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Migraine and Inhibitory System – I Can't Hold It!
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Abstract The exact pathophysiological mechanisms leading
to the activation and sensitization of the trigeminovascular
pathway, which in turns results in the migraine attack, are
not completely elucidated. It is likely that direct activation by
cortical spreading depression, together with dysfunctional
central control of pain, plays a major role in the onset and
spreading of the migraine attack. This review focuses on
recent structural and functional neuroimaging studies that
investigated the role of subcortical and cortical structures in
modulating nociceptive input in migraine, which outlined the
presence of an imbalance between inhibitory and excitatory
modulation of pain processing in the disease.
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Introduction

Migraine is the most common neurological disorder in the
developed world, affecting almost 18 % of the population [1]
and causing great economic burden and impact on public health.
It is widely accepted that migraine results from a primary brain
dysfunction that leads to activation and sensitization of the
trigeminovascular pain pathway, whereby sensory afferents
from the meningeal and cranial vessels through the trigeminal

ganglion project on the caudal trigeminal nucleus and C1-C2
dorsal horns. According to this model, first-order nociceptors in
the trigeminal ganglion become activated and sensitized, leading
to sequential recruitment and central sensitization of spinal and
supraspinal nociceptive neurons. The exact pathophysiological
brain mechanisms that constitute the primum movens of this
cascade of events are still widely debated. Experimental data has
demonstrated that cortical spreading depression (CSD) – a slow,
self-propagating wave of neuronal and glial depolarization, and
the neurophysiological phenomenon most likely involved with
the pathophysiology of the migraine aura [2–4] – is able to
activate the trigeminovascular pathway [5] and trigger the mi-
graine attack. Factors influencing susceptibility to CSD, howev-
er, as well as the sequence of events leading to headache in
migraine without aura (MwoA), remain largely unknown [6].

A large body of evidence supports the view that migraine is
also characterized by a dysfunctional central control of pain,
as suggested by the observation of ictal and interictal abnor-
malities in subcortical brainstem and diencephalic nuclei in-
volved in pain modulation [7, 8]. Such findings have led to the
juxtaposition of two theories on the pathophysiology of the
migraine attack: one that hypothesizes that dysfunction of
brainstem nuclei and diencephalic nuclei induces abnormal
interpretation of normal sensory input, causing normal senso-
ry flow from the meninges to be interpreted as migraine pain;
the other that views the brainstem more as a modulator than a
generator of migraine pain, theorizing that dysfunction of
inhibitory pain modulation may lead to hyperexcitability
along the trigeminovascular pain pathway.

Neuroimaging techniques have provided some insight into
the complex pathophysiological mechanisms underlying the
onset and spreading of migraine headache, enhancing our
understanding of the role of subcortical and cortical structures
in modulating nociceptive input. This review highlights recent
findings at different anatomical levels of the sensory and pain
axis that have helped to expand our knowledge of the putative
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role of pain-modulating circuits in migraine, which points to
the presence of an imbalance between inhibitory and ex-
citatory modulation of pain processing in the disease.

Dorsal Brainstem

Positron emission tomography (PET) imaging studies were
the first to examine cerebral blood flow changes during spon-
taneous migraine attacks in brainstem regions likely involved
in nociceptive control, including the dorsolateral pons and
caudal midbrain [9]. Blood flow changes in the dorsolateral
pons during a migraine episode were also reported in subse-
quent PET studies [10–12], and appeared to persist after
controlling pain with sumatriptan, leading to the conclusion
that changes in the dorsolateral pons in migraine are not
simply the consequence of headache pain. Activation of this
brainstem region, however, does not appear to be entirely
specific to migraine headache, or even to pain itself, as it has
been reported in neuropathic pain and in conditions charac-
terized by autonomic dysfunction [13–15]. Additionally, con-
troversies exist as to the exact location of brainstem changes
identified by first PET observations [16]. Spatial localization
of neuronal structures in the brainstem by PET is challenging,
and in general there is a discrepancy between the size of the
activated clusters in PET studies and the actual size of the
nucleus. Major factors that account for this discrepancy in-
clude: 1) spatial smoothing of the data, which is usually
performed to increase the signal-to-noise ratio and improve
comparisons across subjects and conditions; 2) group averag-
ing – nucleus location can show small variation across sub-
jects; and 3) PETcontrast itself originates from cerebral blood
flow changes and does not measure neuronal activity directly,
but rather changes in blood flow following neuronal activity.

