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Introduction
Migraine is a highly prevalent neurological disorder,

affecting approximately 1.1 billion individuals globally,
as estimated by the Global Burden of Disease (GBD)
2019 study.1  It is a leading cause of disability, ranking
second among all human diseases in terms of years
lived with disability (YLDs).1  Migraine attacks typically
unfold in four distinct phases: the premonitory phase,
characterized by early warning signs such as fatigue,
irritability, and food cravings; the aura phase, marked
by transient neurological disturbances including visual
and sensory symptoms; the headache phase, which
presents as intense, often unilateral pain accompanied
by nausea, sensitivity to light (photophobia), and sound
(phonophobia); and the postdrome phase, during which
residual symptoms like fatigue and mood fluctuations
persist. Recognising these phases is essential for
timely intervention and effective management.2

Over recent decades, numerous theories have
been proposed to elucidate the pathophysiology of
migraine. The current consensus highlights the
central roles of trigemino-vascular pathways, brainstem
regions, and diencephalic nuclei in the generation
of migraine.3 Recent research suggests that the
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Abstract
Migraine is a complex neurological disorder charac-
terised by recurrent headaches, often accompanied
by a range of sensory and autonomic symptoms.
While vascular theories once dominated, recent
evidence highlights the predominant role of the
central nervous system in originating migraine pain.
The current consensus emphasises the central roles
of trigemino-vascular pathways, brainstem regions,
and diencephalic nuclei in migraine pathogenesis.
Key neurotransmitters, including monoamines such
as serotonin, dopamine, and norepinephrine, as
well as neuropeptides such as calcitonin gene-
related peptide (CGRP) and pituitary adenylate
cyclase-activating polypeptide (PACAP), are pivotal
in mediating pain transmission within these
pathways.

Premonitory phase symptoms like food cravings,
yawning, and mood changes are linked to central
nervous system alterations and precede the
headache phase. The aura phase, characterized
by gradual onset symptoms such as scotomas and
paraesthesia, is attributed to cortical spreading
depression, a wave of self-propagating neuronal
depolarisation followed by transient cortical hypo-
perfusion, underscoring its neuronal basis.

The transition to chronic migraine involves dys-
function in top-down pain modulation and sen-
sitization of the trigeminal system, leading to central
sensitization. Peripheral sensitization and molecular
mechanisms involving CGRP, Serotonin (5-HT), and
PACAP further contribute to migraine chronification.
Additionally, oestrogen modulates pain pathways
through its effects on the -opioid system and
neurotransmitters such as serotonin as well as its
regulatory action on CGRP. This multifaceted
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interplay of circuits, neuropeptides, and hormonal
influences determines the complex pathophysiology
of migraine, providing avenues for targeted
therapeutic interventions.
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headache phase of migraine is primarily driven by
neuronal mechanisms, challenging the earlier belief that
vascular factors played a dominant role. Migraines occur
predominantly in individuals with a genetic predis-
position, with strong evidence supporting a polygenic
inheritance pattern, except in rare cases of monogenic
disorders like familial hemiplegic migraine.3 While
numerous potential triggers such as stress, lack of
sleep, and certain foods have been reported, the
scientific evidence confirming these associations
remains inconclusive.4 Conversely, there is substantial
evidence indicating that female sex hormones
significantly impact the onset and progression of
migraines through various biological pathways.5

A deeper understanding of the underlying patho-
physiology of migraine is crucial for the development of
more targeted and effective treatment approaches. This
review aims to explore the complex mechanisms driving
migraine pathology, shedding light on emerging insights
that may enhance therapeutic strategies.

The role of the trigemino-vascular system and
evolution of theories

The trigemino-vascular system (TVS) is central to
understanding migraine headache. It comprises the
trigeminal nerve and its axonal projections to the
intracranial vasculature.6 In this system, the first order
neuron cell bodies reside in the trigeminal ganglion
and innervate the meninges and large intracranial
vessels. These nociceptive fibres project to the
brainstem, where they activate second-order neurons
in the spinal trigeminal nucleus, subsequently sen-
sitising third-order neurons in the thalamus. This
pathway culminates in nociceptive transmission to the
somatosensory cortex, resulting in migraine pain.7

Further, projections from the thalamus to the limbic,
and prefrontal cortices are thought to play a significant
role in migraine,  particularly in influencing the emotional
and cognitive aspects of the pain.8 Moreover, TVS has
connections to parasympathetic cranial autonomic
fibres, which are believed to mediate parasympathetic-
mediated symptoms such as lacrimation, nasal
congestion, and ptosis, often observed during migraine.2

The activation of this system has been extensively
investigated, and theories have been developed from
time to time.

