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Current understanding of the origin of occipital headache falls short of distinguishing between cause and effect. Most preclinical studies
involving trigeminovascular neurons sample neurons that are responsive to stimulation of dural areas in the anterior 2/3 of the cranium
and the periorbital skin. Hypothesizing that occipital headache may involve activation of meningeal nociceptors that innervate the
posterior 1⁄3 of the dura, we sought to map the origin and course of meningeal nociceptors that innervate the posterior dura overlying
the cerebellum. Using AAV-GFP tracing and single-unit recording techniques in male rats, we found that neurons in C2–C3 DRGs
innervate the dura of the posterior fossa; that nearly half originate in DRG neurons containing CGRP and TRPV1; that nerve bundles
traverse suboccipital muscles before entering the cranium through bony canals and large foramens; that central neurons receiving
nociceptive information from the posterior dura are located in C2–C4 spinal cord and that their cutaneous and muscle receptive fields are
found around the ears, occipital skin and neck muscles; and that administration of inflammatory mediators to their dural receptive field,
sensitize their responses to stimulation of the posterior dura, peri-occipital skin and neck muscles. These findings lend rationale for the
common practice of attempting to alleviate migraine headaches by targeting the greater and lesser occipital nerves with anesthetics. The
findings also raise the possibility that such procedures may be more beneficial for alleviating occipital than non-occipital headaches and
that occipital migraines may be associated more closely with cerebellar abnormalities than in non-occipital migraines.
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Introduction
Occipital headaches can be a prominent feature of both migraine
and non-migraine headaches. One-third of all migraines begin
with tenderness of neck and shoulder muscles that gradually de-
velop into a low-grade occipital headache (Liveing, 1873; Kel-
man, 2005). Occipital headaches are also common in non-

migraine headaches such as tension-type (Jensen et al., 1993),
cervicogenic (Sjaastad and Fredriksen, 2000; Bogduk, 2004), and
those associated with Chiari malformation (Watkins, 1969). Cur-
rent speculations on the cause of occipital headaches often fall
short at distinguishing between cause (where it originates) and
effect (where it hurts). Traditionally, it has been thought that
occipital headache is generated in trigemino-cervical complex
neurons that receive nociceptive signals from the intracranial
dura, pericranial muscles, and skin at the back of the head (Pio-
vesan et al., 2001; Bartsch and Goadsby, 2002; Bogduk, 2004).
According to this scenario, occipital headaches may be initiated
by spasms or tension of scalp, shoulders, and neck muscles in-
serted in the occipital region (Olesen, 1978; Edmeads, 1988), or
by irritation of the dura during migraine. Occipital headaches can
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Significance Statement

Occipital headaches are common in both migraine and non-migraine headaches. Historically, two distinct scenarios have been
proposed for such headaches; the first suggests that the headaches are caused by spasm or tension of scalp, shoulders, and neck
muscles inserted in the occipital region, whereas the second suggests that these headaches are initiated by activation of meningeal
nociceptors. The current study shows that the posterior dura overlying the cerebellum is innervated by cervicovascular neurons in
C2 DRG whose axons reach the posterior dura through multiple intracranial and extracranial pathways, and sensitization of
central cervicovascular neurons from the posterior dura can result in hyper-responsiveness to stimulation of neck muscles. The
findings suggest that the origin of occipital and frontal migraine may differ.
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also occur when C2 sensory roots are compressed, irritated, or
inflamed (Chouret, 1967). One of the most direct lines of evi-
dence for C2 DRG involvement in occipital headache was de-
scribed as early as the 1960s by Kerr (1961) in a report on the
occurrence of occipital headache during stimulation of C2 DRG
and their nerve roots, an observation confirmed recently by John-
ston et al. (2013). The involvement of C2 DRG and its nerve roots
in occipital headache is also supported by the frequent elimina-
tion of occipital pain and headache following anesthetic blockade
of the occipital nerve and its branches (Edmeads, 1988; Sjaastad
and Fredriksen, 2000; Paemeleire and Bartsch, 2010; Paemeleire
et al., 2010; Palmisani et al., 2013).

To date, most if not all preclinical studies involving trigemi-
novascular nociception sample central and peripheral neurons
that are responsive to stimulation of the dura neighboring large
blood vessels (e.g., transverse and superior sagittal sinuses, me-
dial meningeal artery), or cerebral cortex, all located in the ante-
rior 2⁄3 of the cranium, and the periorbital skin (Welch, 2003;
Borsook et al., 2004; Akerman et al., 2011; Vecchia and Pietro-
bon, 2012; Noseda and Burstein, 2013). Given the above, it is not
surprising that little or no information is available regarding the
innervation of the posterior dura overlying the cerebellum
(Kimmel, 1961; Keller et al., 1985).

