drug combined with
medical prophylactic treatment and sometimes behavioral therapy. Simple informa-
tion can be sufficient for MOH patients who do not suffer from comorbidities and
who overuse medications that do not cause severe withdrawal symptoms. They are
often able to reduce their medication intake and thus experience a reduction in head-
ache frequency to episodic headache [22, 23]. In many patients, especially those
with comorbidities or previous relapse to MOH, these treatments are not effective in
reducing headache frequency. Current prophylactic migraine treatments arise not
from rational, evidence-based approaches, but from serendipity and presumptions
of efficacy based on the success of related compounds within a pharmacologic class
[18-21]. The limited therapeutic efficacy of currently available prophylactic treat-
ments against chronic migraine and the high relapse rate in MOH underscore a
strong medical need for the understanding of basic mechanisms underlying MOH.

14.2 Clinical Description

The possibility that aggressive analgesic therapy can lead to enhanced pain has long
been recognized in the clinical management of headache and gave rise to terms such
as rebound headache, medication misuse headache, or transformed migraine, later
defined as MOH [24]. MOH is characterized by 15 or more headache days/month
that result from excessive use of antimigraine drugs or analgesics. The current con-
sensus diagnostic criteria for MOH are summarized in Table 14.1. The general
worldwide prevalence of MOH is estimated to be at least 1 % in adults and 0.5 % in
adolescents [25-27], and approximately 33 % of individuals reporting chronic daily
headache meet the criteria for the overuse of medication [25, 28, 29]. Clinical sur-
veys indicate that only patients predisposed to headache will develop MOH when
overusing analgesics [30] and that patients with MOH most commonly have
migraine, followed by TTH [14]. The risk of developing MOH increases with lower
socioeconomic status and female sex [31-33]; the male/female ratio is 1:3.5 [34].
The prevalence of psychiatric disorders such as obsessive-compulsive disorders,
depression, and anxiety is greatly increased in persons with MOH [31, 35-38].
These psychiatric disorders are described as significant risk factors for developing

Table 14.1 The ICHD-3 criteria for medication overuse headache

A. Headache present on 15 or more days/month in a patient with a preexisting headache
disorder

B. Regular overuse for more than 3 months of one or more drugs that can be taken for acute and/
or symptomatic treatment of headache
1. Ergotamine, triptans, opioids, or combination analgesics on 10 or more days/month
2. Simple analgesics on 15 or more days/month
3. Any combination of acute/symptomatic drugs on 10 or more days/month without overuse

of any single class alone
C. Not better accounted for by any other ICHD-3 diagnosis
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MOH but also complicate treatment and increase the relapse rate to MOH after
withdrawal [31, 35-38]. Other risk factors include stressful life events, sleep distur-
bances, obesity, increased caffeine consumption, and elevated baseline headache
frequency (10 or more per month) [39-42].

Both underlying headache type and overused drug appear to contribute to the
pathogenesis of MOH. Most patients with MOH have migraine, and most (>95 %) of
migraine sufferers regularly use acute medications that include analgesics, migraine-
specific medications (triptans, ergot medications), opioids, or a combination thereof
[43]. The choice and frequency of use of acute medications have a major influence
on migraine prognosis [44, 45]. Acute medications, particularly opioids, barbiturate-
containing combination analgesics, as well as triptans and ergots, potentiate the risk
of progression [30, 46-50]. The intensity and frequency of recurrent headaches was
increased with opiate use and diminished when opiate administration was terminated
[11, 12]. Triptans tend to produce MOH over a shorter dosing regimen than either
ergots or analgesics [51]. In a prospective study, it was found that the mean interval
between first dose and MOH for triptans was 1.7 years, whereas the mean interval for
ergots and analgesics was 2.7 years and 4.8 years, respectively [51]. The duration of
withdrawal headache was less severe and shorter in patients overusing triptans
(4.1 days) than in patients overusing ergots (6.7 days) or analgesics (9.5 days) [13].
Additionally, the MOH headache pattern reflected both the underlying headache type
and the medication overused. Triptans were more likely to produce a daily migraine-
like headache or an increase in migraine frequency, whereas simple analgesics and
ergots were more likely to produce a TTH-like headache [13, 51]. Studies on sub-
groups of MOH patients overusing different types of drugs [13, 52-54] show differ-
ent responses in neuroimaging and cortical potentials.

