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The pathophysiology of migraines and headaches has been a point of interest in
research as they affect a large subset of the population, and the exact mechanism
is still unclear. There is evidence implicating the dura mater and its innervation as
contributing factors, especially at the posterior cranial fossa. Many modes of inner-
vation have been identified, including the dorsal root ganglion, superior cervical
ganglion, vagus nerve, trigeminal nerve, hypoglossal nerve, and glossopharyngeal
nerve. While the exact method of innervation is still under investigation, there is
strong evidence suggesting that different types of headaches (migraine vs. occipital
vs. cervicogenic) are due to specific nerves and inflammatory mediators that con-
tribute to the dura mater in some way. By understanding how these innervation
patterns manifest clinically, the course of treatment can be tailored based on the
physiological aetiology. Here, we present a comprehensive literature review of
the current research regarding the innervation of the dura mater of the posterior
cranial fossa and its clinical implications. (Folia Morphol 2022; 81, 4: 843-850)
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INTRODUCTION

The dura mater is the most superficial constituent
of the cranial meninges and acts as a protective cov-
ering for the brain [1, 33]. It is composed of an inner
meningeal and an outer endosteal layer [1, 33]. The
outer endosteal layer is occupied by nerves and blood
vessels and forms the skull’s periosteum, which can
be further divided into an outer fibrous layer and an
inner layer with osteoblastic potential [1, 17, 33]. The
cranial dura mater’s inner meningeal layer has com-

munication with the dura mater of the spinal cord at
the foramen magnum and forms the falx cerebri, falx
cerebelli, tentorium cerebelli, and diaphragma sella
[1, 33]. The dural venous sinuses can be identified
along with various positions of dura mater reflection
between the two layers [1, 23, 50, 61]. The innerva-
tion of the dura mater has been a point of interest in
research due to its clinical implications with various
types of headaches [5, 10, 34, 43, 48, 52, 55, 60,
84]. This article reviews the literature regarding the
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innervation of the dura mater of the posterior cranial
fossa, and its associated clinical relevance.

THE POSTERIOR CRANIAL FOSSA

The posterior cranial fossa is the largest and deep-
est fossa within the skull [6, 26, 76]. It serves as
a conduit for several cranial nerves and contains im-
portant structures such as the brain stem, cerebellum,
and foramen magnum [6, 26, 76]. Abnormalities
(e.g., hypoplasia) of the posterior cranial fossa are
often seen in patients with Chiari and other cerebellar
malformations [76].

Dorsal root ganglia and superior cervical ganglia

In a study of 54 Sprague-Dawley rats, Noseda et
al. [51] utilised a green fluorescent protein labelled
adeno-associated viral vector to map the innervation
of the dura mater of the posterior cranial fossa. The
results demonstrated that the dura mater of the
posterior cranial fossa receives innervation from ax-
ons of sensory neurons in the C2 and C3 dorsal root
ganglion (DRG) [51]. The axons were observed to gain
entry into the cranium through various routes includ-
ing the foramen magnum, the jugular foramen, and
various bony canals (occipital-periotic, emissary, and
hypoglossal) within the occipital bone (Fig. 1) [51].
Furthermore, it was noted that the C2-C4 segments
of the spinal cord contain the dorsal horn neurons
responsible for transmitting nociceptive information
from the posterior/occipital dura mater [51].

Keller et al. [32] utilised horseradish peroxidase
labelling to examine the innervation of the dura ma-
ter of the posterior cranial fossa in cats [33]. After
completing nerve resections, they observed a bilat-
eral distribution of labelled cells in both the superior
cervical ganglion and C1-C3 of the DRG [32, 33].
Therefore, they concluded that these provided the
majority of the innervation to the posterior cranial
fossa [32, 33]. Additionally, they noted the presence
of some labelled cells within the trigeminal ganglion
and the superior ganglion of the vagus nerve, leading
them to suspect some innervation involvement from
the trigeminal and vagus nerves (Fig. 2) [32, 33].

