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Abstract

Migraine is a complex neurovascular pain disorder linked to the meninges, a border tissue 

innervated by neuropeptide-containing primary afferent fibers chiefly from the trigeminal nerve. 

Electrical or mechanical stimulation of this nerve surrounding large blood vessels evokes headache 

patterns as in migraine, and the brain, blood, and meninges are likely sources of headache triggers. 

Cerebrospinal fluid may play a significant role in migraine by transferring signals released from 

the brain to overlying pain-sensitive meningeal tissues, including dura mater. Interactions between 

trigeminal afferents, neuropeptides, and adjacent meningeal cells and tissues cause neurogenic 

inflammation, a critical target for current prophylactic and abortive migraine therapies. Here we 

review the importance of the cranial meninges to migraine headaches, explore the properties 

of trigeminal meningeal afferents, and briefly review emerging concepts, such as meningeal 

neuroimmune interactions, that may one day prove therapeutically relevant.
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INTRODUCTION

Migraine pathophysiology is linked inextricably to the brain’s tripartite coverings called 

the cranial meninges. The meninges are the only pain source within the cranium 

and a potential entry portal from and into the brain. The meninges are part of a 

peripheral immunosurveillance network through which the brain, facilitated by circulating 

cerebrospinal fluid (CSF), engages with surrounding tissues. The meninges also contain 

resident immune cells that contribute to pain through triggers from the blood, skull, brain, 

meninges, and possibly the external environment. Although we are beginning to relate some 

of these newer immune findings to migraine pathophysiology, therapeutic advances so far 

predominantly target meningeal receptors, neuropeptides, and innervating afferent fibers.
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This review examines the importance of the cranial meninges to migraine headache, 

including emerging concepts that may one day prove therapeutically relevant. The reader 

is referred to several excellent reviews for more details on meningeal anatomy (Coles et al. 

2017), immunology and pathology (Alves De Lima et al. 2020, Ampie & McGavern 2022), 

and recent clinical advances (Ferrari et al. 2022).

A BRIEF INTRODUCTION TO MIGRAINE

Migraine is a recurrent syndrome, one of the most common neurological disorders, and 

the second leading cause of disability globally, affecting over one billion people worldwide 

(GBD 2019 Dis. Inj. Collab. 2020). Migraine is three times more prevalent in women than 

in men. Migraine is characterized by head pain that is often described as intense pulsing, 

pounding, or throbbing. Migraine headaches often begin on one side, are exaggerated by 

physical activity, and are accompanied by nausea, vomiting, and sensitivity to light and 

sound. Attacks last 4–72 h if untreated.

The meninges have been implicated in migraine because (a) meningeal tissues are the only 

pain-sensitive structures within the cranium; (b) throbbing headache, nausea, vomiting, and 

sensitivity to light and sound are characteristic of meningeal inflammation, as in meningitis; 

(c) electrical or mechanical stimulation of the meninges evokes referred head pain patterns 

as in migraine; (d) acute migraine drug treatments do not require transport across the blood-

brain barrier for therapeutic efficacy but do pass into the dura mater from the circulation; 

and (e) calcitonin gene–related peptide (CGRP) is a primary therapeutic target expressed 

by trigeminal afferents innervating the meninges and their large blood vessels. CGRP and 

its receptors are essential targets for acute and chronic migraine treatment and have critical 

links to the immune system.

MENINGEAL ANATOMY

The cranial meninges—dura mater, arachnoid, and pia mater—physically protect the brain 

and spinal cord. The meninges are among the most understudied tissues, yet their relatively 

abundant sensory innervation makes them a key source of headaches.

The dura mater, the outermost layer, contains a dense collagen network produced by 

connective tissue fibroblasts. It has two layers: an outer periosteal/endosteal layer and an 

inner dural border cell layer that approximates the arachnoid. The two layers are tightly 

fused except when they separate to form and surround the dural venous sinuses. Peripheral 

sensory and autonomic nerves innervate the cranial dura, particularly near its blood vessels. 

Large dural blood vessels, including the venous sinuses, veins, and arteries, contain the 

densest axonal networks. The first trigeminal division primarily supplies the dura mater 

with contributions from the other two divisions. The tentorial nerve, a branch of the first 

division, supplies the supratentorial dura, the superior sagittal and transverse sinuses, and 

parietal branches of the middle meningeal artery. Trigeminal meningeal afferents also issue 

collaterals that terminate in the calvarial bone marrow or project through the skull and 

terminate in the external periosteal layer (Kosaras et al. 2009, Schueler et al. 2013, Zhao & 

Levy 2014).
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Trigeminal projections to the dura and pia mater contain vasoactive neuropeptides [e.g., 

CGRP, substance P, and pituitary adenylate cyclase–activating polypeptide (PACAP)] that 

are released upon activation; CGRP has been particularly implicated in migraine headaches 

(see below). Trigeminal neurons express therapeutically relevant prejunctional serotonin 

5-HT1B/1D/1F receptors, whose activation blocks neuropeptide release. Antimigraine drugs 

(especially the triptans and ditan) that block neuropeptide release are agonists at these 

prejunctional receptors.

Sympathetic fibers projecting mainly from the superior cervical ganglion express the 

vasoconstrictor norepinephrine. Parasympathetic nerves arising from sphenopalatine and otic 

ganglia express vasoactive molecules [e.g., acetylcholine, vasoactive intestinal polypeptide 

(VIP), PACAP]. Preganglionic fibers are carried by the parasympathetic division of the 

facial nerve VII; their activation dilates the middle meningeal artery as part of a pain-

specific reflex (Bolay et al. 2002). Although autonomic dysfunction has been implicated 

in migraine during and between attacks, it is unclear whether dural fibers contribute 

significantly.