To begin elucidating the neural substrate of occipital head-
ache, we sought to map the origin and course of meningeal noci-
ceptors that innervate the posterior 1⁄3 of the dura overlying the
cerebellum, including their cellular origin in C2 and C3 DRGs,
neurochemical content, entry points into the skull, and the im-
pact of their activation on central cervicovascular neurons in the
spinal cord.

Materials and Methods
Animals. Fifty-four male Sprague-Dawley rats weighting 250 –350 g were
used in this study. Experiments were conducted in accordance with NIH
guidelines and approved by the Institutional Animal Care and Use Com-
mittee at Harvard Medical School and Beth Israel Deaconess Medical
Center. Rats were housed in a controlled environment (22°C RT; 12 h
light/dark cycle) with ad libitum access to food and water.

Anterograde tracing of C2 DRG neurons innervating the posterior dura.
To label the full extent of axons innervating the posterior dura, an adeno-
associated viral vector carrying GFP as reporter gene (AAV-GFP) was
delivered into C2 DRG. First, rats were anesthetized with methohexital
sodium (Brevital; 45 mg/kg, i.p.) to allow endotracheal intubation. Each
rat was then mounted on a stereotaxic frame and connected to a gas
anesthesia system until the end of the procedure (2.5% isoflurane in O 2,
delivered at 100 ml/min). End-tidal CO2, respiratory and heart rate,
blood oxygen saturation and body temperature were continuously mon-
itored and kept within physiological range. Second, the dorsal skin of the
neck was incised at the midline under sterile conditions and muscles were
gently pulled aside to visualize the caudal edge of C1 vertebra. A small,
partial laminectomy of C1 was performed to expose the left C2 DRG.
Then, a glass micropipette (tip diameter 5–10 �m) connected to a mi-
crosyringe was attached to a manipulator and loaded with the viral vec-
tor. Two injections of 5 �l (1 �l/min) of either (1) AAV-GFP (serotype 2;
7 � 10 12 genome copies/ml; HGTI) or (2) AAV2/5CMVeGFP (VVC-U
of Iowa-138) were performed into the C2 ganglion using a microinjector
(Micro4, WPI). After viral vector delivery, wounds were sutured, disin-
fected, and postsurgical analgesics provided (Meloxicam SR, 4 mg/kg,
s.c.; Zoopharm). Animals were allowed to recover from anesthesia and
put back into their cages for 21 d to allow efficient viral transduction and
expression of GFP.

Retrograde labeling from the posterior dura to C2–C4 DRGs. The pur-
pose of these experiments was to confirm the anterograde tracing find-
ings and identify the type, location, and neurochemical content of the
neurons innervating the posterior dura. For this procedure, rats were

anesthetized, mounted on a stereotaxic frame, and monitored as de-
scribed above. Neck muscles inserted into the superior nuchal line of the
occipital bone were incised and displaced downward using a cotton tip to
perform a small craniotomy on the left side of the vertical portion of the
occipital bone, immediately below the suture formed between the occip-
ital and interparietal bones. A piece of gel foam soaked in FluoroGold
(FG; 2% in dH2O; Fluorochrome) was placed on the dura and gently
pushed under the occipital bone. To avoid leaking of the tracer from the
epidural space, sterile bone wax was applied to cover the skull opening
and was secured by gluing on top a portion of surrounding subcutaneous
tissue with Vetbond (3M). Wounds were sutured and disinfected, anal-
gesics provided, and animals replaced into their cages for 3 d.