In an examination of 22 human foetuses, Kimmel
et al. [36] observed that the innervation of the dura
mater of the posterior cranial fossa was provided
by the superior cervical ganglion and C1-C3 of the
DRG [33]. They noted that the meningeal branches
of C1-C3 of the DRG utilise the foramen magnum
to enter the cranium and provide innervation to the
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Figure 1. Schematic drawing of the skull base and illustrating
entrance sites of meningeal nerves supplying the posterior cranial
fossa such as the hypoglossal canal, foramen magnum and jugular
foramen. Also, note the innervation of the tentorium cerebelli from
primarily the tentorial nerve derived from V1 of the trigeminal
nerve.

—

Figure 2. Schematic drawing of the skull base noting the tentorial
nerve (yellow arrow) arising from the V1 part of the trigeminal
nerve. Regionally, also note the nervus spinosus branch (black
arrow) of V3 entering the foramen ovale with the middle meningeal
artery (unlabelled); TG — trigeminal ganglion.

anterior portion of the posterior cranial fossa [33,
36]. In contrast, the superior cervical ganglion and
C1-C2 of the DRG utilise the hypoglossal canal and
the jugular foramen to access and innervate the lat-
eral and posterior portions of the posterior cranial
fossa [33, 36]. These nerves may also use the vagus
and hypoglossal nerves for access to the posterior
cranial fossa [33, 36].

Likewise, studies by Bogduk et al. [9] have re-
ported that the C3 cervical sinuvertebral nerve (SVN)
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innervates the dura mater of the posterior cranial
fossa and follows a prolonged course through the
posterior cranial fossa and the vertebral canal. Based
on these results, Rennie et al. [68] were able to trace
the intraspinal courses of all three SVNs. They found
that smaller branches off the ascending and descend-
ing branches provide innervation to the dura mater,
adjacent joints, surrounding ligaments, and soft tis-
sues [68]. They observed that the SVNs were initially
formed within the intervertebral foramen, then gave
off branches that ran anterior to the DRG within the
epidural space [68]. In concurrence with Kimmel at al.
[36], they reported that the C1-C2 and C2-C3 levels
had long ascending branches that supplied innerva-
tion to structures within the vertebral canal and the
posterior cranial fossa [68]. Additionally, communi-
cation was found between the ascending branch of
the C2 SVN and the hypoglossal nerve, confirming
the presence of sensory interaction between cervical
and cranial nerves [68]. This was further support-
ed through foetal studies that identified a similar
communication loop between the C2-C3 ascending
branches and an extradural nerve that emerges from
the hypoglossal canal [33, 36, 68].

Cranial nerves

Penfield and McNaughton observed innervation
contributions from the hypoglossal nerve and the va-
gus nerve's recurrent branches traveling alongside
the posterior meningeal artery [62]. The vagus nerve’s
recurrent branches were identified coursing to the falx
cerebelli and the inferior wall of the transverse sinus
[62]. Additionally, Levy and Strassman [40] noted the
presence of unmyelinated C- and thinly myelinated
Ad-fibres from the trigeminal nerve within the dura ma-
ter. Both of these are consistent with the suspicions of
Keller et al. [32] who predicted some vagus and trigem-
inal nerve involvement with the innervation of the dura
mater of the posterior cranial fossa and Schueler et al.
[73] who identified meningeal nerve fibres within the
dura mater stemming from the trigeminal ganglion.