In addition to fibroblasts, the dura mater contains resident immune cells, including 

monocytes/macrophages, mast cells, T cells, B cells, neutrophils, natural killer cells, innate 

lymphoid cells, and dendritic cells (Rustenhoven et al. 2021, Van Hove et al. 2019). A dural 

lymphatic network, composed of small capillary-like vessels, is adjacent to the transverse 

and superior sagittal sinuses (Aspelund et al. 2015, Louveau et al. 2015). The venous sinus 

wall contains focal areas of CSF and niche cells that resemble entryways into lymphatic 

vessels in peripheral tissues (Louveau et al. 2018, Rustenhoven et al. 2021). Accordingly, 

central nervous system (CNS) antigens can enter these immune hubs, become captured by 

antigen-presenting cells, and present to T cells before draining into cervical lymph nodes 

(Alves De Lima et al. 2020). Precisely how CSF reaches these immune hubs is under active 

investigation, and their role in migraine remains unexplored.

Lying atop the dura mater within the inner cortical layer of bone, recently described skull 

channels extend from the bone marrow to the dura mater (Herisson et al. 2018). These 

channels contain a blood vessel surrounded by CSF that flows from the subarachnoid space 

to the skull bone marrow via the dura mater. Within the dura mater, CSF is localized to 

the perivascular space, as detected by a tracer injected into the cisterna magna. Discovered 

recently in mice and humans (Cai et al. 2019, Herisson et al. 2018, Mazzitelli et al. 2022, 

Pulous et al. 2022), skull channels appear to serve as a bidirectional migration route for 

myeloid cells traveling to the meninges and brain, as well as for signals released from brain 

via glymphatics and CSF to the dura mater and bone marrow. Their possible role in migraine 

is discussed below.

The arachnoid has outer and inner layers with no sensory innervation. The outer layer of 

arachnoid barrier cells opposes the dura mater, and the inner fibroblast layer lies above the 

CSF-filled subarachnoid space. Tight junctions between arachnoid barrier cells were thought 

to prevent dural contents from reaching the subarachnoid space. However, molecules less 

than 40 kDa do pass through the dura into the subarachnoid space and the brain (Roth et 

al. 2014, Zhao et al. 2017). While these findings are from rodent models with exposed dura 
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or thinned calvaria, the exchange between meningeal layers may be greater than previously 

thought.

Arachnoid fibroblasts form collagen-containing bundles or trabeculae that extend into the 

subarachnoid space, which also houses large blood vessels, known as pial vessels, as well as 

perivascular macrophages, and dendritic cells. A recently discovered lymphatic-like barrier 

membrane divides the subarachnoid space into two functional compartments; an outer 

compartment below the arachnoid layer and an inner one that contains the pial vessels 

(Mollgard et al. 2023). Endothelial cells within pial vessels exhibit tight junctions separating 

circulatory contents from the surrounding tissues and are a key component of the blood-

brain barrier. Pial blood vessels are innervated by sympathetic and parasympathetic axons 

(Mayberg et al. 1981, 1984), whose detailed role in meningeal physiology awaits further 

study.

The pia mater, the layer closest to the brain, consists of a thin sheet of connective tissue 

resting on the brain’s surface. The pia interfaces with the glial limitans superficialis, a 

layer of surface-associated astrocytes that separates the pia from the brain parenchyma. 

Interestingly, the pia mater lacks capillaries. Still, the pial layer itself is sufficiently 

fenestrated to allow large molecules to penetrate and reach glial limitans astrocytes and 

vice versa.

RESPONSE PROPERTIES OF MENINGEAL AFFERENTS

As noted above, the cranial meninges are a border tissue that provides a physical and 

immunological barrier to protect the brain. The meninges also contain a nocifensive or 

local chemical defense network of sensory fibers that detects and limits tissue injury by 

releasing its vasoactive neuropeptides and informing the brain. The following sections will 

examine the response properties of meningeal afferents and their role as promoters of 

inflammation and pain from within the meninges, with relevance to migraine headache and 

its pathogenesis.

Headache referred to the ipsilateral temporal region can be produced by mechanically 

stimulating the meninges (Fontaine et al. 2018, Ray & Wolff 1940), thereby indicating 

a theoretical link between activated meningeal sensory neurons and migraine headache 

(Moskowitz 1984, Moskowitz et al. 1979). Most meningeal afferents have slow conduction 

velocities in the A-delta and C-fiber range and exhibit polymodal sensitivity to chemical, 

mechanical, and thermal stimulation, similar to nociceptor neurons innervating other tissues 

(Bove & Moskowitz 1997, Levy & Strassman 2002b, Strassman & Levy 2006, Strassman et 

al. 1996).

Many meningeal afferents are inflammation sensors that respond to proinflammatory 

molecules, including protons, ATP, histamine, prostaglandins, proteases, and cytokines 

[e.g., tumor necrosis factor-a (TNF-α), IL-1β]. The response to such molecules points 

to a potential role for meningeal inflammatory mechanisms in migraine headache (Levy 

et al. 2007; Strassman et al. 1996; Zhang & Levy 2008; Zhang et al. 2007, 2011, 

2012). A large population of meningeal afferents also exhibit increased excitability (i.e., 
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peripheral sensitization) when exposed to algesic inflammatory molecules, either alone or in 

combination (i.e., inflammatory soup). Sensitized meningeal afferents discharge persistently 

(Strassman et al. 1996), which could drive an ongoing migraine headache. The persistent 

discharge of meningeal afferents sensitizes trigeminal medullary dorsal horn neurons that 

receive convergent inputs from the dura and cephalic skin (Burstein et al. 1998). This 

augmented response produces cranial cutaneous allodynia, a common sensory component of 

migraine attacks (Bigal et al. 2008) and a surrogate marker of migraine headache in animal 

models (Edelmayer et al. 2009).