In 1993, Moskowitz proposed the neurogenic
inflammation theory, identifying vasodilation, protein
extravasation, and platelet activation caused by the
release of vasoactive peptides such as calcitonin gene-
related peptide (CGRP) and pituitary adenylate cyclase-
activating polypeptide (PACAP) as key contributors to
the initial pain sensitisation in migraines. This theory

has been further supported by mechanistic evidence,
including observations of middle cerebral artery dilation
during migraine episodes and the rapid pain relief and
arterial constriction achieved with the 5-HT1 receptor
agonist sumatriptan.7.8 However, more recent findings
challenge the vascular theory, suggesting that primary
neurological mechanisms and a central origin of pain
are  more likely. These recent insights are supported
by neuroimaging studies that challenge the vascular
hypothesis.9 Besides, studies showed that the
pulsating quality of migraine pain does not align with
arterial pulsation. Additionally, evidence showed that
vasoconstriction is not essential for achieving pain
relief, further emphasising the shift toward a neuronal
basis for migraine pathophysiology.9,10 Furthermore,
medications such as 5-HT agonists, once thought to
relieve migraines primarily through vasoconstriction,
are now understood to exert additional neuronal effects
that may contribute to pain relief.2,10  However, evidence
also indicates that vasodilation and neurogenic
inflammation play an essential role in sustaining
migraine headaches even though it does not contribute
for the origin of pain.2,9 Recent studies done using
advanced functional magnetic resonance imaging
(fMRI) support the primary neuronal theory further by
identifying central components of the trigeminal
complex, primarily located in the brainstem, thalamus,
hypothalamus, and their cortical connections, as key
regions activated during the headache phase of
migraine. Additionally, brainstem structures such as
the locus coeruleus, rostral ventromedial medulla,
nucleus raphe magnus, and periaqueductal grey
(PAG) are highlighted as potential sites of origin in
migraine.11,12

Neurotransmitters involved in migraine patho-
physiology

Monoamines such as serotonin, dopamine,
norepinephrine and neuropeptides such as CGRP and
PACAP are involved in impulse transmission in the
pain pathway associated with migraine.2,3

Serotonin (5-HT) plays a crucial role in pain
modulation, with multiple 5-HT receptor subtypes
identified: some promote pain (nociceptive effects) and
others inhibit it (antinociceptive effects).13,14 Beyond
its role in pain pathways, 5-HT possesses vaso-
constrictive and anti-inflammatory properties, making
it one of the key targets in the treatment of migraine.
Its involvement in migraine pathophysiology also
explains common comorbidities such as depression,
anxiety, and nausea, which are frequently observed
in patients with migraine. Interestingly, while 5-HT
triggers pain in some regions of the brain, elevated
levels of 5-HT have also been found to suppress pain.
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This paradoxical effect is believed to be mediated by
5-HT receptor agonists, which, at high concentrations,
regulate nociceptive signalling via distinct receptor
pathways.13 Due to this vital role of serotonin, triptans,
which counteract migraine by selectively activating
specific 5-HT receptor subtypes, are regarded as the
first-line acute therapy for patients experiencing
migraine attacks with moderate to severe pain
intensity.15  Their mechanism of action involves inducing
vasoconstriction, suppressing transmission within the
trigeminal pain pathways, and inhibiting the release of
CGRP from perivascular sensory nerves.16 In addition,
triptans have also been shown to improve the gastric
absorption of other medications used during acute
migraine attacks, while also helping to alleviate
associated nausea and vomiting.15

However, approximately 30-40% of patients do not
respond adequately to triptan therapy. In addition, the
vasoconstrictive effects of this drug class restrict their
use in individuals with conditions such as uncontrolled
hypertension, coronary artery disease, or peripheral
vascular disease.15

Presence of certain purely dopaminergic symp-
toms associated with migraine such as yawning,
nausea and vomiting prove that dopamine has a
significant role in generating migraine premonitory
symptoms as well as the headache.17 Further, clinical
trials have shown promising evidence for abortion of
migraine with treatment of Dopamine antagonists at
the premonitory phase of the disease.18