Kimmel et al. [36] identified branches of the hypo-
glossal nerve traveling superiorly from the hypoglos-
sal canal to supply the dura mater of the posterior
cranial fossa [33]. Kemp et al. [33] has also reported
that branches of the facial and glossopharyngeal
nerves contribute innervation to the dura mater of
the posterior cranial fossa. These studies suggest that
there is some cranial nerve innervation component to
the dura mater overlying the posterior cranial fossa.
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CLINICAL RELEVANCE

Occipital headaches

Occipital headaches have been reported to play
arole in both migraine and non-migraine headaches
[51]. While the debate regarding its aetiology is on-
going, evidence suggests that occipital headaches are
caused by compression and irritation of the C2 DRG
[13, 30, 34]. This idea is further supported in studies
where the administration of anaesthetic blockade
to the occipital nerve and its branches alleviated
occipital pain and headaches [19, 51, 58, 60]. As
mentioned earlier, Noseda et al. [51] mapped the
innervation of the dura mater of the posterior cranial
fossa to the C2—C3 level of the DRG. They found that
approximately 50% of the neurons involved con-
tained calcitonin gene-related peptide (CGRP) and
transient receptor potential cation channel subfamily
V member 1 (TRPV1) [51]. They also observed that the
C2-C4 division of the spinal cord contains the dorsal
horn neurons responsible for transmitting nociceptive
information from the posterior/occipital dura mater
[51]. These neurons contain receptive fields that ex-
tend from the ears and occipital skin to the superficial
and deep muscles of the neck, and the skin overlying
the upper neck [51]. Upon administering pro-inflam-
matory mediators to the dura mater of the posterior
cranial fossa, a correlation was identified between
the neuronal responsiveness and stimulation of the
occipital skin and neck muscles [51]. These findings
demonstrate a direct connection between occipital
headaches and the innervation of the dura mater
overlying the posterior cranial fossa.

Migraines

Migraine headaches are the most common neu-
rological disability worldwide and are ranked as the
second leading cause of disability [5, 22]. Addition-
ally, women are 2-3 times more likely to suffer from
migraines than men [5, 22]. The cranial meninges
and nociceptive signalling from the dura mater have
long been considered as the site of origin for the
pain attributed to migraines [5, 41, 48, 55, 79, 83,
84]. While the exact pathophysiology of this disease
and its sexual dimorphism remains unknown, there
is evidence suggesting a correlation between the pe-
ripheral release of neuropeptides such as CGRP, sub-
stance P, neurokinin A, and prostaglandin E2 (PGE2)
within the dura mater and the onset of a migraine
attack [4, 5, 11, 12, 14, 15, 18, 20, 31, 35, 38, 52,
54, 57,77, 83, 84].
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The research on substance P, PGE2, and neuro-
kinin A is less extensive than CGRP; however, there
is a correlation between elevated levels of all three
mediators and the onset of migraine attacks; in fact,
elevated levels of PGE2 have been measured in the
saliva of migraine patients [14, 15, 18, 52, 57]. The
role of neurokinin A is still unclear; however, there is
an established relationship between histamine release
from dural mast cells following elevated PGE2 and
substance P[14, 15, 18, 52, 57]. There is also evidence
trigeminal axons’ excitation stimulates the release of
the dural mast cells, further demonstrating the role
of the trigeminal nerve with the innervation of the
dura mater [15, 32, 54, 73].

Studies have found that when the dura mater is
exposed to CGRP, a dilatory effect can be seen within
the vasculature, which induces migraine symptoms at
that location [4, 5]. Similar dilation events have been
reported along with the dura mater on the head’s
side, experiencing spontaneous migraine attacks
[5, 35]. Furthermore, elevated levels of CGRP have
been found in the venous blood, saliva, and cerebro-
spinal fluid of patients undergoing a migraine attack
[5, 20]. There is also evidence that intravenous admin-
istration of CGRP can elicit an attack [5, 38], whereas
CGRP inhibitors have been successful in the treatment
of migraines [5, 77]. Additionally, administrations
of nitric oxide to the dura mater have been shown
to elicit migraine attacks in both humans and rats
[5, 54-56], as nitric oxide has been found to increase
CGRP release [5, 11].