Tissue collection and processing. Twenty-one days after administration
of anterograde viral vectors and 3 d after administration of retrograde
tracers, rats were deeply anesthetized with an overdose of pentobarbital
sodium (150 mg/kg, i.p.) and perfused with 200 ml heparinized saline
followed by a fixative solution containing 400 ml of paraformaldehyde
(4%) and 20 ml of picric acid (1.3%) in 0.1 M PBS. For the anterograde
labeling study, C2 DRG and large areas of the dura were collected for
analysis, including the (1) anterior dura, covering the cerebral cortex
from the olfactory bulb to the transverse sinus; (2) posterior dura over-
lying the cerebellum from the caudal border of transverse sinus to the
obex; (3) spinal dura, overlying the spinal cord from the obex to C5
segment of the spinal cord; (4) lateral dura, covering the cerebral cortex
along the temporal aspect of the brain; and (5) tentorial dura, between
occipital cortex and cerebellum. Collected portions of the dura were
briefly mounted on slides and visualized under the fluorescent micro-
scope to confirm the presence of GFP-positive fibers. We also collected
large blood vessels of the posterior dura and neck muscles to analyze their
relationship to GFP-labeled fibers (if present). For the retrograde label-
ing study, we collected the area of the dura where the tracer was applied to
confirm its integrity and spread, as well as C2–C4 DRGs and trigeminal
ganglion (TG) for immunofluorescence and further analysis.

Immunofluorescence. Dura sections containing GFP-labeled fibers
were soaked in PBS for immunofluorescence (IF). C2 DRGs from ani-
mals exhibiting GFP labeling in the dura (anterograde study) and those
from animals exhibiting FG labeling in C2/3 DRGs (retrograde study)
were cryoprotected in 30% sucrose PBS for 48 h, frozen, and cut into
serial transversal sections (20 �m thick) using a cryostat (Leica). DRG
Sections were thaw-mounted onto gelatin-coated glass slides and pro-
cessed for IF. Free-floating whole-mount dura and C2 DRG sections were
pre-incubated at room temperature in PBS containing 2% bovine serum
albumin and 1% Triton X-100 for 1 h, followed by incubation at 4°C for
48 h with primary antibodies against CGRP (rabbit anti-CGRP; 1:5000;
Millipore, catalog #PC205L; RRID:AB_2068524) or TRPV1 (rabbit anti-
TRPV1; 1:500; Alomone Labs, catalog #ACC-030; RRID:AB_2313819).
Tissue was rinsed in PBS and incubated for 2 h at room temperature
with the corresponding fluorescent secondary antibody [1:500; Alex-
aFluor 488 or 594; ThermoFisher Scientific, catalog #A-11008 (RRID:
AB_143165) and catalog #A-11037 (RRID:AB_2534095)] against the Igs
of the species in which the primary antibody was raised. Fluorescent
labeling of C2 DRG cells with Isolectin B4 (20 �g/ml; Vector Laborato-
ries, catalog #FL-1201; RRID:AB_2314663) was also performed. Tissue
was rinsed, stained for DAPI (1 �g/ml; ThermoFisher Scientific, catalog
#62248) and coverslipped with fluorescent mounting media Fluoro-
mount (Sigma-Aldrich, catalog #F4680) before imaging.

Digital imaging of dural innervation and C2 DRG cell bodies. Digital
imaging of labeling in different dura sections, C2 DRGs, nerve fibers, and
blood vessels was performed on a fluorescence scanning microscope
(Leica DM5500) that compile 1–1.5-�m-thick scans using a z-stacking
software application (LASX, Leica). Labeling of CGRP, TRPV1, and IB4
was detected by excitation/emission at 551/624 nm (red). GFP and DAPI
labeling were detected by excitation/emission at 455/520 nm (green) and
358/461 nm (blue), respectively. Photomicrographs of double/triple la-
beling were obtained by superimposition of green, red, and blue images.
For mapping GFP-positive fibers in the dura, we captured high-
resolution images of the area containing positive labeling and export
them to Photoshop for the creation of a photomontage. The resulting
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image was converted to grayscale, inverted, and processed in Illustrator
for automatic tracing.

Vascular casting of veins and arteries of the posterior cranium. The aim of
these studies was to identify blood vessels in the posterior cranium and
neck muscles, particularly those entering/exiting the cranium, that are
accompanied by GFP-labeled nerve fibers from C2 DRG. For this, rats
that received rAAV-GFP into C2 DRG were killed (pentobarbital 150
mg/kg, i.p.) and perfused with NaCl 0.9% followed by 2–5 ml of a low-
viscosity solution of polyurethane elastomers (PU4ii, vasQtec). This
solution hardens in a few hours after appropriate perfusion of all-
dimension blood vessels as described previously (Meyer et al., 2007).
Cadaveric samples were soaked in fixative solution (PFA 4%) for 5 d at
4°C. To finalize, cadaveric dissection or tissue maceration with 7.5%
KOH at 55°C was performed under a stereoscope (M80, Leica) dotted
with a digital camera for imaging.