MOH across different medications appears to share some common neurobiological
pathways, including those that modulate motivation, reward, and behavioral control
[55]. A large proportion of patients with chronic daily headache with concomitant med-
ication overuse fulfilled the diagnostic criteria for substance dependence [56].
Dependence-like behavior is more frequently observed in patients with chronic head-
aches without MOH who smoke, who are obese, and who use sleep medications and
tranquilizers [31]. Approximately two-thirds of MOH patients were considered to be
dependent on acute treatments of headaches, and many of these individuals had migraine
as preexisting primary headache, and most of them overused opioid analgesics. The
severity of dependence predicted a poorer outcome of treatment for MOH [22, 57-59].
A correlation has been observed between high severity of dependence scale (SDS) score
before treatment and a poor outcome of treatment for MOH [58, 57, 60].

14.3 Neurophysiological Mechanisms of MOH

The mechanisms behind the development of MOH are largely unknown, but both
human and animal studies indicate drug-induced modifications of peripheral and
central pain transmission and modulatory pathways. Cutaneous allodynia, espe-
cially when present at extracephalic sites in premonitory phases of migraine, during
a migraine attack, and in the post-drome period, is a clinical sign that suggests the
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occurrence of central sensitization in humans [61-64]. Individuals with migraine
present a greater prevalence of cutaneous allodynia than do those with nonmigraine
headaches, and patients with MOH are more likely to develop allodynia than indi-
viduals with episodic migraine [15, 63, 65-67]. The mechanisms that trigger a
migraine attack are largely unknown but are thought to reflect a disorder of the brain
[68, 69]. Evaluating mechanisms that lead to pain in migraine headache is difficult
as the pain is intermittent and there is no tissue injury to serve as an obvious trigger
[69]. Increasing evidence points ultimately to engagement and sensitization of the
trigeminovascular system in the genesis of pain resulting from a migraine episode.
Migraine sufferers were found to have increased excitability of the trigeminal noci-
ceptive pathway, both during a migraine episode and during the interictal period
[63, 70-72].

Perivascular stimulation of the dura results in pain referred to the head [73, 74].
Activation of trigeminal afferent fibers terminating in the dura can release excitatory
mediators accompanied by neurogenic vasodilation of dural blood vessels, further
release of pronociceptive mediators, degranulation of mast cells, and extravasation
of plasma proteins, thus sensitizing the peripheral terminals of trigeminal nocicep-
tors [74-76]. This cascade of events can also result in enhanced nociceptive trans-
mission into the trigeminal nucleus caudalis and promoting central sensitization of
second-order neurons in this brainstem nucleus [71, 72]. Consequently, nocicep-
tive inputs are transmitted to higher brain centers including the thalamus, hypo-
thalamus, and cortical sites, manifesting as migraine pain [62, 71, 72, 77]. Because
migraineurs are most vulnerable to develop MOH, and MOH commonly resembles
migraine in quality, it is likely that migraine and MOH might share some neural
mechanisms. Extrapolation of potential mechanisms of MOH from animal models
of migraine-related pain thus seems reasonable.

The application of inflammatory mediators to the dura mater of rodents and the
resulting trigeminal sensitization have been used as an animal model of migraine
pain [78-80]. Dural inflammation has resulted in electrophysiologic, neurochemi-
cal, and behavioral evidence of central sensitization [61, 81, 82]. The development
and progression of central sensitization has been shown by the progressive spread
of cutaneous allodynia, i.e., enhanced neuronal responses from stimuli applied at
cephalic and extracephalic sites [71, 81, 83, 84]. Additionally, dural inflammation
was accompanied by enhanced descending facilitation demonstrated by increased
discharge of “ON” cells in the rostral ventromedial medulla (RVM). Inactivation of
this area with microinjection of local anesthetics abolishes cutaneous allodynia [81].
The generalized spread, and delayed appearance, of cutaneous allodynia implicated
a role for central modulation in this preclinical migraine model that is reminiscent
of cutaneous allodynia observed in many humans during a migraine attack [61].