By overlapping the original PET activation map of the dor-
solateral pons on a brainstem atlas, Borsook and Burstein [16]
recently suggested that the area of blood flow changes seemed to
correspond anatomically to the location of different brainstem
nuclei, including the rostral trigeminal nuclear complex, reticular
nucleus, locus coeruleus, cuneiform nucleus, and the inferior
colliculus. While the individual role of some of these nuclei in
migraine is still uncertain, it is well known that cuneiform
nucleus is part of a functional circuit involved in descending
pain modulation. It has been suggested that impairment of the
descending modulatory pain pathway might be a predefined
condition to the occurrence of a migraine attack, by decreasing
the threshold of nociceptive inputs from the trigeminocervical
complex (TCC). A functional MRI study that examined
interictal changes in the brainstem in response to experimental
pain stimuli found decreased activity in the cuneiform nucleus of
migraineurs relative to controls [17], suggesting that dysfunction
of brainstem descending pain modulation may occur even

between attacks. Altered activity in the cuneiform nucleus,
however, can also be observed during anticipation of pain [18].

Additional evidence of interictal dysfunction in dorsolater-
al nuclei in the pons can be found in a recent MRI spectros-
copy (MRS) study that investigated changes in brainstem
metabolites in patients with chronic and episodic migraine
[19]. This imaging technique, based on proton resonance
(1H-SMR) in predefined regions of interest, is able to provide
quantitative information on levels of brain metabolites includ-
ing N-acetylaspartate (NAA), choline (Cho), and creatine
(Cr). A higher NAA/Cr ratio in bilateral rostral dorsal pons
was found in patients with episodic migraine compared to
patients with chronic migraine and controls. The change in
Naa/Cr tended to disappear with disease evolution, as Naa/Cr
levels decrease as headache frequency increases in chronic
migraine. Based on the knowledge that the Naa/Cr ratio is
thought to reflect neuronal content, the authors hypothesized
that, in episodic migraine, neurons in the dorsal pons become
hypertrophic due to the repetitive activations during migraine
attacks. A similar mechanism has been postulated to underlie
the observation of increased cortical thickness in episodic
migraine [20, 21]. The interpretation of the increase of Naa/
Cr ratio in the dorsolateral pons in episodic migraine, howev-
er, remains uncertain. Studies from other neurological diseases
such as multiple sclerosis show that Naa/Cr ratio also reflects
axonal integrity, suggesting that the findings might also un-
derlie microstructural changes in fiber integrity [22].

The Periaqueductal Gray

The periaqueductal gray (PAG), a gray matter structure locat-
ed around the cerebral aqueduct and organized in four col-
umns, is a knownmodulator of somatic pain transmission, and
is also involved in various physiological processes, including
behavioral and emotion control.

A prevailing theory in the pathogenesis of migraine head-
ache is that hyperexcitability develops along the
trigeminovascular pathway, likely facilitated by a dysfunction
of the descending pain modulatory circuits [7]. The PAG has
long been thought to be one of the key regions of the descend-
ing pain modulatory system involved in the pathogenesis of
migraine, based on early reports of subjects without headache
who developedmigraine-like episodes after stereotactic place-
ment of electrodes in this area of the brainstem [23].

Previous studies have reported conflicting results relative
to the presence of structural abnormalities in the PAG of
migraineurs [19, 24, 25]. Recently, data using blood oxygen-
ation level-dependent (BOLD) resting-state functional MRI
(rs-fMRI), a technique that allows identification of correla-
tions during rest among remote brain areas (functional con-
nectivity) through their highly correlated low-frequency spon-
taneous fluctuations, investigated connectivity between the
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PAG and a subset of brain areas involved in processing and
modulation of somatosensory and pain signals in interictal
migraine with aura (MwA) and MwoA [26]. Dysfunctional
dynamics within PAG networks were observed at different
levels. Migraineurs exhibited an increase in rs-fMRI connec-
tivity between the PAG and both nociceptive and sensory
processing pathways relative to age- and gender-matched
healthy individuals. Connectivity in some of these pathways
was stronger as the monthly frequency of migraine attacks
increased. Conversely, the greater the number of attacks, the
lower the functional rs-fMRI connectivity appeared to be
between the PAG and several brain regions with a predomi-
nant role in pain modulation, including the prefrontal cortex,
anterior cingulate, and amygdala [26]. These findings suggest
the presence of an impairment of descending pain modulatory
circuits in migraine, which likely leads to loss of pain inhibi-
tion and hyperexcitability primarily in nociceptive areas.

