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Abstract

Background: The onset and duration of spontaneous migraine attacks are most often difficult to predict which, in
turn, makes it challenging to study the neurobiologic underpinnings of the disease in a controlled experimental set-
ting. To address this challenge, human provocation studies can be used to identify signaling molecules (e.g. calcitonin
gene-related peptide, pituitary adenylate cyclase-activating polypeptide) that, upon intravenous or oral administra-
tion, induce migraine attacks in people with migraine and mild or no headache in healthy volunteers. This approach
has proven to be valid for decades and plays an integral role in mapping signaling pathways underlying migraine
pathogenesis and identification of novel drug targets. However, the question arises as to whether the pathogenic
mechanisms of provoked and spontaneous migraine attacks differ. In this paper, we provide an opinionated discus-
sion on the similarities and differences between provoked and spontaneous attacks based on the current understand-
ing of migraine pathogenesis.

Methods: The PubMed database was searched in July 2022 for original research articles on human provocation stud-
ies that included participants with migraine. The reference lists of originally identified articles were also searched and

we selected those we judged relevant.

Discussion: People with migraine describe that provoked attacks resemble their spontaneous attacks and can be
treated with their usual rescue medication. From a neurobiologic standpoint, provoked and spontaneous migraine
attacks appear to be similar, except for the source of migraine-inducing substances (exogenous vs. endogenous
source). In addition, provoked attacks can likely not be used to study the events that precede the release of migraine-
inducing signaling molecules from sensory afferents and/or parasympathetic efferents during spontaneous attacks.
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Migraine is a disabling neurovascular disorder that is
characterized by recurrent headache attacks and accom-
panying symptoms, such as nausea, photo-, and pho-
nophobia [1]. The onset and duration of spontaneous
migraine attacks are often unpredictable which, in turn,
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makes it difficult to study its neurobiologic underpin-
nings in a controlled experimental setting [2]. This has
made the use of human provocation studies valuable
for researchers who aim to identify migraine-inducing
substances and map signaling pathways that are respon-
sible for migraine pathogenesis [3]. The experimental
set-up most often includes a randomized, double-blind,
placebo-controlled, 2-way crossover design, in which
study participants are allocated to receive administra-
tion of a hypothesized migraine-inducing substance or
placebo on two experimental days that are separated by

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10194-022-01464-2&domain=pdf

Ashina et al. The Journal of Headache and Pain (2022) 23:87

a wash-out period of at least seven days [2, 3]. The gen-
eral idea is that healthy volunteers develop no more than
a mild headache, whereas people with migraine develop
migraine attacks [2, 3]. This principle has proven to be
valid through decades of research and continues to play
an important role in the discovery of novel drug targets
for migraine and other headache disorders [2, 3]. How-
ever, there remains a point of scientific contention among
researchers. Are the pathogenic mechanisms of provoked
migraine attacks similar or different from spontaneous
migraine attacks? We aim to shed light on this issue, with
an opinionated discussion on lessons learned and out-
standing research questions.

Methods

The PubMed database was searched in July 2022 for orig-
inal research articles on human provocation studies that
included participants with migraine. We searched for
“migraine” in combination with the terms “adrenomedul-
lin”, “amylin’, “calcitonin gene-related peptide’, “glyceryl
trinitrate’, “nitric oxide’, “nitroglycerin’, “phosphodies-
terase inhibitor’, “pituitary adenylate cyclase-activating
polypeptide’, “potassium channel’, “prostaglandins’, and
“vasoactive intestinal polypeptide” We also searched the
reference lists of originally identified articles and selected
those we deemed relevant.

Lessons learned and outstanding research
questions
In the pathogenesis of spontaneous migraine attacks, it is
known that endogenous signaling molecules are released
from sensory afferents of neurons in the trigeminal gan-
glion and/or parasympathetic efferents of neurons in the
sphenopalatine ganglion [4, 5]. These signaling molecules
include adrenomedullin, amylin, calcitonin gene-related
peptide (CGRP), nitric oxide (NO), pituitary adenylate
cyclase-activating polypeptide (PACAP), specific pros-
taglandins, and vasoactive intestinal polypeptide (VIP)
[6—-13]. All mediate their effects on the vascular smooth
muscle cells within the walls of intracranial arteries and
result in opening of potassium channels and accompany-
ing vasodilation [14, 15], (Figs. 1 and 2). This, in turn, has
been hypothesized to provide the necessary mechanical
and chemical stimuli to activate and sensitize the affer-
ent nociceptive fibers that project to first order neurons
in the trigeminal ganglion and upper cervical ganglia
[2]. The ascending nociceptive transmission is ultimately
relayed to the somatosensory cortex and other cortical
areas via second order neurons in the brain stem (and
their cervical extension) and third order neurons in the
thalamus [2].