The dura contains mechanosensitive high-threshold meningeal afferents that respond to 

compressive forces applied to their exposed depressurized dural receptive fields (Levy 

& Strassman 2002b). Another subset of meningeal afferents, recently observed in awake 

mice with intact and pressurized meninges, are sensitive to small intracranial tensile and 

shearing loads that deform the meninges during locomotion (Blaeser et al. 2022). Normal 

increases in intracranial pressure and pial vasodilation, such as during physical activity (Gao 

& Drew 2016), could produce the intracranial forces that drive meningeal deformations 

and the ensuing afferent responses. Meningeal afferents responding to physiological 

meningeal deformations may constitute a population of low-threshold mechanoreceptor 

(LTMR) afferents that possess unencapsulated Ruffini-like endings (Andres et al. 1987, von 

Buchholtz et al. 2020). Activation of meningeal LTMR afferents is unlikely to produce 

headache under steady state but may relay interoceptive signals from the meninges. 

During migraine, however, the sensitization of trigeminal dorsal horn circuitry could render 

normal responses of meningeal LTMR afferents painful and produce a state of intracranial 

mechanical allodynia.

Augmented mechanosensitivity of high-threshold and mechanically insensitive meningeal 

afferents may also contribute to migraine pain by exacerbating the headache during normally 

innocuous physical activities (Blau & Dexter 1981, Strassman & Levy 2006). Interestingly, 

the mechanisms underlying meningeal afferent mechanical hyperresponsiveness appear to 

be independent of those responsible for increased ongoing discharge and involve numerous 

signaling molecules and cascades, including cAMP-PKA, nitric oxide, prostanoids, and 

activation of extracellular signal–regulated kinase (ERK) and p38 MAP kinases (Levy & 

Strassman 2002a, 2004; Zhang et al. 2011, 2013). Fully treating migraine pain may require 

decreasing both ongoing discharge and mechanical hypersensitivity, perhaps by targeting 

signaling pathways upstream of meningeal afferent sensitization, for example, by limiting 

the release of proinflammatory molecules.

ION CHANNELS AND RECEPTORS UNDERLYING MENINGEAL AFFERENT 

RESPONSES

The response properties of meningeal afferents, including their sensitization, are governed 

by voltage-gated ion channels and receptors (ionic and metabotropic). In vitro, compared 

to nociceptive afferents innervating other trigeminal tissues, meningeal afferents exhibit 

different electrophysiological properties, including higher baseline excitability and a 

propensity to become sensitized by inflammatory stimuli (Harriott & Gold 2009). Such 

Levy and Moskowitz Page 5

Annu Rev Neurosci. Author manuscript; available in PMC 2024 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



differences may be due to expression levels, relative numbers, and functions of voltage-

gated potassium, calcium, and sodium ion channels. Meningeal afferents express both 

tetrodotoxin-sensitive (Nav1.7) and tetrodotoxin-resistant (Nav1.8, Nav1.9) voltage-gated 

sodium channels (von Buchholtz et al. 2020, Yan et al. 2012) that are critical for initiating 

and propagating neuronal discharges evoked by mechanical stimulation (Strassman & 

Raymond 1999).

Potentiation of tetrodotoxin-sensitive and tetrodotoxin-resistant voltage-gated sodium 

currents underlies inflammatory sensitization of meningeal afferents (Harriott & Gold 

2009, Vaughn & Gold 2010). A calcium-dependent chloride current may also play a key 

role (Vaughn & Gold 2010). Potassium (K+) currents are also implicated in nociceptor 

excitability. Of potential relevance to migraine is the TWIK-related spinal cord K+ channel 

(TRESK, encoded by KCNK18), which is responsible, along with other two-pore domain 

K+ channels, for background (leak) K+ currents. Dominant-negative KCNK18 mutations 

were linked to familial migraine with aura (MA) (Lafreniere et al. 2010), and knockout 

mice lacking these channels display hyperexcitation of a meningeal afferent subset causing 

headache-related behaviors (Guo et al. 2019). ATP-sensitive potassium channel (KATP) 

opening has also been linked to migraine headache triggering in humans (Al-Karagholi et 

al. 2019). However, locally applying the KATP opener levcromakalim suppresses meningeal 

afferent discharge in a rat model (Zhao & Levy 2018b). More work is needed to clarify these 

apparent species differences.

Despite its significance to migraine pain, we know very little about the molecular 

mechanism underlying the transduction of mechanical stimuli in meningeal afferents. 

The mechanosensitive channel encoded by the PIEZO2 gene appears critical for 

mechanonociception and is expressed by a subset of medium-sized, primarily 

nonpeptidergic trigeminal sensory afferents (Murthy et al. 2018, Yang et al. 2022). The 

role of Piezo2 in meningeal nociception remains understudied. Transient receptor potential 

vanilloid-type 4 (TRPV4) responds to osmotic cell swelling and is another putative 

mechanosensitive ion channel. TRPV4 agonists evoke currents in rats’ meningeal afferents 

when applied to their cell bodies in vitro, whereas their dural application drives cranial 

cutaneous tactile allodynia (Wei et al. 2011). TRPV4, however, is minimally expressed in 

the trigeminal ganglia of mice and humans (Yang et al. 2022).