CGRP is a neuropeptide with significant roles in
both neuromodulation and the promotion of
inflammatory responses.19 It is highly expressed within
the TVS and plays a key role in migraine patho-
physiology. CGRP is synthesized in the cell bodies of
neurons and released in response to various stimuli.
Once secreted, it contributes to neurogenic inflam-
mation and the transmission of nociceptive signals,
playing a pivotal role in both peripheral and central
sensitisation processes that underlie migraine attacks
(20-22). Experimental studies, particularly in animal
models, have demonstrated that stimulation of the
trigeminal ganglion elevates CGRP levels in the superior
sagittal sinus, correlating with migraine-like symptoms.
Importantly, this CGRP surge can be reversed by
serotonin (5-HT) receptor agonists, such as
sumatriptan and dihydroergotamine, which are well-
established treatments for acute migraine attacks.
Role of CGRP modulation in migraine prophylaxis has
been explored extensively in the recent past and is
recommended as the first line prophylactic therapy
available for chronic migraine.22

CGRP receptor antagonists, known as gepants
(e.g. ubrogepant, rimegepant atogepant) have been
developed as novel agents for the migraine prophylaxis
by competitively blocking CGRP binding at its receptor.
More recently,  development of monoclonal antibodies
targeting CGRP receptors (e.g. erenumab, fremane-
zumab) have expanded the treatment options available
for prophylaxis.24 These biologics are particularly
attractive due to their long half-life, lack of vaso-
constrictive effects, and minimal risk of central nervous
system side effects, since they do not cross the blood-
brain barrier.25  Some of their modes of administration
are subcutaneous or intravenous injections and could
be given as infrequently as once every three months
which could improve adherence. Notably, however,
patients with familial hemiplegic migraine appear
unresponsive to these medications.24

PACAP is a neuropeptide involved in migraine
development through its roles in neurogenic inflam-
mation and vascular dilation. Beyond its influence on
migraines, PACAP also regulates neuronal develop-
ment, growth and repair, affecting learning, memory,
and behaviour. The co-localization of PACAP with CGRP
in the trigeminal vascular system suggests that
PACAP may play a similar role in migraine patho-
physiology. As a result, therapeutic strategies targeting
PACAP pathways are under investigation. These
include PAC1 receptor antagonists, which block
PACAP-induced vascular and inflammatory responses,
and monoclonal antibodies targeting PACAP or its
receptors, both of which have shown potential in
reducing migraine frequency and severity in clinical
trials.26,27 Additionally, the possibility of developing a
compound that could potentially act as a multi receptor
antagonist blocking both CGRP and PACAP is
currently being explored.28

Cortical spreading, depression and aura

Migraine with aura is less prevalent than migraine
without aura. The gradual onset of aura-related
symptoms, such as scotomas and paraesthesia,
indicates a primarily neuronal origin for aura. It is
thought to arise from cortical spreading depression
(CSD), a wave of self-propagating neuronal depo-
larisation followed by transient cortical hypoperfusion.29

A proposed hypothesis links CSD to the headache
phase in migraine with aura, suggesting that CSD
triggers the release of mediators, including nitric oxide,
arachidonic acid, and potassium, which induce dural
vasodilation and stimulation of first-order neurons of
TVS.30 However, this mechanism is inconsistent with
the currently favoured theory that attributes migraine
pain to a central neural origin.2
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Given the distinct underlying mechanism of
cortical spreading depression (CSD), the use of
triptans is generally not recommended during the aura
phase. Nevertheless, current evidence indicates that
triptans are not associated with a meaningful
increase in cerebrovascular risk and can be safely
prescribed for patients who have migraine with aura.31

An important exception is that women with migraine
with aura should avoid combined oral contraceptives,
as their use significantly increases the risk of
ischemic stroke. Overall, current guidelines
recommend similar treatment strategies for both
migraine with and without aura, reflecting the fact
that most clinical studies do not stratify treatment
outcomes based on aura status.32

Pathophysiology of premonitory phase of
migraine

Prodromal symptoms reported in migraine, inclu-
ding food cravings, yawning, and mood changes,
are believed to stem from alterations in central ner-
vous system function. Emerging evidence suggests
that disruptions in hypothalamic activity, which
regulate sleep-wake cycles and appetite, are primarily
responsible for food cravings and changes in sleep
patterns observed in migraine patients during this
phase.33 Additionally, mood disturbances are thought
to result from dysfunction within the limbic system
and its associated neural pathways. Sensory distur-
bances, commonly reported during the prodromal
phase, are attributed to abnormalities in thalamo-
cortical connectivity.2,34

During this phase, patients are advised to avoid
known triggers, such as specific foods or environ-
mental stimuli like bright light, loud noise, or strong
odours. Adequate hydration and maintaining regular
meals are important, as dehydration and skipped
meals can precipitate migraine attacks. Resting in a
quiet, dark environment may also help alleviate early
symptoms and prevent progression.3  In some cases,
the use of nonsteroidal anti-inflammatory drugs
(NSAIDs) during this stage has been reported to
reduce the propagation of headache and improve
overall outcome.12

Transition to chronic migraine

Chronic migraine is defined as a headache
occurring on 15 or more days per month for more
than 3 months, of which at least 8 days per month
have features of migraine headache.2 The progression
to chronic migraine (CM) is mainly driven by impaired
top-down pain modulation and heightened trigeminal
system sensitivity, leading to central sensitization.