A key limitation of human provocation studies is that
they cannot answer what causes the initial endogenous
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release of signaling molecules from sensory afferents
and parasympathetic efferents. This step is bypassed in
human provocation studies because they rely on exoge-
nous administration of migraine-inducing substances [2].
The remaining cascade of events is, nonetheless, likely
to be the same for spontaneous and provoked attacks.
In support, people with migraine report themselves that
the provoked attacks mimic their usual spontaneous
attacks and can be effectively treated with their usual res-
cue medication, e.g. triptans [2, 3]. Consistent with this
finding, one provocation study found that early treat-
ment with sumatriptan was more effective in preven-
tion of PACAP-induced migraine attacks than placebo
treatment [16]. The main benefits of human provocation
studies then become threefold. First, they can be used to
identify signaling molecules that induce migraine attacks
and are thereby implicated in migraine pathogenesis.
Second, blocking the effects of the same signaling mol-
ecules might hold therapeutic promise for migraine. The
advent of therapies targeting CGRP signaling seems to
confirm this assertion [17]. Lastly, the combination of
human provocation studies with sophisticated neuroim-
aging can improve our understanding of meningeal and
cerebral changes during migraine attacks [3].

A research area that is ripe for improvement is the
comparative assessment of provoked and spontane-
ous migraine attacks in the same study population. In
this context, it is reasonable to assume that captur-
ing the onset of spontaneous attacks is more feasible in
chronic migraine than in episodic migraine. The patho-
genic similarities and differences between provoked and
spontaneous attacks can then be explored using func-
tional and metabolic neuroimaging. Another option is
to capture the onset of spontaneous attacks in women
with pure menstrual or menstrually-related migraine.
In this patient population, it would also be interesting
to examine whether the threshold for provoked attacks
differs at various time points in the menstrual cycle.
An additional option that seems intuitive is to com-
pare pathogenic mechanisms between attacks elicited
by self-perceived natural triggers (e.g. stress, particular
foods) and migraine-inducing substances (e.g. CGRP,
PACAP). However, migraine attacks with aura were only
reported by 3 (11%) of 27 participants with migraine with
aura who had been exposed to their self-perceived trig-
gers (e.g. flickering lights, strenuous exercise) [18]. This
observation suggests that self-perceived triggers might
be subject to false attribution and recall bias. Their use in
controlled experiments is therefore questionable.

Although human provocation studies have advanced
our understanding of migraine pathogenesis, new ques-
tions have emerged and should, in part, be the focus
of future research efforts. There is some evidence that
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Fig. 1 cAMP-dependent pathways in migraine pathophysiology. The cell is a vascular smooth muscle cell within the walls of intracranial

arteries. Experimental studies have shown that binding of calcitonin gene-related peptide (CGRP), adrenomedullin (ADM), amylin (AMY),

Pituitary adenylate cyclase-activating polypeptide (PACAP), vasoactive intestinal polypeptide (VIP), prostaglandin E, (PGE,), and prostaglandin

I, (PGl,) to their G protein-coupled receptors increases the intracellular concentration of cyclic adenosine monophosphate (cAMP) and thereby
activates the cAMP-dependent pathway. This will then activate protein kinase A which, in turn, results in outflow of potassium via opening of
adenosine triphosphate-sensitive potassium (Kyp) channels and large conductance calcium-activated potassium (BK.,) channels. The end result

is hyperpolarization of the vascular smooth muscle and accompanying vasodilation which is hypothesized to provide the necessary chemical

and mechanical stimuli needed to activate and sensitize perivascular nociceptors [2]. AC, adenylate cyclase; ADM, adrenomedullin; AMY, amylin;
ATP, adenosine triphosphate; BK,, large conductance calcium-activated potassium channels; cAMP, cyclic adenosine monophosphate; CGRP,
calcitonin-gene related peptide; K p-channels, adenosine triphosphate-sensitive potassium channels; PACAP, pituitary adenylate cyclase activating
polypeptide; PGE,, prostaglandin E,; PGl,, prostaglandin |,; Protein kinase A, cAMP-dependent protein kinase; VIP, vasoactive intestinal polypeptide

BKc. channel

certain migraine-inducing signaling substances can
increase the susceptibility of developing a migraine
attack via a direct effect on structures within the cen-
tral nervous system [19, 20]. A recent discovery was
made that an opener of adenosine triphosphate-sen-
sitive potassium channels, levcromakalim, might be a
potent inducer of migraine attacks with aura [20]. Since
cortical spreading depression is considered the physi-
ological substrate of migraine aura [21], this finding
suggests that levcromakalim crosses the blood-brain
barrier [20]. A confirmatory study is much needed to
ascertain whether levcromakalim is indeed a consist-
ent inducer of migraine attacks with aura. If so, new
avenues of research will emerge to improve our under-
standing of the aura-migraine linkage.