A large subset of meningeal afferents that contain CGRP also express transient receptor 

potential vanilloid-type 1 (TRPV1) channels (von Buchholtz et al. 2020). Physiologically, 

TRPV1 is activated by temperatures greater than 42°C and mediates cutaneous heat 

nociception (Patapoutian et al. 2003). However, intracranial temperatures of such 

magnitudes rarely occur. Inflammatory mediators [e.g., prostaglandin E2 (PGE2) and 

bradykinin] sensitize TRPV1 and shift the activation threshold to lower temperatures (as low 

as 35°C) (Patapoutian et al. 2003). The lower thermal threshold (mean 39°C) of meningeal 

afferents observed in vivo (Bove & Moskowitz 1997) may reflect sensitization of TRPV1 

in response to inflammatory molecules released during surgical exposure (Levy et al. 2007). 

TRPV1-expressing cutaneous sensory neurons release CGRP when stimulated by noxious 

heat (Patapoutian et al. 2003). At normal body temperature, sensitized TRPV1 channels 

may drive meningeal afferent discharge and subsequent local CGRP (Dux et al. 2003, 

Levy and Moskowitz Page 6

Annu Rev Neurosci. Author manuscript; available in PMC 2024 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Reeh & Petho 2000). Additionally, TRPV1 is a proton sensor (Patapoutian et al. 2003) and 

may sense meningeal inflammation by detecting interstitial acidic pH (Bove & Moskowitz 

1997). While animal models support the role of TRPV1 signaling in meningeal nociception 

(Lambert et al. 2009, Meents et al. 2015), its contribution to the headache phase of migraine 

in humans remains uncertain given the poor clinical efficacy of acute systemic TRPV1 

targeting (Chizh et al. 2009).

A few other ionotropic receptors are important in meningeal nociception: for example, 

transient receptor potential ankyrin 1 (TRPA1) and acid-sensing ion channels (ASICs). 

TRPA1, which non-neural cells also express, is one of the most-studied receptors in 

preclinical models. A crucial receptor for many headache-causing environmental irritants, 

TRPA1 opens in response to reactive oxygen or nitrergic species. TRPA1 agonists delivered 

systemically, nasally, or locally to the dura cause CGRP release from dural afferents and 

subsequent vasodilatation (Dux et al. 2016, Nassini et al. 2012). Dural application of TRPA1 

agonists produces cranial cutaneous allodynia and reduced locomotor activity, another 

migraine-like behavior in rats (Edelmayer et al. 2012). While these studies implicate TRPA1 

in meningeal nociception and headache, its expression in meningeal afferents is low, at least 

in mice (von Buchholtz et al. 2020). TRPA1 activation on meningeal vascular cells and 

perhaps Schwann cells (see below) may also contribute (De Logu et al. 2022, Hansted et al. 

2020). ASICs expressed by meningeal afferents respond to extracellular protons, and their 

selective activation can also drive migraine-like headache behaviors in rats (Yan et al. 2011).

Additional cellular mechanisms, receptors, and cytokines were found to be central to 

meningeal nociception and may be therapeutically relevant. For example, activated dural 

mast cells release their inflammatory mediators to produce meningeal nociception (Levy et 

al. 2007, Zhang et al. 2007) and cranial cutaneous allodynia (Levy et al. 2012). Released 

tryptases activate protease-activated receptor-2 (PAR2), expressed by meningeal afferents 

and fibroblasts (Hassler et al. 2019, Zhang & Levy 2008). ATP, released from damaged 

or activated meningeal cells and from glial limitans astrocytes, can directly stimulate 

meningeal afferents, presumably by activating P2X2/3 purinergic receptors (Zhao & Levy 

2015). Additionally, ATP may promote meningeal nociception by stimulating the release 

of other algesic molecules from meningeal immune cells through P2X7 receptor activation 

(Van Hove et al. 2019).

The proinflammatory cytokines IL-1β, TNF-α, and IL-6 may also play a role. IL-1β 
sensitizes meningeal afferents (Zhang et al. 2012), most likely by acting directly on their 

axonal receptors and modulating voltage-gated sodium channels (Binshtok et al. 2008). 

Acting indirectly, TNF-α sensitizes meningeal afferents by locally activating nonneuronal 

TNF1 and TNF2 receptors as well as downstream nonneuronal cyclooxygenase (COX) and 

the p38 MAP kinase (Zhang et al. 2011). Local meningeal IL-6 action sensitizes meningeal 

afferent somata in vitro (Yan et al. 2012) but not when applied to their dural axonal 

terminals in vivo (Zhang et al. 2012).
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MENINGEAL RESPONSES IN A MIGRAINE WITH AURA MODEL

Animal models studying attack triggers may reveal endogenous processes that drive the 

meningeal sensory system during migraine. For example, cortical spreading depolarization 

(CSD) is a key pathophysiological event that underlies visual and sensory auras in migraine 

and activates the meningeal sensory system (Carneiro-Nascimento & Levy 2022). CSD 

is a slowly propagating depolarization of neurons and astrocytes that drastically disrupts 

transmembrane gradients and cortical synaptic activity. The evidence implicating CSD in 

migraine aura dates back almost a century to the clinical observation that slowly propagating 

visual auras may relate retinotopically to a slowly propagating depolarization along the 

primary visual cortex (Lashley 1941). A study using blood oxygenation level–dependent 

(BOLD) imaging (to measure tissue oxygenation and blood flow) documented signal 

changes in a patient who could trigger his own attacks of MA (Hadjikhani et al. 2001). 