Electrophysiological identification of dura-sensitive neurons in C2–C4
dorsal horn with receptive fields in the posterior dura. For in vivo extracel-
lular recording of central cervicovascular neurons, rats were anesthetized
with urethane (1.5 g/kg, i.p.), intubated endotracheally, catheterized for
infusion of fluids through the femoral vein, mounted on a stereotaxic
frame, and monitored for physiological changes as described above. Sur-
gical access to the upper cervical dorsal horn was performed as described
before (Strassman et al., 1994; Burstein et al., 1998). Briefly, we made a
midline incision of the neck skin, gently pulled neck muscles and sur-
rounding tissue to the side, and performed a laminectomy of the C2
vertebra to expose the upper cervical spinal cord. For stimulation of the
posterior dura overlying the cerebellum, a 3 mm 2 craniotomy was per-
formed on the left side of the vertical portion of the occipital bone after
displacement of neck muscles inserted into the superior nuchal line. The
exposed dura was kept moist using modified synthetic interstitial fluid,
pH 7.2. One hour after surgery, additional immobilization of animals for
recordings stability was achieved by continuous intravenous infusion of
the muscle relaxant vecuronium (1 mg/ml) at a rate of 1 ml/h.

Cervicovascular neurons in the C2–C4 dorsal horn were initially iden-
tified using electrical stimulation of the dura overlying the cerebellum
(0.5 ms pulse, 1 �A, 1 Hz). Once identified, their receptive fields (RFs) in
the dura, neck muscles, and skin were mapped mechanically, and their
spontaneous activity was monitored for 30 min. Each neuron was char-
acterized for its baseline responses to a series of stimuli. Quantitative
stimulation of RFs on the dura and muscles were performed by indenta-
tion with a series of calibrated von Frey hairs (VFHs). Stimulation of the
occipital skin included brushing with paintbrush; pressing with loose
arterial clip; pinching with strong arterial clip. To induce sensitization,
we applied inflammatory soup to dural RFs (IS; Bradykinin, serotonin,
histamine, and PGE2) as described previously (Burstein et al., 1998). To
determine whether or not a neuron got sensitized, corresponding me-
chanical stimuli of the dura, muscles, and skin were repeated 2 h after IS
administration and their values were compared with those recorded be-
fore IS application. Neuronal action potentials were acquired, filtered,
and amplified using a multichannel amplifier (Thomas Recording) and a
Micro1401-mkII digitizer unit (CED) before sending the data to a PC for
additional processing as described before (Noseda et al., 2016). Real-time
waveform discrimination was also performed to detect signals originated
from a single neuron and was based on template creation from sponta-
neous and evoked action potentials using Spike2 software (CED). At the
end of each experiment, an electrolytic lesion was made to identify the
spinal segment and lamina of recording sites. For this, rats were killed
(150 mg/kg pentobarbital sodium, i.p.), and their cervical spinal cord
removed, soaked in fixative solution (formalin 10%) for 7 d, cryopro-
tected, frozen, cut into coronal sections (80 �m thick) using a cryostat
(Leica), mounted on glass slides, counterstained, and coverslipped for
image acquisition

Data analysis and statistics. Spontaneous firing rate (spikes/s), size of
dural and cutaneous RFs (as drawn), and response magnitudes to me-
chanical stimulation of the posterior dura, neck muscle, and cutaneous
RFs were determined as describe before (Burstein et al., 1998, 2010;
Melo-Carrillo et al., 2017). Changes in RF sizes and response magnitude
to stimulation of each of the three RFs (before and after IS) were used to

identify sensitized neurons. A neuron is considered sensitized if its re-
sponse magnitude to mechanical stimulation is increased by �50%.