A dysfunction in descending pain inhibition in the
brainstem has also been hypothesized to contribute to the
development of allodynia during migraine attack. Cutaneous
allodynia, which is pain to normal innocuous stimuli that
develops in about two-thirds of patients during the headache
phase, results from sensitization of central neurons along the
trigeminovascular pathway [27]. Speculation exists as to
whether central sensitization can be indirectly activated
through pain modulatory neurons in the brainstem. Data on
rs-fMRI intrinsic connectivity of PAG networks found re-
duced connectivity between PAG, prefrontal regions, and
anterior cingulate in migraineurs with a history of allodynia
relative to migraineurs without allodynia, highlighting a pos-
sible dysfunction of pain modulation [26].

Interestingly, a longitudinal study recently demonstrated that
cutaneous allodynia was an independent predictor of migraine
chronification, as expressed by increased frequency of migraine
attacks [28••]. This finding has been interpreted to reflect func-
tional and/or structural impairment at the level of PAG modula-
tory networks possibly consequent to repetitive activations of
trigeminovascular neurons, which in turn leads to repetitive
activations of modulatory pathways involving the PAG.

The Thalamus

Functional and structural thalamic changes in the course of
migraine can affect nociception and can contribute to an
imbalance between inhibitory and excitatory mechanisms of
pain modulation.

Posterior nuclei of thalamus receive direct projections from
the trigeminovascular pathway and act as a filter for the
somatosensory and nociceptive information [29]. Receptors
of the calcitonin gene-related peptide (CGRP) have been
described in the ventroposteromedial thalamic nucleus, and

antagonist of CGRP can inhibit nociceptive transmission at
the level of third-order neurons [30].

Burstein and collaborators identified a population of
trigeminovascular neurons in the posterior and lateral posterior
thalamic nuclei that may be involved in the perception of
whole-body allodynia (abnormal skin sensitivity) and photo-
phobia (abnormal sensitivity to light) during migraine. Using
fMRI, they showed that innocuous brush and heat stimulation
at the skin of the dorsum of the hand produced larger BOLD
responses in the posterior thalamus of subjects undergoing a
migraine attack with extracephalic allodynia than correspond-
ing responses registered when the same patients were free of
migraine and allodynia [31]. These findings, together with the
observed sensitization of sensory neurons in the posterior thal-
amus in rats, highlight the crucial role of thalamic nuclei in
processing nociceptive information along with sensory infor-
mation from the skin beyond the location of the headache.

An involvement of thalamic pain modulatory regions was
recently demonstrated in chronic migraine patients using rs-
fMRI [32]. Relative to controls, migraineurs exhibited abnor-
mal functional connectivity between the limbic circuit, the
pulvinar and mediodorsal thalamus, and the PAG. Increase in
functional connectivity between the insula and the mediodorsal
thalamus correlated with the disease duration. A univocal in-
terpretation for such findings is elusive, as changes in rs-fMRI
connectivity could reflect either a functional compensatory
mechanism to brain structural damage and/or repetitive mi-
graine episodes, or an abnormal functional pattern leading to
an aberrant processing of the nociceptive input.

Thalamic structural abnormalities have been identified in
migraineurs, particularly in MwA. A structural MRI study
found shorter T1 and T2 relaxation times in the thalamus of
patients with MwA relative to controls and patients with
MwoA [33•]. This has been hypothesized to reflect a higher
iron deposit in thalamus of MwA as a consequence of free
radical damage and hyperemia during migraine attacks. Mag-
netization transfer ratio (MTR) [33•], which reflects macro-
molecule content, was also increased in MwA compared with
MwoA patients. Iron deposit in other deep brain nuclei such as
the putamen, the globus pallidus, and the red nucleus was
observed in a population of young patients with migraine as
compared to controls [34], and seemed to increase with the
duration of the disease. Taken together, findings from these
studies suggest that changes in iron content are more likely a
consequence of repeated migraine episodes than a primary
cause of migraine headache.

The Hypothalamus

The hypothalamus is involved not only in pain regulation, but
also in many vegetative functions, including circadian rhythm,
thirst, hunger, and mood control. Several arguments support the
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involvement of this structure in the physiopathology of mi-
graine [35]. First, its role in pain control has been demonstrated
in deep brain stimulation in animal models [36], and several
peptides, such as opioid peptides, oxytocin, or somatostatin,
have antinociceptive effects [37]. Another argument is based on
the higher prevalence of migraine in women, as well as the
knowledge of the relationship between hormonal status and
migraine frequency, all of which may be linked to luteinizing
hormone-releasing hormone (LHRH) secretion. Additionally,
premonitory symptoms experienced a few hours before onset of
migraine may be a consequence of hypothalamic dysfunction.