Another line of evidence suggestive of direct effects
on the central nervous system relates to the NO donor
glyceryl trinitrate [19]. Provocation studies have found
that glyceryl trinitrate induces migraine attacks that are
preceded by premonitory symptoms, i.e. non-headache
symptoms that occur within minutes to hours before the
onset of headache in attacks with migraine without aura
[22, 23]. Premonitory symptoms are regarded as surro-
gate markers of activation within central nervous system
structures, such as the hypothalamus [19]. Commonly
reported premonitory symptoms include fatigue, neck
stiffness, and mood changes [24]. These are rather vague
symptoms and it is generally difficult to investigate pre-
monitory symptoms in relation to a provoked migraine
attack since most migraine-inducing substances (incl.
glyceryl trinitrate) evoke a biphasic response [5]. Within
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Fig. 2 cGMP-dependent pathways in migraine pathophysiology. In vascular smooth muscle cells of the intracranial arteries, nitric oxide (NO) from
glyceryl trinitrate (GTN) increases levels of cyclic guanosine monophosphate (cGMP). This activates the cGMP-dependent protein kinase (protein
kinase G) which increases opening of adenosine triphosphate-sensitive potassium (Kxrp) channels and large conductance calcium-activated
potassium (BKc,) channels. It will similar to the cAMP-dependent pathway ultimately activate and sensitize perivascular trigeminal afferents (see
Fig. 1) [2]. BKc,, large conductance calcium-activated potassium channels; cGMP, cyclic guanosine monophosphate; GTN, glyceryl trinitrate; GTP,
guanosine triphosphate; Kyp-channels, adenosine triphosphate-sensitive potassium channels; NO, nitric oxide; Protein kinase G, cGMP-dependent

minutes after the start of administration, people with
migraine tend to experience an immediate mild head-
ache that is followed by a provoked migraine attack hours
later [5]. It is uncommon for the immediate headache
to resolve completely before the onset of the provoked
migraine attack [25]. This makes it challenging to inves-
tigate the occurrence of premonitory symptoms since
they must occur before the onset of headache in a pro-
voked attack. Taken together, data interpretation should
be made with appropriate caution, and it would be ideal
to establish an international consensus on the definition
of premonitory symptoms in human provocation studies.

An outstanding scientific question, that merits some
emphasis, is whether the induction of provoked migraine
attacks depends, in part, on the duration of arterial dila-
tion. This hypothesis has mainly been explored in human
provocation studies with PACAP and VIP, both of which
belong to the same family of peptides [13, 26]. In one
randomized, double-blind, 2-way crossover study [26],
participants with migraine were allocated to receive
intravenous infusion with PACAP or VIP over 20 min
on two separate experimental days. The authors found
that PACAP infusion induced migraine attacks, whereas
VIP infusion did not. It was also demonstrated by mag-
netic resonance angiography that PACAP infusion causes
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longer-lasting arterial dilation (>2 h), compared with VIP
infusion (<2 h). The latter finding has typically been over-
looked, whereas the former finding has often been used
to conclude that arterial dilation does not have a causal
role in migraine pathogenesis [27]. Nonetheless, recent
provocation data have found that intravenous infusion
of VIP over 120 min (instead of 20 min) causes head-
ache and arterial dilation for>2 h in healthy volunteers
and migraine attacks in 15 (71%) of 21 participants with
migraine [13]. Thus, prolonged arterial dilation cannot
be disregarded as an important factor in migraine patho-
genesis. Indeed, one small randomized, double-blind,
placebo-controlled, 2-way crossover study found that
long-lasting infusion of nitroglycerin for 420 min induces
headache with migraine-like features and sustained arte-
rial dilation in healthy volunteers who had no history of
migraine or frequent headaches [28].

As migraine is a heterogeneous disease, there is also a
need for research on whether different types of migraine
respond the same to administration of migraine-induc-
ing substances. This area has received little attention,
although it has been established that intravenous infu-
sion of CGRP induces migraine attacks in people with
episodic migraine (with and without aura) as well as in
those with chronic migraine [29-31]. It is, however,
interesting that intravenous infusion of CGRP did not
induce migraine attacks in people with familial hemiple-
gic migraine [32, 33]. Research into pathogenic differ-
ences between common and rare types of migraine might
therefore be an area of interest for future human provo-
cation studies.

In conclusion, it seems evident based on the available
data that provoked and spontaneous migraine attacks
are similar, except for the source of migraine-inducing
substances (exogenous vs. endogenous source) and the
events that precede the release of these signaling mol-
ecules from sensory afferents and/or parasympathetic
efferents during spontaneous migraine attacks. Although
some research questions remain unanswered, progress
should be imminent with the ongoing standardization
and refinement of human provocation studies.

Abbreviations
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