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Innervation of Rat and Human Dura Mater and Pericranial
Tissues in the Parieto-Temporal Region by Meningeal Afferents

Markus Schueler, MD; Winfried L. Neuhuber, MD; Roberto De Col, MD; Karl Messlinger, MD

Objective.—To reinvestigate the innervation pattern of the dura mater of rat and human middle cranial fossa, the
morpho-functional substrate of headache generation, and adjacent extracranial tissues with neuronal in vitro tracing.

Background.—This study was initiated by recent structural and functional findings of meningeal afferent fibers which
innervate the cranial dura mater and may project to extracranial tissues.

Methods.—Anterograde and retrograde neuronal in vitro tracing was made in formaldehyde fixed hemisected rat and
human skulls. The fluorescent tracer Dil was applied to proximally cut meningeal nerves in rat and to distal branches of the
spinosus nerve in human calvaria lined by dura mater. After several weeks, the dura mater and deep extracranial tissues were
examined with fluorescence microscopy.

Results.—In addition to a network of meningeal nerve fibers, several fiber bundles were observed, leaving the skull through
emissary canals and fissures to innervate the pericranial temporal, parietal, and occipital periosteum. Traced fibers were seen
spreading into deep layers of the temporal and upper neck muscles. Retrograde neuronal tracing revealed labeled cell bodies
exclusively in the mandibular and maxillary division of the rat trigeminal ganglion, and centrally projecting fibers were
identified in the spinal trigeminal tract. Electron microscopy of the cross-sected spinosus nerve showed myelinated and
unmyelinated axons with similar numbers in human and rat.

Conclusions.—We conclude that a proportion of meningeal afferents innervates extracranial tissues like periosteum and
pericranial muscles via collaterals projecting through the skull. These afferents may be nociceptive, some may subserve
proprioceptive functions. The finding of extracranial projections of meningeal afferents may be important for our understanding
of extracranial impacts on headache generation and therapy.
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trigeminal divisions, while the dura of the anterior
cranial fossa and the tentorium cerebelli are inner-
vated by nerve fibers of the ophthalmic division.
Due to the seminal intraoperative experiments of
Ray and Wolff during this time, the essential role for
the generation of headaches of trigeminal nerve
fibers innervating meningeal blood vessels was pub-
lished and widely accepted,’ later confirmed by addi-
tional studies of other groups.”® A number of animal
experiments during the last decades widened our
knowledge about the trigeminovascular system of the
meninges as morpho-functional basis for the patho-
genesis of headaches. Further studies clarified details

9-12

of the structure’'? and the functional characteristics

of meningeal afferents innervating the rodent dura

mater’B-lG 17,18

and identified their central projections.
Through immunohistochemical examinations, we
know that a considerable proportion of these menin-
geal afferents contains neuropeptides like substance
P and calcitonin gene-related peptide.'®*?° This could
also be demonstrated for the human dura mater, con-
firming the homology of the nociceptive innervation
between mammals.?!

Despite this knowledge, the pathogenesis of head-
aches is still full of unresolved problems, which applies
particularly to primary headaches such as migraine.
While a central origin of primary headaches has been
intensely discussed during recent years, clinical and
experimental observations provide evidence for an
essential contribution of peripheral, intracranial as
well as extracranial, nociceptive processes.”? The intra-
cranial and pericranial trigeminal innervation may
partly form a functional unit, a concept that is sup-
ported by recent histological and functional data that
show collateral afferent connections between the dura
mater and deep pericranial tissues in rodents.”? In the
light of these recent findings, old anatomical studies on
the primate and human meningeal innervation report-
ing about nerve fibers that penetrate the skull become
again highly important.>** These nerve fibers, in addi-
tion to their originally supposed function to innervate
the skull, eg, in the region of the mastoid,’ can indeed
supply extracranial tissues.

The present postmortem anterograde tracing
study in rat and human skulls completes and extends
our recent in vivo anterograde tracings.”* They show
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that in the area of the middle cranial fossa, intracra-
nial (meningeal) and extracranial (deep muscular)
tissues are innervated by trigeminal nerve fibers
passing through the cranial dura mater. In addition,
we provide evidence for considerable similarities
between rodent and human meningeal innervation
regarding the course and the composition of nerves
that supply the middle cranial fossa.

MATERIALS AND METHODS

Human skulls were obtained from adult male
bodies (age 67,69, and 90 years) donated to the Insti-
tute of Anatomy of the University of Erlangen-
Niirnberg. The use of human tissue was approved by
the university’s ethics committee. For the animal
experiments, 25 male adult Wistar rats (body weights
200-380 g) were used. Animal housing and experi-
mental procedures were carried out in compliance
with the guidelines for the welfare of experimental
animals stipulated by the Federal Republic of
Germany.

Preparation of Rat Skulls for Postmortem Neuro-
nal Tracing.—Rats were killed by inhaling CO,. The
head was separated from the body and skinned, the
mandible was removed, and the skull was hemisected
in the sagittal plane. The brain was lifted out of each
of the resulting skull halves, while the adhering
cranial dura mater, the trigeminal ganglion, and the
brainstem, as well as periost and pericranial muscles,
were preserved. The dura mater overlying the menin-
geal branch of the mandibular nerve (referred to as
spinosus nerve) was excised about 2 mm from the
trigeminal ganglion (Fig. 1A,B). The spinosus nerve
was cut and a small crystal of Dil (1,1’Dioctadecyl-
3,3,3’,3’-Tetramethylindocarbocyanine = Perchlorate,
D282, Molecular Probes, Eugene, OR, USA) was
attached both at the distal and the proximal nerve
stump for postmortem retrograde and anterograde
tracing. > Then the application site was covered with
a small piece of gelatin sponge (Abgel, Sri Gopal
Labs, Mumbai, India) to avoid spreading of the dye.