Results
Anatomical studies
Labeling of sensory fibers innervating the posterior dura was
achieved by injecting the C2 DRG with either one of the AAV
vectors used in the study (Fig. 1A). In 14 of the 27 rats injected,
efficient viral transduction was confirmed by identification of
GFP-expressing cells in the ganglion 3 weeks after the injection.
Coronal sections of C2 DRG were processed for IF to verify trans-
duction efficiency of CGRP-positive sensory neurons. In the best
three experiments, we randomly selected five sections per gan-
glion and estimated that 34% of cells expressed GFP, among
which 9% were immunoreactive to CGRP (Fig. 1B). Animals
containing GFP-expressing neurons were carefully dissected to
follow the trajectory of GFP fibers from C2 DRG to the cranium.
In a cross-section (80 �m thick) of the neck at the level of the
atlas, we observed that the main nerves originating from C2 DRG
(greater and lesser occipital) branch out to form large and mid-
size bundles of fibers traveling across and on the surface of neck
muscles such as acromiotrapezius, splenius, and semispinalis ca-
pitis before entering the skull. Bundles of GFP fibers from C2
DRG were mostly observed traveling along and around blood
vessels. Single GFP fibers were also found in muscle fascia and
penetrating muscle fascicles (Fig. 1C). After their tortuous path
across neck muscles, many GFP fibers entered the cranium
through mainly five points: (1) a mid-size canal formed between
the lateral aspect of the occipital bone and the periotic capsule,
where mid-size veins and GFP fibers access the posterior dura
from the side; (2) emissary canals in the lateral aspect of the
occipital condyle, where small size veins and GFP fibers reach the
posterior dura from the side; (3) hypoglossal canal in the ventro-
lateral aspect of the occipital condyle, where GFP fibers innervate
the ventral and lateral part of the cerebellar dura; (4) foramen
magnum, where fibers originating in C2 DRG densely innervate
the cervical spinal dura and travel rostrally to reach the most
caudal part of the dura overlying the cerebellum as well as the
floor of the posterior cranial fossa; and (5) jugular foramen in the
caudal base of the skull between the tympanic bulla and lateral
aspect of the occipital bone, where GFP fibers innervate ventral
areas of the cerebellar dura (Fig. 1D,E). These entry points into
the cranium were identified using vascular casting of blood ves-
sels with synthetic polyurethane resin, as described above.

Although GFP fibers enter the cranium along with blood ves-
sels, they bifurcate and spread extensively within the intracranial
dura. These dural GFP-labeled axons were immunoreactive to
CGRP, suggesting that they are nociceptive in origin (Fig. 2A).
Dural innervation originating in C2 DRG was identified exclu-
sively in the posterior dura (i.e., from the caudal border of the
transverse sinus to the spinomedullary junction) and cervical spi-
nal dura (i.e., from the spinomedullary junction to C2–C3 bor-
der; Fig. 2B,C). Whole-mount dura was used to map the
distribution of C2 DRG innervation in the posterior and spinal
dura. Multiple adjacent images were acquired and processed for
photomontage to reconstruct the trajectory of GFP-labeled fibers
as shown in Figure 2D. GFP-labeled axons were neither found in
areas of the dura anterior to the caudal border of the transverse
sinus nor in the tentorial dura.

In a different set of experiments, we applied the retrograde
tracer FG on a discrete area of the posterior dura to determine
relative amount and type of C2 DRG neurons innervating this
area (Fig. 3A). Retrogradely labeled cells were observed in 8 of 13
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Figure 1. Anterograde tracing of C2 DRG peripheral axons to the posterior dura (extracranial component). A, Illustration of the rat’s skull view from behind showing intra-ganglionar injection of
rAAV-GFP viral vector into C2 DRG. B, Transversal view of a C2 DRG section showing GFP expression in successfully transduced cells (green, left), some of which were also immunoreactive to CGRP (red,
middle). Superimposition of these images and DAPI (blue) is displayed at the right with white arrowheads indicating double-labeled cells (yellow). C, Cross-section of the whole neck at the level of
C1 vertebra showing the distribution and trajectories of GFP-labeled nerves and fibers traveling along blood vessels (BV), fascia, and muscle from C2 DRG to the cranium. The image shows the left
dorsolateral quadrant of the neck and was created by stitching 268 high-resolution images into a single composite. Numbers and frames indicate the areas where the images displayed (Figure legend continues.)
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rats receiving FG and were mostly located in the anterior half of
the C2 ganglion (Fig. 3B). In successful experiments, the total
number of FG-positive neurons per ganglion, found in �40
cross-sections of 20 �m thick, was 194.7 � 24.1 (mean � SD),

among which 19.5% were classified as large (L; �35 �m) and
80.5% as small (S; �35 �m) based on cell body diameter. The
three C2 ganglia presenting the largest number of FG-labeled
cells (218, 213, and 208 cells per ganglion) were selected and
additionally processed for IF to identify their neurochemical con-
tent. We found that 57.4% of all FG retrogradely-labeled neurons
were immunoreactive to CGRP (58.3% for L neurons; 57.1% for
S) and 49.2% to TRPV1 (9.1% L; 57.4% S). We also found that
only 4.8% (14.3% L; 2.9% S) of all FG-positive neurons con-
tained IB4 (Fig. 3C). For C3 DRG, the total number of FG-
positive neurons per ganglion, found in �40 cross-sections of 20

4

(Figure legend continued.) at the right and bottom were taken. The only not-numbered image was
taken from another cross-section of the neck in the same animal. D, Cervical nerves and bundles of fibers
expressingGFPwereobservedcrossingneckmuscles,travelingalongbloodvesselsandfasciabeforeentering
the cranium in the occipital region through (E) a canal between the occipital bone (occ) and the periotic
capsule(pcap)(1),emissarycanalsneartheoccipitalcondyle(2),thehypoglossalcanal(3),foramenmagnum
(fmag)(4),andjugularforamen(5). Interparietalbone(ipar),parietalbone(par).Scalebars,100�m.