Even though the exact mechanism of peripheral
CGRP signalling in migraine headaches is still under
investigation, there is evidence implicating extracel-
lular adenosine triphosphate (ATP) as a contributory
factor [83]. Through the utilization of rat models,
Yegutkin et al. [83] discovered that upon exposure
to CGRP, ATP and adenosine diphosphate levels in-
creased in both the meninges and trigeminal cells,
whereas adenosine levels decreased in the trigeminal
cells. The ATP signalling subsequently resulted in
a substantial buildup of intracellular Ca2+ within
neurons and glial cells [83]. Additionally, high levels
of ATP were correlated to nociceptive spikes within
the meningeal trigeminal nerve fibres, and ATP was
found to have the most prominent and lasting ef-
fects when compared to other metabolites, due to
ATP activation of ionotropic (P2X) and metabotropic
(P2Y) purinergic receptors within these neurons [12,
83]. These findings are corroborated by previous
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studies that also noted significant ATP releases dur-
ing migraine attacks, as a result of opened pannexin
channels [31, 83].

Avona et al. [5] successfully applied a rat mod-
el to understand better the sexual dimorphism of
migraine attacks related to CGRP signalling within
the dura mater. They observed that only female rats
produced a cutaneous periorbital hypersensitivity
following the administration of CGRP (0.1 pg— 3.8 ug)
to the dura mater. In contrast, the males were only
responsive if the dura mater was initially primed with
interleukin-6 or brain-derived neurotrophic factor [5].
Additionally, only female rats displayed priming
to a subthreshold administration of dural CGRP
(0.1 pg) [5]. These findings give us an insight into the
sexual dimorphism of the disease and demonstrate
the connection between CGRP signalling in the dura
mater and migraine headaches.

Cervicogenic headaches

Cervicogenic headaches are defined as pain in
the head originating from a location other than the
head — typically the cervical spine [10, 59]. These
are among the most common types of headaches af-
fecting weightlifting athletes and are associated with
patients who have sustained a whiplash injury [59, 75,
78]. Studies by both Bogduk et al. [9, 10] and Biondi
et al. [8] observed that the source of pain originates
from the cervical spine and is mediated through the
upper cervical nerves [69]. They found that the upper
cervical nerves supply the dura mater of the posterior
cranial fossa and the ligaments of the craniovertebral
junction [8-10, 69]. Additionally, it was noted that
these nerves share the same root as the dorsal rami
responsible for transmitting nociceptive information
from the posterior head and neck region [10]. This
provides us with a better understanding of how the
upper three cervical nerves mediate pain from the
ligaments, dura mater, and soft tissues of the poste-
rior cranial fossa and upper cervical column and how
symptoms may manifest clinically [8-10, 69].

Botulinum toxin

Botulinum neurotoxin (BoNT) has become a pop-
ular treatment option for several headache disorders,
especially migraines, due to its anti-nociceptive prop-
erties [42]. Several different serotypes are produced
by Clostridium Botulinum, however, only serotypes
A and B have been approved for clinical use [7, 21].
It exerts its effects by enzymatically cleaving the
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25 kDA synaptosomal-associated protein (SNAP-25),
thus inhibiting the ability for neurotransmitter-con-
taining vesicles to fuse with the cell membrane
[21, 44, 70]. Through this mechanism, studies have
demonstrated the inhibitory effect of BoNT on the
release of neurotransmitters — substance P and CGRP
— involved in the transmission of pain, neurogenic
inflammation, and peripheral and central sensitiza-
tion [16, 21, 28, 42, 66, 81]. Additionally, there is
some evidence that administration of BONT reduces
the inflammatory response [28, 42, 64].

SURGICAL RELEVANCE

Operative treatment of occipital and migraine
headache has existed for centuries with an early fo-
cus employed on blood vessels by Al-Zahrawi (936
to 1013 AD) e.g., using caustic skull cauterisation
to alleviate headache [2], vessel ligation (French
barber-surgeon Ambroise Pare; 1510 to 1590) [3],
arteriotomies, bloodletting (application of temples
leeches by Thomas Willis (1621 to 1675) and Robert
Whytt (1714 to 1766) and arterial compression by
Mollendorff in 1867 [47]. Many of these concepts/
treatments were used and carried into the middle
ages in Europe.