Preparation of Human Skulls for Postmortem Neu-
ronal Tracing.—Three unfixed human skulls were
transected along the sagittal suture and the brain
was removed. The adhering dura mater and the
extracranial tissues (periost and pericranial muscles)
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Fig 1.—Anterograde Dil tracing of rat spinosus nerve. (A) Fenestrated rat skull showing the position of the micrographs (C-G).
Through the cranial window, the middle cranial fossa and the trigeminal ganglion (TG) of the contralateral side are visible. The
tracer (Dil) was applied to the proximal spinosus nerve close to the TG. (B) Basolateral aspect of the middle cranial fossa showing
the course of the spinosus nerve (white broken line), which was dissected and cut (black broken line) close to the TG for the tracer
(Dil) application. The spinosus nerve runs first in caudal direction and then accompanies the middle meningeal artery (MMA) in
rostro-lateral direction. (C) Basolateral dura mater with the proximal part of the ramified spinosus nerve accompanying the main
branches of the MMA (faintly stained in the background). (D) Network of labeled nerve fiber bundles accompanying the MMA in
the parietal dura. Some single fibers exhibit terminals (arrowheads). (E and F) Labeled nerve fiber bundles penetrating the
cranium; (E) in the fissure between temporal bone (TB) and the parietal bone (PB); (F) in the petrosquamous fissure between the
TB and the occipital bone (OB) around the internal maxillary vene (IMV). The green background has been generated by overlying
the same image taken with the green (FITC) filter. (G) Network of labeled nerve fiber bundles and single fibers running along an
arterial vessel in the periosteum underlying the temporal muscle. (H and I) Labeled nerve fibers in the temporal muscle, (H) nerve
fiber bundle traveling through the endomysium between cross-cut muscle fibers; (I) nerve fiber endings extending between (faintly
stained) muscle fibers.
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were kept intact. The meningeal branch of the man-
dibular nerve (spinosus nerve) was located at the
entrance of the middle meningeal artery (MMA)
into the skull base. The course of this nerve and its
branches along the arborized MMA was followed
by careful dissection under a stereomicroscope
(Fig. 2A,B). Peripheral branches of the MMA
together with adjacent nerve bundles were cut,
and 3-5 crystals of Dil (1,1’Dioctadecyl-3,3,3",3-
D282,

Molecular Probes) were applied to each distal nerve
2527

Tetramethylindocarbocyanine Perchlorate,

stump™~’ and covered with a piece of gelatin sponge
(Abgel, Sri Gopal Labs) to avoid spreading of the
dye. The spinosus nerve was cut at the entrance into
the skull to avoid retrograde diffusion of the tracer
and contamination through extracranial branches of
the mandibular nerve.

Postmortem Neuronal Tracing in Human and Rat
Skulls.—Carbocyanine dyes like Dil are highly lipo-
philic, and therefore diffuse even in fixed tissues
readily into and along the cell membrane of nerve
fibers resulting in specific neuronal tracing.?*?® There-
fore, they can be applied also at sites ex vivo, which
are inaccessible in vivo. Dil shows a red fluorescence
with the
(TRITC) filter and a pale green fluorescence with the
fluorescein isothiocyanate (FITC) filter.”

tetramethyl-rhodamine isothiocyanate

Immediately after placing the tracer, the skull
halves of both species were fixed by immersion in 4%
PFA dissolved in 0.1 M PBS buffer (pH 7.4) and incu-
bated at 37°C in the dark for 6-7 months according to
the estimated transport rate of 100-400 um/day with a
diffusion coefficient of 10" cm?%s.*® The labeled whole
mounts were examined with a fluorescence stereomi-
croscope (MZ FL III, Leica, Bensheim, Germany).
Thereafter, the human and rat cranial dura mater, the
periost, and the pericranial muscles were removed
from the skull. In addition in rats, the trigeminal gan-
glion and the brainstem were removed for evaluating
the retrograde tracings. The pericranial muscles, the
trigeminal ganglia, and the brainstem were placed in
phosphate-buffered saline (PBS, pH 7.4) containing
30% sucrose at 4°C for 24 hours, quickly deep-frozen
and cut into 15-um longitudinal sections using a cryo-
stat (CM 3050 S, Leica). After removing the soft
tissue, the rat skulls were cryoprotected through a
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20% sucrose solution for 48 hours at 4°C. Then they
were placed in a 0.2-M EDTA solution (pH 7.4) for
15 weeks to decalcify the bone; the solution was
changed every week. The decalcified skulls were again
placed in a 20% sucrose solution for 24 hours at 4°C,
quickly deep-frozen and cut into 20-um longitudinal
sections using a cryostat. The tissues and sections
were mounted onto poly-L-lysine-coated glass slides
and coverslipped with fluoromount (Science Services,
Miinchen, Germany). The labeled sections were
examined with a confocal laser scanning system
(LSM 710, Carl Zeiss Microlmaging, Jena, Germany)
using a rhodamine filter (FSet43wf) for optical
viewing. Images were obtained using a DPSS laser
(561 nm wavelength) and the TRITC filter unit (566-
670 nm), or an Argon laser (488 nm) and the FITC
filter unit (493-555 nm), for analysis. Two dry objec-
tive lenses (10x and 20x with numerical apertures of
0.3 and 0.8), two oil-immersion objective lenses (20x
and 60x with numerical apertures of 0.8 and 1.4), and
a 40x water objective lens (numerical aperture 1.3)
were used. The number of image pixels varied
between 2048 %2048 and 512 x 512 pixels. Data
were merged into a 12-bit RGB tif-file using the con-
focal assistant software ZEN 2010 (Carl Zeiss
Microlmaging). Images of trigeminal ganglion sec-
tions were used to measure the diameter of stained
cell bodies containing a visible nucleus; for oval-
shaped perikarya, the small diameter was taken.
Electron Microscopic Examinations of Rat and
Human Spinosus Nerve.—FElectron microscopy was
used to examine the composition of axons of the
spinosus nerve in rats and humans. Five rats were
transcardially perfused with 0.9% saline, followed by
2.5% glutaraldehyde in PBS, and the skull was pre-
pared as for tracing. The proximal part of the spinosus
nerve was resected and kept in the same glutaralde-
hyde fixative overnight at 4°C. In the three human
skulls, small pieces of the proximal spinosus nerve
were dissected at the site where the nerve joined the
MMA. The nerve segments of both species were
rinsed in phosphate buffer overnight (4°C) and
postfixed in 2% osmium tetroxide, dehydrated
through an ascending ethanol series, infiltrated with
an ethanol/acetone mixture, pure acetone, acetone/
EPON mixture, and finally embedded in Epon 812
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Fig 2.—Anterograde Dil tracing of human spinosus nerve. (A) Fenestrated human skull showing the position of the micrographs
(B-G). Through a cranial window the middle cranial fossa of the contralateral side is visible. The tracer (Dil) was applied to distal
branches of the spinosus nerve. (B) Situs of the branched spinosus nerve (outlined by white dotted lines) in the dura mater of the
middle cranial fossa running along a branch of the middle meningeal artery (MMA, outlined by black dotted lines). The red arrow
points to a site of tracer (Dil) application. (C and D) Ramified spinosus nerve distal to the tracing sites in the dura mater.
Arrowheads point to single terminal fibers branching off from the main bundles. (E) Labeled fiber bundle at a branch of the middle
meningeal artery (not visible). The arrowhead points to the tip of a terminating single fiber. (F) Small distal fiber bundle entering
the skull (white oval) along an emissary venous vessel. The course of the fiber bundle within the bone is outlined by white dotted
lines. (G) Labeled nerve fibers traveling through the endomysium of the temporal muscle. Arrowheads point to single fibers
extending between (faintly stained) muscle fibers.
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(Roth, Karlsruhe, Germany). Ultrathin cross-sections
were cut with an ultramicrotome (Reichert Jung,
Ultracut E; Miinchen, Germany), placed on copper
mesh grids, stained according to standard methods
with uranyl acetate and lead citrate, and examined
with a Zeiss EM 906 transmission electron micro-
scope (LEO, Oberkochen, Germany). Micrographs
were taken with a monochrome digital camera con-
nected to the microscope. The rough diameter of
nerve fibers, which in myelinated fibers includes the
myelin sheath, was assessed on the micrographs. Pro-
files deviating from a circle were approximated to an
oval, and the mean of the long and the short axis was
taken as the diameter.