Projections from the paraventricular nucleus (PVN) of the
hypothalamus may have a role in modulating nociception in
migraine. A recent study traced the projections from PVN
neurons to the superior salivatory nucleus and medullary
trigeminovascular (Sp5C) neurons in rats [38]. Using micro-
injections of GABAA agonist in the PVN neurons, the authors
found an inhibition in both basal and meningeal-evoked ac-
tivities of Sp5C neurons.

Speculation exists as to whether forebrain/hypothalamic pro-
jections to Po and LP thalamic nuclei may play a role inmigraine
attacks triggered by conditions such as disrupted sleep, hunger,
and emotional distress. With the aim of identifying subcortical
areas that are in position to directly regulate the activity of
thalamic trigeminovascular neurons, Kagan et al. [39] recently
mapped anatomically neuronal projections to the Po/LP thalamic
region of the rat using injections of the retrograde tracer Fluoro-
Gold. Such injections yielded retrogradely labeled neurons in the
nucleus of the diagonal band of Broca’s area, the dopaminergic
cell groups A11/A13, and the ventromedial and ventral
tuberomammillary nuclei of the hypothalamus.

In humans, hypothalamic activation has been observed
during the headache attack using PET, and similar to other
brainstem structures, has been shown to persist after pain relief
by sumatriptan [40], suggesting that hypothalamus activation
may occur early, before the onset of migraine attack. Interest-
ingly, in interictal migraine, a positive correlation was recently
reported between the number of monthly migraine episodes
and resting state correlations between the PAG and the hypo-
thalamus [26], extending previous PET findings and further
supporting a role of this subcortical structure in the pathogen-
esis of migraine. It is also possible that hypothalamic changes
in migraine reflect a stress/anxiety response of the brain to
worsening of the disease. Further studies are needed to better
understand hypothalamic involvement as migraine trigger
and/or pain modulator and the link between these processes
and mood regulation.

The Amygdala

The amygdala is an essential part of the limbic system, and has
many projections to the hypothalamus, thalamus, and insula

[41]. While its involvement in fear-feeling, emotion process-
ing, and interoception is well known, it has recently been
revealed that the amygdala may play a more important role
in migraine than previously thought.

Using fMRI, Stankewitz et al. [42] showed that during a
migraine attack following olfactory stimulation, migraineurs
had higher activation than controls in the amygdala, insula,
dorsal pons, and temporal lobe, suggesting sensitization of
these brain structures. No differences were found interictally,
however, between controls and patients.

Hadjikhani et al. [43••], using rs-fMRI acquired interictally,
demonstrated increased connectivity between the amygdala
and visceroceptive regions including insula, thalamus, and
secondary somatosensory cortex in MwA and MwoA. Inter-
estingly, this pattern of changes was not detected in other
chronic pain conditions, including episodic trigeminal neural-
gia and carpal tunnel syndrome. Based on experimental data
in the rodent model, which demonstrated that a single episode
of CSD (unlikely to elicit pain) induced c-fos expression in the
amygdala and behavioral responses consistent with amygdala
activation [44], Hadjikhani et al. hypothesized that CSD-
induced amygdala activation during repetitive episodes of
MwA and MwoA consolidates the connectivity within the
visceroceptive cortex, and that amygdala interactions with
regions involved in interoception may therefore represent the
“missing link” between CSD and the development of mi-
graine headache in humans.

Amygdala connectivity findings further support the con-
cept that migraine is associated with a dysfunctional
neurolimbic pain network [45], although it remains to be
determined whether and how emotional and/or cognitive and
mood influences affect pain perception in migraine. It is
known from animal studies that the anterior insula is connect-
ed to brainstem structures such as PAG, rostroventromedial
medulla (RVM), NCF, and parabrachial nucleus [46], which
provides amechanistic basis to partially explain how emotions
and mood might influence changes in the perception of pain
intensity. Additionally, as several brainstem descending mod-
ulatory regions are either ascending homeostatic integration
sites or descending autonomic premotor sites, it is possible
that a specific link exists among pain, homeostasis, and
interoception.

Higher-Order Cortical Regions

Functional and structural abnormalities in a number of cortical
regions involved in somatosensory and pain processing as
well as pain modulation have been noted in migraine patients,
both during the headache phase and outside episodes of pain
[47]. Interictal alterations in cortical processing include chang-
es in cortical excitability in primary sensory regions [48, 49],
lack of habituation [50, 51], increased sensitivity to sensory
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input [52], and abnormalities along pain modulatory cortical
networks [26], all of which have contributed to the concept
that dysexcitability characterizes the interictal migraineous
cortex.