Figure 2. Anterograde tracing of C2 DRG peripheral axons in the posterior dura (intracranial component). A, Flat mount of the dura overlying the cerebellum showing GFP-labeled axons from C2
DRG spreading within the dura immediately after entering the cranium. These GFP-labeled dural axons were immunoreactive to CGRP (red) as evidenced in the superimposition of images at the
bottom, where white arrowheads indicate double labeling of these axons (yellow) in the DAPI (blue) counterstained dura. B, Representative examples of GFP-labeled axons spreading extensively
within the posterior dura overlying the cerebellum (left), large intra-cranial blood vessels (right), and (C) the dura covering the upper cervical segments of the spinal cord. D, Reconstruction of the
GFP-labeled axons shown in A–C. Inset, Illustration of the rat brain showing the region of interest. Scale bars, 100 �m.
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�m thick, was 223.6 � 28.2 (mean � SD;
n � 3), among which 18.2% had large and
81.8% small cell bodies (data not shown).
When FG was applied in restricted areas
of the dura underneath the occipital bone,
no labeled cells were found in C4 or in the
TG. In contrast, when FG was placed on
the anterior and dorsal portion of the pos-
terior dura, retrograde labeling of TG
cells was detected. In fact, the closer to the
transverse sinus the FG was placed, the
larger the number of neurons we found
labeled in the TG.

Electrophysiological study
We performed extracellular single-unit
recordings in the upper cervical spinal
cord of 14 rats. A total of 21 neurons were
successfully isolated. Among them, we
identified 12 neurons with distinct re-
sponses to (1) electrical and (2) mechani-
cal stimulation of the posterior dura as
well as mechanical stimulation of superfi-
cial and deep neck muscles and the occip-
ital skin (Fig. 4). Based on electrolytic
lesions made at the end of each experi-
ment, neurons were distributed across
laminae I–V, spanning �2.5 mm from C2
to C4 segments of the cervical spinal cord
(Fig. 5), and based on their responses to in-
nocuous and noxious mechanical stimula-
tion of the skin, they were all classified as
Wide Dynamic Range (WDR) (Fig. 4B).

All intracranial RFs were ipsilateral, lo-
cated in the dura overlying the posterior
aspect of the cerebellum (vertical orienta-
tion in the rat; Fig. 6A). In the naive state,
indentation of each of the 12 dural RFs
with 4 g (VFH) induced sustained and
brief neuronal responses (Fig. 6B). Two
hours after local application of IS to the
dural RFs, indentation with the same me-
chanical force triggered responses that
were at least 50% larger in magnitude than
those recorded in the naive state (Fig. 6C).
Such enhanced responses (suggestive of
sensitization) were recorded in 7/12
(58%) neurons, and showed an increase
from 6.7 � 2.7 to 11.4 � 4.1 (mean �
SEM) spikes/s (see Fig. 9A). In five cases,
dural RFs expanded beyond their original
size (Fig. 6A).

Our ability to map the muscle RFs of
the posterior dura-sensitive neurons was
limited by the fact that many of the axons
that carry sensory information from the
posterior dura to the dorsal horn pass
through and bifurcated in the muscles
themselves. We intentionally avoided ex-
cessive or unnecessary manipulation of
neck muscles during the experiments to
keep anatomical integrity and minimize