RESULTS

Postmortem Anterograde Tracing in Rat Skulls.—
The main nerve supplying the middle cranial fossa,
referred to as spinosus nerve in analogy to the human
morphology, arises from the mandibular division of
the trigeminal ganglion. After anterograde staining
near the trigeminal ganglion, the course of this nerve
could be followed up to the most distal branches.
Although there is some variability regarding the
pattern of innervation, including the rare possibility of
more than one nerve resembling the spinosus nerve,
the most typical pattern is outlined in the following.
The spinosus nerve runs initially along the occipital
ankle of the middle cranial fossa, crosses the MMA,
and divides into four to five main branches (Fig. 1B).
One of these nerve branches runs toward the petro-
squamous fissure and divides into two smaller
branches. All other branches of the spinosus nerve run
in parietal or rostral directions along the MMA.
(Fig. 1B-D) These nerve bundles divide into smaller
bundles,some of which cross and some accompany the
arterial branches. In the whole course of the arborized
spinosus nerve, some nerve fibers sheer out of the
bundles and run into the adventitia of the MMA.
Other branches leave the nerve bundles to run into the
dural connective tissue and arborize dichotomously
before they terminate (Fig. 1D).Following this pattern
of innervation, the whole parietal and temporal dura is
supplied by a dense network of nerve fibers. The inner-
vation subserved by the spinosus nerve is restricted to
the middle cranial fossa, ie, stained nerve fibers were

1001

not seen in the superior sagittal sinus, the transverse
sinus, or the cerebellar tentorium, nor in the frontal or
occipital cranial fossa.

Along their way through the middle cranial fossa,
stained bundles of nerve fibers were observed
running into the cranial bone, where they enter par-
ticularly the intracranial openings of the emissary
venules, and the sutures between the parietal and the
frontal bone, the temporal and the parietal bone, and
the temporal and the occipital bone (Fig. 1E,F). One
of the main branches of the spinosus nerve, which
entered the fibrous petrosquamous fissure, divided
generally into two smaller bundles. In horizontal sec-
tions, the labeled nerve fiber bundles in the sutures
and emissary canals were seen running transversally
through the calvarium, while single fibers branch off
and terminate in the diploe. After dividing into two
branches inside the petrosquamous fissure, the nerve
fiber bundles either cross the calvarium through the
lambdoid suture, or run within the bone in occipital
direction or along the posterior facial and the internal
maxillary vein in caudal direction (Fig. 1F).