When recording from consecutive voxels in this study, the BOLD signal change marched 

across the primary visual cortex with spatial and temporal characteristics matching CSD 

in experimental animals. The signal changes were congruent with the retinotopy of the 

visual percept and exhibited at least eight characteristics shared with CSD-induced blood 

flow changes in anesthetized rats, including unique propagation velocity (approximately 

2–5 mm/min). Despite the strong experimental CSD data in the injured human brain (e.g., 

stroke, trauma, subarachnoid hemorrhage) (Dreier 2011), there is still an unmet need to 

record and study propagating depolarizations electrophysiologically using noninvasive tools 

in migraineurs.

Consistent with the links between CSD and migraine, as detailed above, brain-penetrant 

drugs used to prevent migraine attacks raise the CSD evocation threshold when administered 

chronically (Ayata et al. 2006). These pharmacologically promiscuous drugs, including 

topiramate, valproic acid, amitriptyline, propranolol, and methysergide, likely target 

glutamate cycling or K+ clearance mechanisms, both critical to CSD initiation and 

propagation (Pietrobon & Moskowitz 2014). That CSD plays a role in migraine is also 

supported by work with genetically engineered mice expressing human mutations causing 

severe migraine auras (e.g., familial hemiplegic migraine types 1, 2, and 3), as these 

animals also have reduced CSD evocation threshold. [For more detailed information offering 

invaluable insights into MA, see Pietrobon & Brennan (2019).]

Animal experiments have led to the theory that CSD is the main driver of inflammatory 

nociceptive signaling and the ensuing headache in MA. Firstly, within minutes of CSD 

provocation, numerous algesic mediators are released into the cortical interstitium, including 

K+, H+, ATP, arachidonic acid, glutamate, serotonin, and nitric oxide (Csiba et al. 1985, 

Enger et al. 2015, Lauritzen et al. 1990, Schock et al. 2007, Zhou et al. 2013). IL-1β has 

also been measured acutely, followed by delayed production of C-C motif chemokine ligand 

2 and TNF-α (Karatas et al. 2013, Takizawa et al. 2020). According to one formulation 

(Figure 1), a fraction of released algesic molecules migrate outward via bulk diffusion or 

glymphatic CSF flow and reach afferent nerve endings near pial vessels and arachnoid 

trabeculae within the subarachnoid space (Fricke et al. 1997, Liu-Chen et al. 1983, Mayberg 

et al. 1981). Branching trigeminal axons that innervate the dura and leptomeningeal tissues 

(O’Connor & van der Kooy 1986) also allow dural afferent collaterals to be activated 
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via an axon reflex. A pain-specific trigeminal-parasympathetic reflex follows (Bolay et al. 

2002, Karatas et al. 2013). In agreement, electrophysiological recordings document a brief 

discharge of meningeal afferents immediately after CSD in rats (Zhang et al. 2010, Zhao 

& Levy 2015), as predicted (Moskowitz 1984). About 15 min later, CSD also produces a 

prolonged afferent discharge that lasts for at least 1 h (Zhang et al. 2010, Zhao & Levy 

2015). Importantly, the delayed activation correlates with headache latency; in 90% of cases, 

the headache begins within 30 min of aura (Viana et al. 2016).

Delayed and prolonged meningeal afferent discharge following CSD may be due to delayed 

production and sustained release of additional algesic mediators (e.g., cytokines) from 

cortical neurons, astrocytes, and perhaps other cortical cells. Shrinkage of the paravascular 

space surrounding penetrating arteries and pial vessels (Schain et al. 2017), possibly via 

astrocytic endfeet swelling (Rosic et al. 2019), and related slowing of CSF outflow along 

glymphatic clearance routes could explain delayed delivery of inflammatory mediators to the 

meninges and the responses of dural afferents.

Furthermore, CSF may carry nociceptive signals directly to the dura mater, where CSF 

surrounds dural blood vessels in proximity to dural afferent axons (Pulous et al. 2022). 

Outflow of CSF into the dura mater adjacent to the superior sagittal sinus (Ringstad & Eide 

2020) and transverse sinus (Louveau et al. 2018) may also affect dural afferents that densely 

innervate these areas (Strassman et al. 2004). CSF also exits locally into the overlying 

skull bone marrow via small bony channels (Mazzitelli et al. 2022, Pulous et al. 2022) that 

PET/MRI imaging studies suggest may also be involved in MA (Hadjikhani et al. 2020). 

CSF outflow into local bone and CSF drainage via dural lymphatic vessels to deep cervical 

lymph nodes (Louveau et al. 2018, Rustenhoven et al. 2021) could explain why cytokine 

levels in remote lumbar CSF remain unchanged in migraine (Cowan et al. 2021).

Electrophysiological studies of meningeal afferents in rats revealed that CSD also evokes 

persistent mechanical sensitization with an initial latency similar to the delayed discharge 

of meningeal afferents (Zhao & Levy 2016). CSD-evoked mechanical sensitization of 

meningeal afferents depends on local production of COX-driven prostanoids and not 

prostanoid-induced cortical vasoconstriction or related metabolic perturbations (Gariepy 

et al. 2017, Zhao & Levy 2018b). Cortical astrocytes may also participate via Ca2+-

independent signaling (Zhao et al. 2021) involving nuclear factor κB (NF-κB) translocation 

followed by COX-2 and inducible nitric oxide synthase (iNOS) induction (Karatas et al. 

2013).