Additional contributing factors include peripheral
sensitization and molecular mechanisms involving
CGRP, 5-HT, and PACAP.36

The top-down pain modulation pathways through
which the brain regulates and influences the perception
of pain include higher brain centers (such as the cerebral
cortex, limbic system, and brainstem), and their con-
nections to the neurones in the spinal cord and peripheral
nervous system. Patients with CM exhibit disruption of
this pathway resulting in cortical hyperexcitability and
brainstem dysfunction.36 Studies have revealed increased
responsivity of somatosensory and visual cortices in
patients with CM.37 Regarding brainstem dysfunction,
the periaqueductal gray matter (PAG) which is a critical
center for descending pain modulation is believed to
play a vital role in CM patho-physiology. The PAG
receives inputs from the frontal cortex, hypothalamus,
and other supraspinal structures and projects to the
medulla and, subsequently, to the spinal dorsal horn.38

Dysfunction within the PAG leads to impaired pain
inhibition and hyperexcitability in nociceptive pathways,
facilitating the transformation of episodic migraine (EM)
into CM.32,33 Structural changes in the PAG further
support its role in CM. MRI studies have shown iron
accumulation in the PAG, resulting in increased density
and volume, potentially mediated by oxidative stress
seen in CM.41

Central sensitization, defined by the enhanced
amplification of neural signalling within the central nervous
system (CNS) leading to pain hypersensitivity, is a well-
recognized mechanism underlying CM. This pheno-
menon primarily involves the second- and third-order
neurones within the trigeminal pathway.42 The develop-
ment of central sensitization in CM is attributed to several
mechanisms, including synaptic plasticity, imbalances
between excitatory and inhibitory neurotransmitters such
as glutamate and glutamate and gamma-aminobutyric
acid (GABA), and dysregulation of monoamine neuro-
transmitters.43

The role of hormonal fluctuations in migraine
pathophysiology among females

Numerous studies demonstrate significant sex and
age-related differences in migraine prevalence. There is
a clear female preponderance in migraine. These
differences become particularly evident after puberty and
decline following menopause, indicating a role for sex
hormones in migraine pathophysiology, with oestrogen
showing more influence than other hormones. Oestrogen
modulates pain pathways by influencing the -opioid
system and certain neurotransmitters, including
serotonin, GABA, and Noradrenaline.5 Furthermore,
oestrogen influences CGRP, which, as described above,
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plays a central role in migraine pathophysiology.44

Menstrual migraines are categorised into two types:
pure menstrual migraine (PMM) and menstrual-related
migraine (MRM). PMM is characterised by migraine
attacks that occur exclusively around menstruation,
typically from two days before the onset of menstruation
to three days after, with no attacks at other times of
the cycle.45 In contrast, MRM involves migraines that
worsen during menstruation but can also occur at other
times. The underlying pathophysiology is closely
associated with hormonal fluctuations, particularly the
decline in oestrogen levels during the late luteal
phase, which can trigger migraines by altering neuronal
excitability and vascular reactivity. Additionally,
increased prostaglandin secretion during menstruation
may exacerbate migraine symptoms through inflam-
matory and vasodilatory mechanisms.5 Oestrogen
fluctuations outside of the menstrual cycle also
influence migraine patterns; for example, during the
perimenopausal period, when oestrogen levels are
highly variable, there is often an increase in the
frequency and severity of migraine attacks.46 Con-
versely, during pregnancy, especially in the second
and third trimesters when oestrogen levels are more
stable and consistently elevated, many individuals
experience an improvement in migraine symptoms,
highlighting the role of hormonal stability in migraine
modulation.47

Conclusion

Migraine remains a significant global health
burden, affecting over a billion individuals and ranking
high among the leading causes of disability. Under-
standing its pathophysiology has evolved considerably,
shifting from a vascular-centric view to a more com-
prehensive  neuronal framework involving the trigemino-
vascular system, brainstem, and diencephalic struc-
tures. Despite advancements in identifying potential
triggers and mechanisms, many aspects of migraine
pathogenesis remain incompletely understood.
Improving the understanding of the complex interplay
between neural, vascular, and genetic factors would
pave the way for more precise and personalised
treatment approaches, ultimately improving the quality
of life for those affected by this debilitating disorder.
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