The retrogradely stained nerve fiber bundles
were found leaving the cranial bone through the
sutures and along the emissary veins cranially and
caudally to the supramastoid crest of the temporal
bone. The extracranial projection of nerve fibers is
variable but follows a basic pattern. The bundles in
the petrosquamous fissure leave the skull either
through the lambdoid suture between the temporal
and the occipital bone, or after following a longer
course within the bone along the nuchal crest of the
occipital bone. The fiber bundles enter the extracra-
nial periosteum and run in close vicinity to arterial
blood vessels, give off small branches and form a
periostal network of trigeminal fibers similar to that
of the dura mater (Fig. 1G). Finally, most of these
nerve fibers transverse the periost and enter the ten-
dinous junctions of the pericranial muscles. An espe-
cially dense innervation was found in the attachments
of the upper nuchal muscles, ie, the splenius and lon-
gissimus capitis muscle, after the nerve fibers have left
the skull along the nuchal crest between temporal and
occipital bone. Some stained trigeminal fibers were
found spreading deeply into connective tissue com-
partments of the pericranial muscles and even
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between muscle fibers (Fig. 1H,I). Surprisingly, a con-
siderable proportion of the nerve fibers leaving the
skull caudally to the supramastoid crest were found in
the capsule of the temporomandibular joint (not
shown). Stained nerve fibers were not seen above or
in the vicinity of the sagittal suture, fitting the intra-
cranial pattern of the innervation which is restricted
to the middle cranial fossa. Inspection of the man-
dibular branch of the trigeminal nerve that leaves the
skull did neither show any stained nerve fibers, and no
labeling was observed in the greater or lesser occipital
nerve. Furthermore, careful examination of the supe-
rior cervical ganglion provided no evidence of labeled
nerve fibers or neurons.

Postmortem Anterograde Tracing in Human
Skulls.—Using Dil placed to distal nerves dissected in
the dura mater of the human skulls, we reinvestigated
the course of meningeal fibers innervating the middle
cranial fossa, comparable to our findings in the rat
skull. Thereby, we confirmed the old observations of
von Luschka, as well as of Penfield and McNaughton,
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and Dowgjallo** on the course of the spinosus nerve,
the main meningeal branch originating from the third
(mandibular) division of the fifth cranial nerve. This
nerve splits up into bundles, which run within the dura
mater along the MMA and give rise to richly ramified
endings (Fig.2B-E). In addition, again confirming
former findings and comparable to the anterograde
tracings in rats, some of these bundles obviously pen-
etrate the skull through the sutures and along the
emissary veins (Fig. 2F). From our tracings, we esti-
mate that about 10-20% of meningeal fibers of the
spinosus nerve leave the skull in this way forming
about 10 bundles on each side with myelinated and
unmyelinated axons (see below). The stereomicro-
scopic observations showed regularly small nerve
fibers bundles that sheer out of the spinosus nerve,
follow the pars squamosa of the temporal bone, and
penetrate the petrosquamos fissure. After the appli-
cation of Dil crystals close to the penetration sites, we
found traced fiber bundles on the outside of the squa-
mous suture, and these bundles entered not only the
periost but also the insertion of the temporal muscle
(Fig. 2G). Due to the size of the human skull, it was
not possible to trace the spinosus nerve arising from
the mandibular division along its entire course.
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Postmortem Retrograde Tracing in Rats.—Dil
crystals were also placed to the proximal stump of
the cut spinosus nerve near the trigeminal ganglion
to stain the nerve fibers retrogradely. The cell bodies
of these fibers were found in the maxillary and man-
dibular divisions of the ganglion (Fig.3B). The
peripheral axons of these neurons form 4-5 small
nerve bundles running in the dura mater of the tri-
geminal ganglion (trigeminal cavum) along the man-
dibular nerve. Before the mandibular nerve leaves
the skull base through the oval foramen, these nerve
bundles leave the dura mater of the ganglion to
enter the dura mater of the middle cranial fossa
where they unite and form the spinosus nerve. Apart
from the nerve fibers originating from their somata
in the trigeminal ganglion, 40-50 axons were
observed to pass the ganglion and the trigeminal
nerve without any contact to cell bodies. The
number of stained somata per ganglion ranged from
291 to 326 (mean + SD: 308.4 £ 8.8; n =25 ganglia),
about 70% of which were located posteriolaterally
within  the 30%
anterolaterally in the maxillary division (Fig. 3B-D).

mandibular  division and
In the (anteromedially located) ophthalmic part, no
labeled cell bodies were found. The diameter of
stained somata ranged from 10 to 45 um, 65% of
them showed diameters between 25 and 35 um
(Fig. 3D).

The central fibers of the pseudounipolar trigemi-
nal ganglion cells leave the ganglion as a tight bundle
and follow the spinal trigeminal tract in caudal direc-
tion (Fig. 3B). Labeled endings stained by Dil were
found in the ipsilateral spinal trigeminal tract and in
the superficial layers of the spinal trigeminal nucleus
(Fig. 3E-G). No labeled fibers and neurons were
detected on the contralateral side.

Electron Microscopic Examinations.—Cross-
sections through the proximal spinosus nerve were
examined by electron microscopy in five rat and three
human specimens, exhibiting remarkable similarities.
The number of myelinated nerve fibers ranged from
156 to 162 in rat and from 165 to 171 in human
spinosus nerves. Unmyelinated axons (ranging from
312 to 332 in rat and about 400 to 460 in human) were
composed of 27-31 (rat) and about 25-30 (human)
Remak bundles. The diameters of the myelinated



Headache

1003

S N spihos_u_é >/
SN T @:4
V2

&
V3

P
o

Number of neurons per ganglion

10-15 15-20 20-30 30-40 40-50
Soma diameter (um)

Fig 3.—Retrograde Dil tracing of rat spinosus nerve. (A) Hemi-schematic drawing of the rat brain showing the position of
micrographs (B-C) and (E-G). The cerebral cortex is translucent to demonstrate the trigeminal ganglion with its nerves V1-3. The
course of the spinosus nerve (IN. spinosus) in the dura mater overlying the temporal and parietal cortex is indicated. (B) Whole
mount fluorescent micrograph of the trigeminal ganglion. Labeled neurons are visible in the maxillary (V2) and mostly in the
mandibular division (V3). Arrowheads point to labeled nerves traveling through the dura mater of the trigeminal ganglion, which
unite and give rise to the spinosus nerve outside of the ganglion. The arrow indicates the course of the centrally running axons. (C)
Labeled neurons in V3 at higher magnification in a trigeminal ganglion section. (D) Number of labeled neurons and distribution
of soma diameters in trigeminal ganglia (mean * SDj; n = 25). (E-G) Labeled centrally running axons in sections of the trigeminal
tract at the entrance of the trigeminal root into the brainstem (E), at the transition between subnucleus oralis and interpolaris (F),
and at the level of the subnucleus caudalis (G) of the spinal trigeminal nucleus.

axons (including myelin sheath) ranged from 1 to
6 um and that of unmyelinated axons from 0.1 to
0.4 um in the rat spinosus nerve (Fig.4A-E). The
diameter of axons in the Remak bundles of the
human spinosus nerve could not reliably been
assessed due to their limited conservation after
immersion fixation (Fig. 4F-H).