Figure 3. Retrograde labeling in C2 DRG from the posterior dura. A, Illustration of the rat’s skull view from behind showing the
area of FG application (green) on the posterior dura. B, Transversal view of a C2 DRG section showing retrogradely-labeled neurons
filled with FG near the anterior edge of the left ganglion. C, A proportion of FG-labeled neurons (green) in C2 DRG was also
immunoreactive to CGRP, TRPV1, or IB4 (red). Images in the left column were created by superimposition of the images in the right
column. Filled arrowheads point to FG-positive cells. Open arrowheads indicate double-labeled cells with FG and with each of the
three markers of sensory neurons used (yellow). Scale bars, 100 �m.
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the damage to these axons. Accordingly, we were unable to map
muscle RFs reliably, because it required invasive manipulation of
muscles to measure expansion of their RFs accurately. Although
our impression was that expansion of muscle RFs occurred in
some experiments, we limited our assessment by only identifying
the most sensitive area in superficial (acromiotrapezius) and/or
deep (semispinalis capitis and rectus capitis) muscles without
further assessment of expansion. Figure 7A illustrates the most
sensitive sites to mechanical stimulation in each of these muscle
groups. In the naive state, indentation of each of the 12 muscle
RFs with 4 g (VFH) induced sustained and brief neuronal re-

sponses (Fig. 7B). Two hours after local
application of IS to the dural RFs, inden-
tation of the muscle RFs with the same
mechanical force triggered responses that
were at least 50% larger in magnitude than
those recorded in the naive state (Fig. 7C).
Such enhanced responses (suggestive of
sensitization) were recorded in 6/12
(50%) neurons, and increased from 4.3 �
1.9 to 9.1 � 3.3 (mean � SEM) spikes/s
(Fig. 9B).

Unlike the mostly periorbital and fa-
cial cutaneous RFs of neurons in the spi-
nal trigeminal nucleus whose dural RFs
extend over the transverse or superior sag-
ittal sinuses, the cutaneous RFs of the pos-
terior dura-sensitive neurons extended
over the ear, the lateral portion of the oc-
cipital region and neck (Fig. 8A). In the
naive state, mechanical stimulation of
these cutaneous RFs induced typical re-
sponses to brush, pressure, and pinch
(Fig. 8B, left columns). Two hours after
local application of IS to the dural RFs,
responses to brush, pressure, and pinch
increased �50% in five (7.1 � 1.1 to
16.6 � 2.8 spikes/s), three (10.1 � 5.2 to
21.5 � 8 spikes/s), and three (11.6 � 4.4
to 24.7 � 8.3 spikes/s) cases, respectively
(Fig. 8B, right columns; Fig. 9C). As in the
dura, cutaneous RFs expanded in five
cases after application of IS on the poste-
rior dura (Fig. 8A).

Discussion
Using sophisticated anatomical labeling
and single-unit recording techniques, we
show (1) that axons of sensory neurons in
C2 and C3 DRGs innervate the dura over-
lying the cerebellum and the posterior
fossa; (2) that they enter the cranium
through bony canals in the occipital bone
(occipital-periotic, emissary, hypoglos-
sal), and large foramens (magnum, jugu-
lar); (3) that they reach the occipital bone
after traversing the different layers of the
suboccipital muscles; (4) that nearly 50%
of them originate in neurons that contain
CGRP, TRPV1, but not IB4; (5) that dor-
sal horn neurons that receive nociceptive
information from the posterior/occipital
dura are located in C2–C4 spinal cord seg-

ments and that their cutaneous and muscle RFs are centered
around the ears, occipital and upper neck skin, and superficial
and deep neck muscles, and (6) that administration of inflamma-
tory soup to their intracranial dural RF, sensitizes a subpopula-
tion of them to the extent that they become hyper-responsive to
simulation of the occipital skin and neck muscles. To the best of
our knowledge, this study is first to identify the course that axons
of DRG cells take from outside to inside the cranium. Clinically,
the findings raise the possibility that occipital headaches may
differ from periorbital, frontal, and temporal headaches by virtue
of the involved tissues (dura overlying the cerebellum vs dura