Exposure of rats to either opioids or triptans over a period of days produced per-
sistent biochemical changes that appear relevant to promoting a sensitized state of
nociceptive transmission [81, 85-88]. During the 7-day period of triptan or opioid
infusion, the stimulus required to elicit the orbital and paw withdrawal reflex was
shown to decrease gradually, demonstrating cutaneous allodynia that showed a
time-dependent reversal toward predrug baseline levels after the infusion was
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discontinued. These observations suggested that the pain system can be modulated
by acute medication and that it can normalize after detoxification [88]. Following
recovery to baseline sensory thresholds, animals with prior triptan treatment have
increased sensitivity to provocative triggers including environmental stimuli [88—
91]. The persistent hypersensitivity to provocative triggers observed following pre-
treatment of animals with triptans or opioids was termed “latent sensitization” [88,
92]. Challenge of rats with either opioid or triptan-induced latent sensitization with
either bright light stress or a nitric oxide donor was shown to produce a delayed and
generalized cutaneous allodynia that is detected in the periorbital region as well as
in the hind paw [88, 92]. The delayed and generalized cutaneous allodynia was
blocked by inactivation of the RVM with local anesthetics supporting a role of
descending pain modulatory systems in promoting central sensitization in this
model of MOH, similar to that observed with acute activation of dural nociceptors
with inflammatory mediators [80]. Evidence supports a persistent sensitization as
these animals previously treated with either triptans or opioids maintain increased
sensitivity to human migraine triggers such as stress and nitric oxide donors long
after discontinuation of drug administration [88, 92-94].

The mechanisms underlying enhanced sensitivity to innocuous and provocative
stimuli are not fully known but may be related to medication-induced adaptations in
both primary afferents and central pain transmission pathways. Persistent increased
labeling for both CGRP and neuronal NOS (nNOS) in identified dural afferents of
the trigeminal ganglia has been observed following pretreatment with either mor-
phine or triptans [90, 92]. Notably, however, the apparent expression of CGRP and
nNOS in trigeminal ganglion cells persists long after discontinuation of either opi-
ate or triptan exposure (for at least 2 weeks) and resolution of cutaneous allodynia
[88]. These persistent changes in CGRP and nNOS could underlie the sensitization
to provocative triggers [90]. Treatment with selective inhibitors of nNOS was dem-
onstrated to be capable of blocking stress-induced cutaneous allodynia [88]. Rats
with latent sensitization resulting from either morphine or triptans also showed
increased release of CGRP following challenge with provocative triggers [88] con-
sistent with observations during migraine attack in humans [95, 96]; but see [97].
These observations are consistent with provocative studies in migraineurs where
nitroglycerin elicits attacks that are indistinguishable from spontaneous migraine
that are accompanied by increased blood levels of CGRP [95, 96, 98]. These obser-
vations are also consistent with the suggestion that MOH may be associated with a
state of central sensitization in afflicted individuals.

Evidence also exists supporting medication-induced changes in cortical excit-
ability. While prophylactic treatments for migraine, such as topiramate and valpro-
ate, reduce the frequency of cortical spreading depression (CSD) events [19],
sustained exposure to paracetamol has recently been shown to increase the fre-
quency of CSD events induced by cortical potassium chloride as well as c-fos
expression in trigeminal nucleus caudalis [99, 100]. Likewise, pretreatment of rats
with sumatriptan was shown to significantly decrease the threshold for electrically
induced CSD [93]. Topiramate normalized the decreased CSD threshold as well as
stress-induced behavioral withdrawal thresholds in sumatriptan-treated rats
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compared to saline-treated animals. Additionally, both CSD and environmental
stress increased c-fos expression in trigeminal nucleus caudalis (TNC) of sumatrip-
tan- but not saline-treated rats, and these effects were blocked by topiramate.
Sumatriptan exposure thus produces long-lasting increased susceptibility to stimuli
that could be associated with migraine attack that includes both lowered CSD
threshold and enhanced consequences of CSD events (increased activation of TNC)
and may represent an underlying biological mechanism of medication overuse
headache related to triptans.

Other studies have also implicated medication-induced changes in brain neu-
rotransmitter systems. Exposure to paracetamol and triptans for 15-30 days alters
the serotonin system in the rat brain [89, 101-103], and this may also be the case in
patients with MOH. In MOH patients, a lower serotonin level than controls and a
more rapid uptake in platelets have been reported [104, 105]. Serotonin is important
for cortical pain processing and plays a pivotal role in affective disorders that are
often found in patients with MOH [31, 35]. A lower endocannabinoid level [23] and
a faster degradation of endocannabinoids [106, 107] have been demonstrated in
MOH patients with migraine as primary headache. A role of endocannabinoids may
be to inhibit transmission from nociceptive afferents [108] suggesting a possible
impaired pain inhibition in MOH patients.