Nerve fiber bundles leaving the rat skull through
sutures and emissary canals (n = 11) contained typi-
cally few myelinated axons (mean=*SD: 2.7+1.9)
and considerably more unmyelinated axons
(mean +SD: 152+ 1.1) (Fig. 4L,LK). In addition, a
distal branch of the spinosus nerve splits regularly up

into two bundles containing around 30 myelinated
and 60 unmyelinated fibers that enter the petrosqua-
mous fissure.

DISCUSSION

The present neuronal ex vivo tracing study is
complementary to our published in vivo tracing study
combined with functional measurements.** In this
work, we have described meningeal nerve fibers that
spread through the skull and innervate extracranial
tissues. This new concept was now confirmed by the
present comparative study, which includes human
tissue and allows reliable and complete tracing of
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Fig 4.—Electron microscopy of the rat (A-E; I-K) and human spinosus nerve bundles (F-H). (A-B) Number of myelinated (A) and
unmyelinated axons (B) and distribution of their diameters in the rat spinosus nerve (mean + SD; n = 5). (C-E) Cross-sections
through the rat spinosus nerve. Remak bundles with unmyelinated axons are clearly visible at high magnification (arrow in E).
(F-H) Cross-sections through the human spinosus nerve. Most myelinated and unmyelinated fibers in Remak bundles (arrows)
show signs of degeneration. (I-K) Cross-sections through nerve fiber bundles found in the dura mater invaginating sutures of the

rat skull.

nerve fibers. Using the antero- and retrograde in vitro
tracing method in rats, we could demonstrate in detail
the extended network of nerve fibers supplying the
dura mater of the middle cranial fossa and adjacent
extracranial structures. In addition, we examined the
origin of trigeminal fibers in the trigeminal ganglion
and their projection into the central nervous system.
The observation of retrogradely labeled cell bodies in
the trigeminal ganglion after application of the tracer
to the same site of the spinosus nerve as for antero-

grade tracing confirms the conclusion that the nerve
fibers identified intra- and extracranially after antero-
grade tracing belong to the trigeminal network of
afferents that pass the dura mater. Preliminary trac-
ings of other meningeal nerves reveal that the dura
mater of the anterior and posterior cranial fossae is
similarly innervated by nerve fibers that also give rise
to extracranial projections. The precise innervation
pattern of these areas will be examined in further
studies.



Headache

Afferent fibers innervating pericranial muscles
through extracranial routes or motor efferents of the
trigeminal nerve are unlikely to be among the labeled
fibers because careful inspection of the mandibular
branch that leaves the skull did not show any stained
nerve fibers. Double labeling of neurons in the gan-
glion from the muscle and the dura mater using in
vivo tracing techniques could ultimately confirm the
concept of afferent collaterals innervating both
tissues.

Of particular importance is that in both species,
not only the periost but also the tendinous insertions
and deep layers of pericranial muscles were found to
be innervated by meningeal nerve fibers that trans-
verse the cranial bone. The results will contribute to
the understanding of the pathogenesis of primary and
secondary headaches, and revive the discussion about
the origin of these types of headaches.

Innervation of the Dura Mater of the Middle
Cranial Fossa.—The application of Dil to the proxi-
mal spinosus nerve enabled the staining of all menin-
geal nerve fibers with all their ramifications up to the
very terminals. Compared with the in vivo tracing
method, this technique allows specific labeling of
small regions of interest, eg, of one particular
nerve.”*® One disadvantage is that this type of label-
ing cannot be combined with immunohistochemistry.

The finding of a close relationship between the
branches of the MMA and meningeal nerve fibers

I>* and more

10,12,20

confirms previous classical histologica

recent immunohistochemical studies. Some
nerve fibers of the nerves accompanying the arterial
branches terminate in or close to the adventitia, but in
the majority of cases small bundles of axons and
single fibers sheer out of the main nerve, divide
several times dichotomously, and extend with their
terminals into connective tissue. We cannot exclude
that nerve fibers running with or parallel to the

31,32

spinosus nerve have a sympathetic’'>* or parasympa-

thetic origin'® and contribute to vascular functions.®**
However, the labeled axons are probably all afferent,
since the spinosus nerve arising directly from the tri-
geminal ganglion was labeled at its most proximal
end, and there is no evidence that the tracer can cross
over to neighboring axons. The myelinated fibers

identified in the electron microscopic cross-sections
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of the spinosus nerve are certainly trigeminal. The
unmyelinated fibers running in Remak bundles are
also likely to be afferent in nature because they are
readily separated one from another by Schwann cell
extensions (see Fig. 4E), which has been found to be a
criterion for afferent fibers.”