MENINGEAL NEUROGENIC INFLAMMATION: MECHANISM AND 

THERAPEUTIC TARGET

Activated nociceptors release CGRP and substance P (and other vasoactive mediators) 

from their peripheral axons. These neuropeptides act on vascular endothelial and smooth 

muscle cells to promote vasodilatation and increased capillary permeability, a process 

known as neurogenic inflammation. Animal experiments suggest that dural neurogenic 

inflammation may play an important role in migraine pathophysiology (Bolay et al. 2002; 

Moskowitz 1984, 1993). Neurogenically mediated elevated dural capillary permeability 
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occurs in response to antidromic electrical trigeminal ganglion (TG) stimulation, consistent 

with local vasoactive neuropeptide release (Markowitz et al. 1987). In MA, the formulation 

proposes that cortical factors released in response to CSD activate TG pial sensory afferents, 

instigating axon reflex and antidromic release of vasoactive neuropeptides from collateral 

dural afferent nerve endings that drive dural neurogenic inflammation (Figures 1 and 2). 

In migraine without aura, other endogenous or exogenous triggers may produce the initial 

discharge of dural afferents that drive antidromic neuropeptide release and dural neurogenic 

inflammation.

Abortive migraine drugs such as ergot alkaloids and triptans (5-HT1B/1D/1F agonists) 

block neuropeptide release from stimulated dural afferent axons through their prejunctional 

receptor sites and inhibit subsequent neurogenic inflammation (Buzzi & Moskowitz 1990, 

Buzzi et al. 1991, Moskowitz & Cutrer 1993) (Figure 2). CGRP receptor antagonists that 

abort migraine headaches also limit dural neurogenic vasodilatation (Petersen et al. 2004). 

Importantly, however, if these antimigraine agents penetrated the blood-brain barrier, they 

could also curtail neuropeptide release from the central terminals of dural afferents, thereby 

disrupting their communication with second-order dorsal horn neurons (Levy et al. 2004, 

Storer & Goadsby 1997, Storer et al. 2004) to abort migraine pain. Monoclonal antibodies 

against CGRP, which likely act selectively in the periphery, hinder dural neurogenic 

inflammation and prevent migraine (Zeller et al. 2008).

A 5-HT1F receptor agonist, the first-in-class ditan, was recently launched as an abortive 

migraine treatment (Ashina et al. 2019). This receptor is expressed by TG neurons (Yang 

et al. 2022) but, unlike the 5-HT1B/1D receptors, not by vascular smooth muscle cells 

(Bouchelet et al. 1996). Functional receptors were found in rat meninges (Phebus et al. 

1997), and, as with triptans, receptor activation blocks dural neuropeptide release and related 

neurogenic inflammation (Labastida-Ramirez et al. 2020, Phebus et al. 1997). Further 

suggesting a central action site, the superficial lamina of the medullary dorsal horn contains 

5-HT1F-like binding sites (Waeber & Moskowitz 1995), plus a 5-HT1F agonist reduced 

medullary dorsal horn neuronal activation in response to meningeal noxious stimulation 

(Mitsikostas et al. 1999). Importantly, ditan is safe for patients at risk for stroke or coronary 

artery disease and is, therefore, a significant clinical advance.

Despite the therapeutic success and preclinical data indicating that meningeal neurogenic 

inflammation plays a role in migraine, a key yet unanswered question is whether such a 

response impacts meningeal nociception and drives the persistent headache in migraine. 

Theoretically, increased vascular permeability recruits additional nociceptive molecules 

that further sensitize dural afferents. Meningeal vasodilatation may also drive activity 

in sensitized mechanosensitive perivascular meningeal afferents. However, ablating a 

meningeal vasodilating pathway (TG afferents→parasympathetic efferents) did not affect 

the persistent meningeal afferent activation following CSD (Zhang et al. 2010).

CGRP is a key mediator of meningeal neurogenic vasodilatation and a migraine headache 

trigger, but its role in meningeal nociception in experimental animal models remains unclear. 

For example, CGRP drives potent dural vasodilatation, but dural application neither activates 

nor sensitizes meningeal afferents in male rats (Levy et al. 2005). Yet, brief local stimulation 
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of meningeal afferents (as expected in CSD) using hyperosmolar K+ leads to a CGRP-

dependent prolonged rise in afferent activity but not mechanical sensitization (Zhao & Levy 

2018a). Dural stimulation by CGRP produces cranial cutaneous allodynia selectively in 

female rats and mice (Avona et al. 2019) through a mechanism involving local prolactin 

release and activation of its cognate receptors on dural afferents (Avona et al. 2021). Clinical 

data show, however, that migraine headache triggered via systemic CGRP administration 

is not female specific (Hansen et al. 2010). Moreover, the therapeutic actions of CGRP 

receptor antagonists and blocking monoclonal antibodies are also sex independent (Connor 

et al. 2009, Dodick et al. 2014). Additional studies are needed to clarify this.

The therapeutic effects of blocking CGRP signaling are clear in migraineurs but more 

complicated in animal models. For example, intravenously administered anti-CGRP 

monoclonal antibody reduced the propensity of meningeal A-delta (but not C) afferents to 

become activated by CSD (Melo-Carrillo et al. 2017) but had no effect on the related dural 

vasodilatation (Schain et al. 2019). On the other hand, similar administration of a CGRP 

receptor antagonist abrogated CSD-evoked meningeal vasodilation but did not prevent the 

accompanying activation and mechano-sensitization of meningeal afferents (Zhao & Levy 

2018a). However, oral administration of a different CGRP receptor antagonist attenuated the 

activation of both A-delta and C-meningeal afferents by CSD (Strassman et al. 2022).