These concepts of vessel involvement in occipital
and migraine headaches have also been revisited in
modern times in 1976 by Greek neurosurgeon Alex-
ander D. Rapidis [67], and more recently by Dr. Elliot
Shevel [74] who is an oral and maxillofacial surgeon.
Between 1904 and 1955, Alexander Rapidis [67] de-
scribed sectioning of the trigeminal pathways for
permanent facial analgesia and injection of alcohol
into the Gasserian ganglion with successful results.
In 1964, Bruce C. Martin and Phillip J. Fagan [45]
published the first report on the surgical management
of occipital neuralgia with satisfactory results by ex-
cising segments of the greater occipital nerve, lesser
occipital nerve, third occipital nerve, and posterior
auricular nerve with injection of alcohol into the area
that was excised. Since then, the operative manage-
ment of headache continues to evolve with theories
on the extracranial course and nerve origin. Recently,
Bahman Guyuron [24], in 2000, introduced the cur-
rent concept of nerve irritation and compression at
specific points across the skull and by adjacent struc-
tures. He further described the surgical treatment
of trigger sites, which evolved since then to include
open, endoscopic, and minimally invasive techniques
for decompression, neurectomy, arterial ligation, and
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arterectomy, depending on the anatomical location
and underlying pathophysiology with success rates
ranging between 68% and 95% in pain improvement
[37, 39, 49, 71].

Many anatomical studies have shown that nerves
can be compressed by different surrounding tissues
such as vessels, bone, muscle, fascia, and fascial bands
[29]. However, only some of these tissues have been
investigated. Guyuron et al. [25] evaluated nerves
removed during migraine surgery by electron micros-
copy with proteomics and reported deregulation of
the myelination process and axonal abnormality in
patients with migraine headaches versus controls.

Additionally, Perry et al. [63] evaluated calvar-
ial periosteum as a source of chronic migraine,
demonstrating decreased expression of genes that
suppress inflammation and increased expression of
proinflammatory markers. The authors concluded
that the trigeminovascular nociceptors that reach the
periosteum are activated through intracranial menin-
geal nociceptors and/or extracranial nerves [63]. Such
findings have been supported by human and animal
data showing that pain and sensory nerve fibres
cross the calvarial periosteum via cranial sutures and
connect extracranial and intracranial axons [72, 73].

Weiner and Reed [82] introduced occipital nerve
stimulation (ONS) in 1999, a promising treatment
for patients with medically intractable and highly
disabling chronic headache disorders [82]. The exact
mechanisms by which ONS modulate pain are poorly
understood; however, multiple sites of action within
the central and peripheral nervous systems have been
proposed, including the upper spinal segmental level,
supraspinal levels, and peripheral nerve levels [27].

Direct effects of neurostimulation on peripheral
nerve fibre excitability include an increase in electrical
threshold, slowing of conduction velocity, and de-
crease in response probability have all been reported
[46]. Additionally, a widely held theory of neurostim-
ulation is the gate-control theory of pain have been
described [46, 80]. Regarding ONS efficacy, Popeney
and Alo [65] used C1-C3 peripheral nerve stimula-
tion for migraine headaches, with showed 85% of
patients reported at least 50% reduction in headache
frequency or severity after the ONS implantation. Oh
et al. [53] used ONS in migraine headaches with 90%
of the patients reporting more than 90% pain relief,
and 10% of the patients reporting 75-90% pain relief
at 1 month after implantation. ONS provided a better
life for some patients, gave hope to many more, and
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suggested that different types of headaches are likely
due to specific nerve involvement.

CONCLUSIONS

Although various modes of innervation have been

identified, there is extensive evidence supporting the
involvement of the dura mater and its innervation
with the onset of many headaches. These findings
are essential to consider when determining the best
approaches for treating headaches, as the aetiology
and innervation patterns may vary.
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