The innervation of the cranial dura mater by the
ramifying spinosus nerve was restricted to the middle
cranial cavity, and spared the sagittal and transverse
sinus as well as the tentorium cerebelli. This confirms
earlier findings of Strassman et al,'> who defined two
separated systems of meningeal afferent innervation:
The meningeal structures surrounding the middle
cranial fossa, sagittal and transverse sinus and tento-
rium, are supplied by a separate afferent pathway.
Fibers Through the
Calvarium.—The penetration of meningeal nerve

Transition of Nerve
fibers into the calvarium along sutures and emissary
canals and the innervation of the cranial bone have
previously been demonstrated in the mouse by histo-
chemical preparations.® Our anterograde tracings
starting from the proximal spinosus nerve together
with the retrograde tracings in rats, which stained
somata in the trigeminal ganglion, show almost cer-
tainly that these bone penetrating fibers are of tri-
geminal origin. This is further confirmed by our recent
functional studies on skull penetrating collaterals,
which could be activated by noxious stimuli from the
intracranial and the extracranial side, ie, from the
dura mater and periosteum.* In the present study, we
show the innervation pattern of these extracranially
projecting afferents in more detail. We found labeled
nerve fibers not only within the deep structures of the
masticatory muscles and upper neck muscles but also
within the connective tissue of the temporomandibu-
lar joint. Since we have never seen stained structures
other than nerves in the dura mater, as well as in
sutures and emissary canals, we are sure that the
tracer did not freely diffuse to these extracranial
tissues. In the nuchal region, the trigeminal innerva-
tion territory seems to overlap with the territory of
the occipital nerves. The innervation of pericranial
muscles by collaterals of meningeal afferent fibers
seems to be fairly substantial. The labeled extracra-
nial nerve fibers in this region are certainly not of
spinal origin because staining was completely lacking
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in the occipital nerves. Although we observed, both in
humans and rats, nerves fibers in the posterior part of
the cranial cavity that penetrate the petrosquamous
fissure, we could confirm labeled nerve fibers in the
upper neck muscles only in rats, due to the limited
diffusion distance of the postmortem tracing
technique.

Role for Myelinated and Unmyelinated Fibers of
the Spinosus Nerve.—The electron microscopic sec-
tions of the spinosus nerve both in rat and human
specimens showed numerous myelinated nerve fibers,
which according to their diameter must partly be
classified as AB-fibers, confirming previous observa-
tions.*'>? AB-fibers subserve normally mechanore-
ceptive functions, but it seems difficult to attribute
meningeal afferents a non-nociceptive function since
there is no sensation but pain that could be evoked
by stimulation of the dura mater during head surger-
ies.>® It has been speculated that these nerve fibers
could be activated by mechanical stimuli, such as
sudden head movements.'>* This idea is particularly
interesting in respect of their possible contribution
to migraine and chronic tension-type headaches, if
these nerve fibers belong to those that innervate peri-
cranial muscles. To clarify the nociceptive nature of
these afferents, combined labeling with nociceptive
markers like neuropeptides may be useful, but first
trials using antibodies against calcitonin gene-related
peptide to label retrogradely traced nerve fibers have
failed, probably due to the long duration of tissue
fixation.

Apart from the above hypothesis, there is an
additional functional explanation for the extracranial
innervation: Possibly part of the myelinated nerve
fibers
collaterals of meningeal afferents but proprioceptive

innervating pericranial muscles are not
fibers that travel through the trigeminal ganglion
toward their somata located in the mesencephalic
nucleus of the trigeminal nerve.”” Those fibers may
preferably be myelinated, and indeed the small distal
nerve bundles approaching the sites of skull penetra-
tion seem to contain a higher proportion of myelin-
ated vs unmyelinated fibers compared with the
proximal spinosus nerve, particularly bundles that
penetrate the petrosquamous fissure — compare
figure le in Schueler etal* with Figure 4 of the
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present paper. The size distribution of neuronal cell
bodies, which may approximately reflect the diam-
eters of axons, seems to be in accordance with the
above distribution in that the ratio of small cells
(below 20 um) labeled by in vivo tracing from the
periosteum in our previous examination is lower than
the ratio of small neurons labeled by ex vivo tracing of
the spinosus nerve — compare figure 2d of Schueler

et al**

with Figure 3D of the present paper.

Whereas the role for AP-fibers in meningeal
nociception is unclear, there is good reason to
assume that the skull penetrating, presumably noci-
ceptive, Ad and C-fibers are involved in the genera-
tion of headaches. This pattern of innervation could,
for example, explain the aggravating influences of
neck muscle tension on tension-type headache and

migraine,

and may explain why manual therapies
of pericranial structures can be successful in the
management of headaches.®’ It may also partly be an
explanation for the beneficial effects of local anes-
thetic or botulinum toxin injections into peripheral
nerves, or the so-called trigger points of pericranial
tissues. "+

Trigeminal Ganglion and Central Projections.—
The dominance of small labeled cell bodies in the
trigeminal ganglion is in accordance with the domi-
nant number of unmyelinated axons counted in the
electron micrographs of the cross-sected spinosus
nerve. The cell bodies of the retrogradely labeled tri-
geminal fibers of the spinosus nerve were found
exclusively within the maxillary and mandibular divi-
sions of the trigeminal ganglion, ie, more than 70% of
neurons were located in the posterolateral part of the
mandibular division. This surprising result is in accor-
dance with our recent study? but is not consistent
with previous in vivo studies that show an ophthalmic
contribution.*** The most likely reason for this dis-
crepancy between the present and the above studies
is the application site of the tracer to the dural tissue
around the MMA and near the superior sagittal sinus,
areas that seem to be innervated by neurons both
from the mandibular and the ophthalmic division.
Strassman etal (2004),"”” using Dil application
in formalin-fixed tissue, described two separate
systems of nerve fibers in the dura mater, one that
runs parallel to the MMA and another with a
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preferentially orthogonal orientation running from
the transverse sinus across the MMA. The latter may
arise from tentorial nerve fibers, which origin in the
ophthalmic division of the ganglion. In contrast, the
present postmortem anterograde tracings enabled
the selective application of the tracer to the spinosus
nerve, exclusively innervating the dura mater of the
middle cranial fossa.