Based on experimental findings in rats demonstrating that
trigeminovascular input from the dura distributed nociceptive
information to a number of cortical regions, including the
primary somatosensory cortex and insula [53], it has been
suggested that in some regions, cortical dysexcitability in
migraine is, at least in part, the consequence of activation of
the trigeminovascular pathway. In this context, cortical abnor-
malities are seen primarily as the consequence of repetitive
episodes of pain. Some authors, however, have suggested that
the observed alterations in the cortex may also result from
recurrent episodes of CSD which, in migraine without aura,
has been hypothesized to occur in clinically silent cortical
regions outside the visual cortex.

The knowledge of the relation between functional and
structural abnormalities in somatosensory and pain processing
regions may aid in understanding the dynamics that occur at
multiple cortical levels in migraine. Maleki et al. [54] recently
co-localized morphometric and functional abnormalities in
cortical regions involved in sensory processing interictally in
episodic migraine. By comparing migraineurs with high-
frequency (HF) headache episodes relative to patients with
low-frequency (LF) migraine, they were able to show higher
cortical thickness in the area representing the face in the post-
central gyrus in HF, which correlated with stronger functional
activation during heat pain stimulation, suggesting adaptation
to repeated sensory drive. These findings align with previous
observations of a thickening of the somatosensory cortex
interictally in patients with MwA and MwoA [20]. The au-
thors also found reduced volume in the cingulate cortex that
correlated with lower activation in the HF group during inter-
mittent heat pain stimulation, and similar significant structural
and functional differences (HF>LF) in the insula, leading
them to speculate that there is a differential response pattern
in migraineurs in the sensory versus affective processing
regions in the brain. Specifically, they postulated that, in
migraine, the brain “reacts” to the increased frequency of
migraine attacks by redirecting its resources primarily to re-
gions processing sensory input, reducing the size and activity
of the affective processing regions.

In episodic migraine, cortical dysexcitability, expressed as
ineffective recruitment of prefrontal inhibitory pathways, may
play a role in decreased habituation and enhanced anticipation
and attention to pain and other external sensory stimuli. Anal-
ysis of cortical responses to predicted and unpredicted nox-
ious heat stimuli in migraineurs by standardized low-
resolution electromagnetic tomography key revealed lack of
habituation to repeated predicted pain associated with signif-
icantly increased pain-evoked potentials amplitude in MwA
compared to MwoA and healthy controls [55•]. Relative to

controls, however, bothMwA andMwoA exhibited enhanced
pain-evoked potentials to unpredicted pain stimuli. Using
source localization, it was found that deficient adaptive re-
sponses to anticipated pain in migraineurs were associated
with decreased activation of the anterior-medial prefrontal
cortices and subsequent increased somatosensory activity.
Additionally, inMwA, the prefrontal-somatosensory dysfunc-
tion positively correlated with time since disease onset and
concern of upcoming episodes of migraine headache; in
MwoA, it increased with higher frequency of migraine. Taken
together, these findings suggest that ineffective recruitment of
prefrontal inhibitory pathways, accompanied by increased
somatosensory activity, on one hand can express the progres-
sive character of the disease, and on the other can be consid-
ered as an outcome of patients’ cognitive status interictally.

We are only beginning to disentangle the roles of specific
prefrontal and frontal cortical regions in pain perception from
other areas of cognitive neuroscience that reflect cognitive,
emotional, and interoceptive components of pain conditions
[56]. As migraine is known to be associated with mood
changes [57], future studies will assess the role of these
various components in relation to pain processes.

Conclusion

Our current understanding of migraine has expanded the well-
accepted concept of central sensitization along the
trigeminovascular pathway to include the role of subcortical-
driven cortical hyperexcitability in the pathogenesis of the
disease. Hyperexcitability of the migraine brain may result
from impaired inhibition or increased facilitation. The consis-
tent observation across studies that changes in brain excitabil-
ity are frequently associated with disease severity and
chronification of migraine suggests that such changes, at least
in part, may be expressions of “adaptive” or “maladaptive”
mechanisms consequent to repetitive episodes of migraine
[58]. In this context, longitudinal studies and comparisons
with other chronic pain conditions may help to clarify whether
changes in brain excitability are a signature of migraine or
represent a common pathway in the chronification of pain
across different conditions.
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