Recent experimental evidence implicates Schwann cells in CGRP receptor signaling (De 

Logu et al. 2022). According to this model, internalized CGRP receptor signals from 

Schwann cell endosomes increase cyclic AMP/PKA and nitric oxide synthesis, directly 

opening Schwann cell TRPA1 channels. Subsequent reactive oxygen species (ROS) release 

leads to further recruitment and opening of TRPA1 on adjacent nociceptive axons, resulting 

in their activation and sensitization. In this animal model, TRPA1 channel activation, ROS 

elaboration, and adjacent sensory fiber recruitment have been suggested as a neurogenic 

inflammation-associated mechanism mediating cutaneous mechanical allodynia in migraine, 

potentially independent of meningeal nociception. The CGRP receptor complex is also 

expressed in myelinating Schwann cell–ensheathing meningeal afferent axons and satellite 

ganglion cells in the TG (Lennerz et al. 2008), but their specific link to neurogenic 

inflammation and meningeal nociception remains to be established. Regardless, this new 

formulation is significant because it ties together molecules, receptors, and neurogenic 

mechanisms previously found to be relevant in animal and human migraine research. This 

work complements another cranial allodynia model implicating central sensitization of 

trigeminal dorsal horn neurons that receive convergent dural and cutaneous afferent inputs.

Other neuropeptides released from activated dural afferents may drive dural neurogenic 

inflammation and meningeal nociception. Initial studies identified substance P as a mediator 

following antidromic TG stimulation and CSD (Bolay et al. 2002, Lee et al. 1994). However, 

clinical trials blocking substance P neurokinin 1 (NK1) receptors did not reach statistical 

significance (May & Goadsby 2001). New strategies targeting the internalized SP-receptor 

complex improve drug efficacy in animal pain models (Jensen et al. 2017) and may be 

clinically useful in migraine. Substance P could also signal via Mas-related G protein–

coupled receptors expressed on nociceptive afferents and mast cells, independent of NK1 

and NK2 receptor signaling (Azimi et al. 2017, Green et al. 2019). PACAP’s role is 
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also being actively pursued, although a recent clinical trial showed that blocking pituitary 

adenylate cyclase–activating polypeptide type I receptor (PAC1) had no benefit for migraine 

prevention (Ashina et al. 2021).

In addition to the vascular response, a growing body of evidence also points to an 

immune component of neurogenic inflammation, including immune cell recruitment and 

amplification of their functional responses (Chu et al. 2020). Recent findings that several 

meningeal immune cells, including macrophages, dendritic cells, mast cells, and T cells, 

express the CGRP receptor (Van Hove et al. 2019) suggest that CGRP may function as 

an immunomodulator in meningeal nociception. Notably, one study reported that human 

mast cells lack CGRP receptors, whereas another demonstrated CGRP receptor expression 

in primate mast cells (Miller et al. 2016). Whether species differences also occur for CGRP 

receptor expression in other immune cells remains unclear.

Consistent with a possible meningeal neuroimmune interaction in migraine, CSD activates 

dural and subdural macrophages and dural dendritic cells (Schain et al. 2018). Systemically 

administering the migraine trigger nitroglycerin (NTG) also activates dural immune cells 

(see below). Hematopoietic stem cells express CGRP receptors; their activation by CGRP-

expressing sensory nerves in femur bone marrow leads to myeloid mobilization and egress 

from the bone marrow (Gao et al. 2021). A similar activation in the calvarium may be 

relevant to migraine, given the presence of skull channels connecting the skull bone marrow 

to the dura. Furthermore, the skull bone marrow serves as a reservoir for myeloid cells that 

can migrate through skull channels to enter the meninges and brain (Herisson et al. 2018), 

potentially affecting meningeal nociception. The recent finding of enhanced parameningeal 

18-kDa translocator protein (TSPO) PET signal in MA patients may reflect activation, or 

perhaps inflammation, within the cortex and overlying peripheral tissues (Hadjikhani et al. 

2020). Furthermore, the TSPO PET signal reveals a cortex-meninges-skull interaction that 

likely results from CSF transport between tissues rather than from blood (i.e., the meninges 

and bone marrow receive a blood supply distinct from that of the brain).

VASODILATORS, THE MENINGES, AND MIGRAINE

While the contribution of meningeal vasodilation to migraine pain remains uncertain, 

systemic administration of several vasodilating agents, in addition to CGRP, can trigger 

migraine-like attacks in migraineurs. These agents include nitric oxide donors, PACAP, 

the ATP-sensitive potassium channel opener levcromakalim, the phosphodiesterase type 3 

inhibitor cilostazol, the cGMP-specific phosphodiesterase type 5 inhibitor sildenafil, VIP, 

and amylin (Al-Karagholi et al. 2019, Ashina et al. 2017, Ghanizada et al. 2021). Among 

those, the nitric oxide donor NTG is the most widely studied, and the mechanisms by which 

it provokes migraine pain have been addressed in animal models.

In humans, low-dose NTG infusion evokes a brief, minor headache in almost all subjects. 

Administering the same dose to migraine sufferers, however, produces premonitory 

symptoms, headaches, and cranial cutaneous allodynia after several hours that mimic 

spontaneous migraine attacks (Akerman et al. 2019, Karsan et al. 2020). While the 

antimigraine drug sumatriptan relieves the NTG-evoked delayed migraine-like headache 
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(Afridi et al. 2005), neither CGRP signaling nor meningeal vasodilatation appears to 

mediate the headache (Schoonman et al. 2008, Tvedskov et al. 2010). NTG susceptibility 

in migraineurs may reflect an inflammatory mechanism that potentiates meningeal afferent 

responses to NTG and perhaps to other exogenous or endogenous triggers. In previously 

naive animals, exposure to inflammatory mediators facilitates cranial allodynia in response 

to low-dose NTG or a related nitric oxide donor (Burgos-Vega et al. 2016, Oshinsky & 

Gomonchareonsiri 2007).