The central extension of the retrogradely labeled
nerve fibers project through the spinal trigeminal
tract into the spinal trigeminal nucleus, which is in
accordance with previous tracing studies. Labeled
nerve fibers innervating cranial blood vessels, either
intracranial (MMA, superior sagittal sinus) or extra-
cranial (superficial temporal artery), were found to
terminate centrally in the interpolar and caudal sub-
nucleus of the spinal trigeminal nucleus.**** The
spinal trigeminal nucleus is known to be mainly
involved in the transmission of nociceptive informa-
tion from inside and outside the head and the face.****
A spatial separation of intra- and extracranial noci-
ceptive transmission has not been identified, which
underlines the idea that both intra- and extracranial
afferent input can contribute to the generation of
headaches.

Taken together, we conclude from our compara-
tive tracing study in the rat and human skull that, due
to the high homology of the trigeminal innervation,
the rat is a valid model to study the anatomical and
functional characteristics of the meningeal innerva-
tion with regard to pathophysiological aspects of
head pain. The main conclusion drawn from this study
is that the pericranial nociceptive innervation, which
is partly arising from the intracranial meningeal
innervation, may significantly contribute to the gen-
eration of headaches.

Acknowledgments: M.S. (Institute of Physiology &
Pathophysiology) performed the present work in order to
fulfill the requirements for obtaining the degree “Dr.
med.” of the Friedrich-Alexander University Erlangen-
Niirnberg. The authors like to thank Andrea Hilpert,
Anthony Simpson (Institute of Anatomy), and Birgit
Vogler (Institute of Physiology & Pathophysiology) for
their expert technical assistance. This work received finan-
cial support from the EU project EUROHEADPAIN
(No. 602633) of the 7th framework program.

1007

STATEMENT OF AUTHORSHIP

Category 1

(a) Conception and Design
Karl Messlinger; Markus Schueler; Winfried L.
Neuhuber

(b) Acquisition of Data
Markus Schueler; Karl Messlinger; Roberto De
Col

(c¢) Analysis and Interpretation of Data
Markus Schueler; Karl Messlinger; Winfried L.
Neuhuber

Category 2

(a) Drafting the Manuscript
Markus Schueler; Karl Messlinger

(b) Revising It for Intellectual Content
Karl Messlinger; Roberto De Col; Winfried L.
Neuhuber

Category 3

(a) Final Approval of the Completed Manuscript
Markus Schueler; Karl Messlinger; Roberto De
Col; Winfried L. Neuhuber

REFERENCES

1. Arnold F. Der Kopfteil des Vegetativen Nerven-
systems beim Menschen. Heidelberg: K. Groos; 1831.

2. von Luschka H. Die Nerven der Harten Hirnhaut.
Tiibingen: H. Laupp; 1856.

3. Dowgjallo N. Ueber die nerven der harten hirnhaut
des menschen and einiger sduger. Z Ges Anat.
1929;89:453-466.

4. Grzybowski J. L’innervation de la dure — mére
cranienne chez ’homme. Arch Anat Histol Embryol.
1931;14:387-428.

5. Penfield W, McNaughton F. Dural headache and
innervation of the dura mater. Arch Neurol Psychia-
try. 1940;44:43-75.

6. Ray BS, Wolff HG. Experimental studies on head-
ache: Pain-sensitive structures of the head and their
significance in headache. Arch Surg.1940;41:813-856.

7. Feindel W, Penfiled W, McNaughton F. The tento-
rial nerves and iocalization of intracranial pain in
man. Neurology. 1960;10:555-563.

8. Wirth FP Jr, Van Buren JM. Referral of pain from
dural stimulation in man. J Neurosurg. 1971;34:630-
642.



1008

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Andres KH, von Diiring M, Muszynski K, Schmidt
RF. Nerve fibres and their terminals of the dura
mater encephali of the rat. Anat Embryol (Berl).
1987;175:289-301.

Edvinsson L, Uddman R. Adrenergic, cholinergic
and peptidergic nerve fibres in dura mater — Involve-
ment in headache? Cephalalgia. 1981;1:175-179.
Fricke B, Andres KH, Von During M. Nerve fibers
innervating the cranial and spinal meninges:
Morphology of nerve fiber terminals and their
structural integration. Microsc Res Tech.2001;53:96-
105.

Strassman AM, Weissner W, Williams M, Ali S, Levy
D. Axon diameters and intradural trajectories of the
dural innervation in the rat. J Comp Neurol.
2004;473:364-376.

Bove GM, Moskowitz MA. Primary afferent
neurons innervating guinea pig dura. J
Neurophysiol. 1997;77:299-308.

De Col R, Messlinger K, Carr RW. Conduction
velocity is regulated by sodium channel inactivation
in unmyelinated axons innervating the rat cranial
meninges. J Physiol. 2008;586:1089-1103.

Strassman AM, Raymond SA, Burstein R. Sensiti-
zation of meningeal sensory neurons and the origin
of headaches. Nature. 1996;384:560-564.

Strassman AM, Levy D. Response properties of
dural nociceptors in relation to headache. J
Neurophysiol. 2006;95:1298-1306.

Burstein R, Levy D, Jakubowski M, Woolf CJ.
Peripheral and central sensitization related to head-
ache. In: Olesen J, Goadsby PJ, Ramadan NM,
Tfelt-Hansen P, Welch KMA, eds. The Headaches.
Philadelphia, PA: Lippincott Williams & Wilkins;
2006:119-126.

Steiger HJ, Meakin CJ. The meningeal representa-
tion in the trigeminal ganglion — An experimental
study in the cat. Headache. 1984;24:305-309.
Keller JT, Marfurt CF. Peptidergic
serotoninergic innervation of the rat dura mater. J
Comp Neurol. 1991;309:515-534.

Messlinger K, Hanesch U, Baumgartel M, Trost B,
Schmidt RF. Innervation of the dura mater encephali
of cat and rat: Ultrastructure and calcitonin gene-
related peptide-like and substance P-like immunore-
activity. Anat Embryol (Berl).1993;188:219-237.
Edvinsson L, Gulbenkian S, Barroso CP, et al. Inner-
vation of the human middle meningeal artery:
Immunohistochemistry, ultrastructure, and role of

and

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

June 2014

endothelium for vasomotility. Peptides. 1998;19:
1213-1225.