14.4 Pain Perception in MOH

Different methods have been used to evaluate pain sensitivity in patients with MOH,
generally showing an increase in sensitivity with higher headache frequency [109,
110]. Alterations in pain perception between MOH patients and healthy controls
support the presence of a sensitized state in patients with MOH [52, 107, 109, 111,
112]. One study found that patients with MOH are more sensitive to pressure pain
than patients with chronic TTH and chronic migraine without medication overuse
[109]. Perrotta et al. have demonstrated decreased thresholds for eliciting nocicep-
tive withdrawal reflexes in MOH patients before detoxification compared with
healthy volunteers and found that the stimulation needed to elicit these reflexes
increased toward baseline after detoxification both after 10 days and after 2 months
indicating decreased sensitization after withdrawal [107, 112]. An additional study
on pain perception in MOH patients showed that the intensity of pressure pain
above the pain threshold continued to decrease during the first year after detoxifica-
tion [113].

Preclinical evidence suggests that enhanced pain perception of migraineurs
could be linked to alterations in descending pain modulatory mechanisms. In rats
with opiate- or triptan-induced latent sensitization, inactivation of the RVM with
local anesthetics blocks cutaneous allodynia associated with provocative stimuli
[88, 90, 92]. An impairment of the diffuse noxious inhibitory controls (i.e., “DNIC”)
known in humans as conditioned pain modulation (CPM) has also been noted [114].
The loss of DNIC is consistent with many clinical observations made with patients
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with functional pain conditions, including migraine [115, 116], TTH [115, 117],
and MOH [112]. Patients with MOH show heightened sensitivity to electrically
evoked reflexes, accompanied by increased pain rating and diminished CPM [112].
Studies with rodents showed that persistent morphine exposure reduced the activa-
tion threshold of TNC neurons while expanding their receptive fields, indicating the
presence of central sensitization [91]. In control animals, activation of these neurons
by application of stimuli to their receptive fields in the ophthalmic region was inhib-
ited by placing the tail of control rats in hot water, demonstrating the DNIC response
[91]. In contrast, the DNIC response was lost in animals treated with morphine [91].
Importantly, the apparent loss of DNIC in animals treated with morphine could be
reinstated by inactivation of the RVM [91]. This suggests that enhanced descending
facilitation could present as a loss of inhibition. Distinguishing loss of inhibition
from enhanced facilitation has been difficult to dissect in humans. Collectively,
however, such studies suggest that an abnormality of pain modulatory circuits
results in a net loss of inhibition, possibly due to decreased inhibition or increased
facilitation or both, and this loss is likely to be important in the development
of MOH.

The possibility of dysfunction of descending pain modulatory pathways as con-
tributing factors to MOH is also supported by imaging studies. In patients with
MOH and migraine as the primary headache, changes in both cortical and midbrain
pain-related areas have been observed [118—121]. One study using functional mag-
netic resonance imaging (fMRI) found reduced activity in the right supramarginal
gyrus and in the superior and inferior parietal cortex, which normalized 6 months
after detoxification [118], implying a reversible change in the pain system caused by
the medication overuse. Another study showed increased gray matter volume in the
periaqueductal gray (PAG), a structure highly important in the descending pain
response, and reduced gray matter volume in several cortical pain-related structures
in migraine patients with MOH [121]. In patients with a significant reduction in
headache frequency after treatment, the PAG returned to normal [121].

14.5 Future Perspectives

The mechanisms that underlie MOH are just beginning to be uncovered. Future
work may begin to explore mechanisms behind MOH with TTH as the underlying
headache; TTH is the most common primary headache type and is an important
target for future studies. The development of central sensitization in MOH and the
differences in MOH patients according to the effect of detoxification could be a
target for future studies assessing pain perception. Work from animal models show-
ing increased effectiveness of headache triggers following induction of latent sensi-
tization [94] has yet to determine numerous variables of relevance to patients. It
remains unknown whether sensitization is completely reversible, whether the
threshold for developing MOH after withdrawal of medication is decreased, and if
the critical frequency of medication intake could be reduced. This is supported by
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the high relapse rate in MOH patients after treatment. Future clinical strategies of
MOH prevention should take these into account. Treatment with onabotulinumtox-
inA has proven superior to placebo in reducing headache frequency in a post hoc
subgroup analysis on patients with MOH [122]. The mechanisms behind the effect
on chronic migraine with and without MOH are still unknown and should be target
for further investigation as the use of onabotulinumtoxinA for chronic migraine
with MOH is increasing. The development in brain imaging will undoubtedly be
valuable for further assessing alterations in pain-processing structures in MOH
patients and the possible changes from before to after withdrawal. Research in the
pathophysiology behind chronic migraine and TTH without medication overuse
will aid the investigation into the relationship and differences between chronic
headache with and without medication overuse.
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