In clinically relevant doses, NTG causes delayed meningeal inflammation such as mast 

cell degranulation, macrophage activation, NF-κB-dependent upregulation of iNOS, and the 

appearance of IL-1β and IL-6 (Reuter et al. 2001, 2002). Low-dose NTG also provoked 

a delayed and robust increase in the mechanosensitivity of meningeal afferents involving 

ERK phosphorylation in dural arteries, with a time course resembling the delayed onset 

of migraine headache (Zhang et al. 2013). Hence, studying the effects of low-dose NTG 

infusion might be useful for harmonizing responses in animal models and humans.

CONCLUDING REMARKS

This review emphasizes the cranial meninges as a critical tissue for studying migraine 

headaches and a major source of headache from within the cranium. So far, animal models 

have served us reasonably well, as the human meninges are challenging to study in vivo. 

These animal models have helped to establish serotonin receptor–driven inhibition of 

neuropeptide release from meningeal afferent fibers as a relevant triptan and ergot alkaloid 

action that relieves acute migraine headaches; the results thereby underscored vasoactive 

neuropeptides as potential therapeutic targets. As one consequence, animal models have 

contributed to the development of a new class of drugs that block neuropeptide release 

without constricting vascular smooth muscle (the ditans). Models have also helped to 

establish CGRP as a major target of acute and chronic migraine therapy and to identify 

its multiplicity of targets (e.g., Schwann cells) in addition to vascular smooth muscle. Which 

of these targets is most therapeutically relevant in migraine needs further study. Animal 

models have also established CSD as the first endogenous headache trigger that links 

intense brain activity (CSD in MA) to augmented meningeal afferent responses. In an earlier 

stage of discovery, recent data suggests CSF as the conveyor of pain and inflammatory 

signaling between the cortex and meninges. Similarly, there is much to learn about migraine 

triggering, such as in migraine without aura. In this subtype, the brain, blood vessels, blood, 

and meningeal processes (e.g., inflammation) are candidates, although presently, data are 

lacking. Many of these discoveries in animal models were built on research characterizing 

the trigeminal afferents innervating the meninges, including their response properties and 

the constellation of ion channels, receptors, and second messenger cascades critical to their 

sensitization. The ultimate goal here is to achieve a clearer understanding of migraine 

pathogenesis and, by so doing, expand the repertoire of therapeutic targets and treatments 

for migraine patients.
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Figure 1. 
Cortical to meningeal signaling underlying CSD-evoked meningeal nociception. CSD is 

a key event in migraine with aura. (①) In the wake of CSD, algesic mediators are 

released from cortical neurons and astrocytes and diffuse across the pial membrane or are 

transported via glymphatic flow into the CSF (blue arrows). These mediators may directly 

activate meningeal afferents surrounding pial vessels. Released cortical mediators may also 

activate subdural immune cells to release pronociceptive factors and excite pial afferents. 

(②) Antidromic axon reflex (red arrow) is posited to cause the release of neuropeptides 

from collateral dural afferent fibers that produce neurogenic inflammation, which involves 

vascular and immune responses with subsequent sensitization of dural afferents. (③) CSF 

algesic mediators are additionally transported into the dura mater near venous sinuses, 

lymphatic vessels, and perivascular spaces surrounding dural vessels (box) and may further 

sensitize dural afferents. CSF flow into calvarial bone marrow via channels may influence 
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meningeal immune cell production and transport and locally trigger collateral afferents. 

Abbreviations: BM, bone marrow; CNS, central nervous system; CSD, cortical spreading 

depolarization; CSF, cerebrospinal fluid; DC, dendritic cell; DVS, dural venous sinus; LV, 

lymphatic vessel; MC, mast cell; TG, trigeminal ganglion. Figure adapted from Carneiro-

Nascimento & Levy (2022) (CC BY 4.0).
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Figure 2. 
Meningeal neurogenic inflammation as a potential migraine headache mechanism. (①) 

As noted in Figure 1, the activation of peptidergic meningeal afferents (②) generates an 

antidromic axonal reflex (red arrows) and (③) neuropeptide release. (④) Subsequently, 

vasodilatation, increased capillary permeability, and IM release ensue. (⑤) CGRP, locally 

released, can also engage cell surface receptors that internalize on Schwann cells 

ensheathing myelinated A-delta meningeal afferents. Hypothesized downstream mechanisms 

include persistent CGRP receptor signaling within endosomes that (⑥) enhances A-delta 

afferent activity via TRPA1-dependent mechanisms. (⑦) Released sensory neuropeptides 

may also drive a local meningeal neurogenic immune response (⑧) that could further 

sensitize meningeal afferents. (⑨) Triptans used to abort migraine headache activate 

prejunctional 5-HT1B/1D/1F receptors on meningeal afferent terminals to inhibit the release 

of neuropeptides and related development of meningeal neurogenic inflammation. Triptans 

additionally act on vascular receptors to produce arterial vasoconstriction. Activation 

of prejunctional 5-HT1F receptors inhibits meningeal afferent neuropeptide release and 

aborts migraine pain without causing vasoconstriction. CGRP receptor antagonists block 

meningeal neurogenic vasodilatation and abort migraine headaches. (⑩) mAbs that bind 

CGRP or its receptor are used preventatively in the clinic and act selectively in the 

periphery. Abbreviations: CGRP, calcitonin gene–related peptide; CLR, calcitonin receptor–

like receptor, IM, inflammatory mediator; mAb, monoclonal antibody; MRGPRX2, Mas-

related G protein–coupled receptor-X2; NK1, neurokinin 1 receptor; RAMP1, receptor 

activity–modifying protein-1; SP, substance P.
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