Olesen J, Burstein R, Ashina M, Tfelt-Hansen P.
Origin of pain in migraine: Evidence for peripheral
sensitisation. Lancet Neurol. 2009;8:679-690.
Kosaras B, Jakubowski M, Kainz V, Burstein R.
Sensory innervation of the calvarial bones of the
mouse. J Comp Neurol. 2009;515:331-348.

Schueler M, Messlinger K, Dux M, Neuhuber WL,
De Col R. Extracranial projections of meningeal
afferents and their impact on meningeal nociception
and headache. Pain. 2013;154:1622-1631.

Brehmer A, Schrodl F, Neuhuber W, Hens J,
Timmermans JP. Comparison of enteric neuronal
morphology as demonstrated by Dil-tracing under
different tissue-handling conditions. Anat Embryol
(Berl). 1999;199:57-62.

Honig MG, Hume RI. Dil and diO: Versatile fluo-
rescent dyes for neuronal labelling and pathway
tracing. Trends Neurosci. 1989;12:333-341.

Lukas JR, Aigner M, Denk M, Heinzl H, Burian M,
Mayr R. Carbocyanine postmortem neuronal
tracing. Influence of different parameters on tracing
distance and combination with immunocytochemis-
try. J Histochem Cytochem. 1998;46:901-910.
Kobbert C, Apps R, Bechmann I, Lanciego JL, Mey
J, Thanos S. Current concepts in neuroanatomical
tracing. Prog Neurobiol. 2000;62:327-351.

Vercelli A, Repici M, Garbossa D, Grimaldi A.
Recent techniques for tracing pathways in the
central nervous system of developing and adult
mammals. Brain Res Bull. 2000;51:11-28.
Godement P, Vanselow J, Thanos S, Bonhoeffer F. A
study in developing visual systems with a new
method of staining neurones and their processes in
fixed tissue. Development. 1987;101:697-713.

Keller JT, Marfurt CF, Dimlich RV, Tierney BE.
Sympathetic innervation of the supratentorial
dura mater of the rat.J Comp Neurol.1989;290:310-
321.

Maklad A, Quinn T, Fritzsch B. Intracranial distri-
bution of the sympathetic system in mice: Dil tracing
and immunocytochemical labeling. Anat Rec.
2001;263:99-111.

Dux M, Santha P, Jancso G. Capsaicin-sensitive neu-
rogenic sensory vasodilatation in the dura mater of
the rat. J Physiol. 2003;552:859-867.

Holom VH, Messlinger K, Fischer MJ. Temperature-
dependent neuronal regulation of arterial blood



Headache

3s.

36.

37.

38.

39.

40.

flow in rat cranial dura mater. J Neurosci Res.
2008;86:158-164.

Messlinger K. Functional morphology of nocicep-
tive and other fine sensory endings (free nerve
endings) in different tissues. In: Kumazawa T,
Kruger L, Mizumura K, eds. The Polymodal Recep-
tor — A Gateway to Pathological Pain. Progress in
Brain Research Vol 113. Amsterdam: Elsevier;
1996:273-298.

Liu Y, Broman J, Edvinsson L. Central projections
of the sensory innervation of the rat middle menin-
geal artery. Brain Res. 2008;1208:103-110.

Luschei ES. Central projections of the mesence-
phalic nucleus of the fifth nerve: An autoradio-
graphic study. J Comp Neurol. 1987;263:137-
145.

Fernandez-de-Las-Penas C, Ge HY, Arendt-Nielsen
L, Cuadrado ML, Pareja JA. Referred pain from
trapezius muscle trigger points shares similar char-
acteristics with chronic tension type headache. Eur J
Pain. 2007;11:475-482.

Fernandez-de-Las-Penas C, Ge HY, Arendt-Nielsen
L, Cuadrado ML, Pareja JA. The local and referred
pain from myofascial trigger points in the temporalis
muscle contributes to pain profile in chronic tension-
type headache. Clin J Pain. 2007;23:786-792.

Biondi DM. Physical treatments for headache: A
structured review. Headache. 2005;45:738-746.

42.

43.

44.

45.

46.

47.

48.

1009

. Ashkenazi A, Blumenfeld A, Napchan U, etal.

Peripheral nerve blocks and trigger point injections
in headache management — A systematic review and
suggestions for future research. Headache.
2010;50:943-952.

Schulte-Mattler WJ, Martinez-Castrillo JC. Botuli-
num toxin therapy of migraine and tension-type
headache: Comparing different botulinum toxin
preparations. Eur J Neurol. 2006;13(Suppl. 1):51-54.
O’Connor TP, van der Kooy D. Pattern of intracra-
nial and extracranial projections of trigeminal gan-
glion cells. J Neurosci. 1986;6:2200-2207.

Liu Y, Zhang M, Broman J, Edvinsson L. Central
projections of sensory innervation of the rat super-
ficial temporal artery. Brain Res. 2003;966:126-133.
Liu Y, Broman J, Edvinsson L. Central projections
of sensory innervation of the rat superior sagittal
sinus. Neuroscience. 2004;129:431-437.

Dubner R, Bennett GJ. Spinal and trigeminal
mechanisms of nociception. Annu Rev Neurosci.
1983;6:381-418.

Gobel S, Binck JM. Degenerative changes in
primary trigeminal axons and in neurons in nucleus
caudalis following tooth pulp extirpations in the cat.
Brain Res. 1977;132:347-354.

Mosso JA, Kruger L. Receptor categories repre-
sented in spinal trigeminal nucleus caudalis. J
Neurophysiol. 1973;36:472-488.