Figure 4. Electrophysiological characterization of posterior dura-sensitive neurons in C2–C4 dorsal horn. A, Illustration of the
rat’s skull, exposed posterior dura, neck muscles, and skin showing the mapping of all RFs obtained from a single dura-sensitive
neuron at baseline. B, Identification of C2–C4 neurons responding to electrical and mechanical stimulation of the posterior dura,
neck muscle, and skin.
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overlying sensory cortices), the origin of the neurons that medi-
ate these headaches (C2–C3 DRGs vs TG), the course that their
axons take (extracranial to intracranial vs intracranial only), and
the functional pathway they establish for mediating muscle
tenderness that develop after (rather than before) the onset of
headache. Therapeutically, the findings lend rationale for the
common practice of attempting to alleviate migraine by targeting
the greater and lesser occipital nerves with anesthetics (e.g., lido-
caine), anti-inflammatory (e.g., steroids), or preventative (e.g.,
onabotulinumtoxinA, occipital nerve stimulator) drugs or de-
vices (Aurora et al., 2010; Diener et al., 2010; Chen et al., 2015;
Yang et al., 2016; Tang et al., 2017; Zhang et al., 2018). Scientifi-
cally, it is reasonable to hypothesize that occipital nerve manipu-
lation may be more beneficial for alleviating occipital than
non-occipital headaches and that occipital migraines may be as-
sociated more closely (than non-occipital migraines) with
cerebellar-mediated symptoms and abnormalities. The rationale
for suggesting that manipulation of the greater or lesser occipital
nerve may be more beneficial for the treatment of occipital head-
ache is based on two lines of evidence. The first is that occipital
nerve decompression surgeries appear to alleviate occipital but
not frontal or periorbital headache (Blake et al., 2018), and the
second is the long line of evidence for repeated failure of occipital
nerve stimulation to decrease migraine (frequency, duration, in-
tensity) compared with sham stimulation (Dilli et al., 2015).

The earliest identification of pain-sensitive fibers in the pos-
terior fossa is found in two landmark studies (Penfield and Mc-
Naughton, 1940; Ray and Wolff, 1940) in which stimulation of
the dura within the posterior fossa (i.e., near the foramen mag-
num, inferior wall of the transverse sinus, sigmoid sinus, seg-
ments of the occipital sinus, and vertebral and posterior inferior
cerebellar arteries) induced in awake patients the perception of
pain in occipital areas of the head (between the ears). In the years
that followed, only two anatomical studies attempted to delineate
the innervation origin of the posterior fossa. The first, conducted
in human fetuses, showed that the dura mater covering the lateral
and posterior walls of the posterior fossa is supplied by branches
of neurons in the C1 and C2 DRGs and that the axons enter the
cranium through the jugular and hypoglossal foramens (Kim-
mel, 1961). The second, conducted in cats and used retrograde
tracing technique, showed that the sensory innervation of the
posterior fossa can be found in C1, C2, and C3 DRGs as well as the
trigeminal ganglion (Keller et al., 1985). Using more advanced
techniques, the current study expands on these earlier descrip-
tions, to the extent that it allows us to identify additional courses
that axons of C2–C3 DRG cells take on their way to the posterior
dura, as well as map more precisely their distribution in the in-

tracranial dura itself. Therapeutically, the actual identification of
occipital nerve axons that issue branches that enter the skull be-
hind the ear (through a mid-size canal formed between the lateral
aspect of the occipital bone and the periotic capsule), and lateral
to the midline (through emissary canals in the occipital bone) is
important because it provides a strong rationale for the common
clinical practice of blocking the greater and lesser occipital nerves
in attempt to treat ongoing migraine, both acutely and prophy-
lactically. Scientifically, the identification of extracranial origin of
innervation of the intracranial dura adds a novel view through
which one can conceptualize possible interactions between
events that occur outside and inside the cranium. Until now, it
was thought that sensory/nociceptive fibers that cross the bones
of the calvaria originate in the intracranial dura and exit the skull
through the sutures (Kosaras et al., 2009; Schueler et al., 2013,
2014). The current study shows that at least some of the sensory/
nociceptive axons that innervate the intracranial dura of the pos-
terior fossa originate outside the cranium.

Migraines are not classified according to the location of the
headache and consequently, occipital migraine (migraine in
which the headache is restricted to the occipital region only) is
not a recognized term. In the absence of such terminology, one
cannot find detailed description in the literature about patients
whose migraine headaches affect the back of the head only. In
contrast, some information exists about migraine attacks in
which the headache begins as mild, bilateral, occipital headache
that over time radiates frontally to involve the temple and peri-
orbital regions. In either case, it may be reasonable to speculate
that the initiation of the headache coincides with early activation
of pain fibers in the occipital region of the head. To this extent,
much attention had been given to the possibility that upper neck
and spine pathophysiology involving muscles, nerves and bone
structures may be at the origin of most occipital headaches; those
that progress into migraine and those that do not (Sjaastad and
Fredriksen, 2000; Headache Classification Committee of the In-
ternational Headache Society, 2013). The current study raises an
additional scenario for the origin of migraine headaches in which
the pain is distinctly restricted to or begins in the occipital region.
By showing a rich innervation of meningeal nociceptors in the
dura overlying the cerebellum, the findings call attention to the
possibility that, such as in the case of hyperexcitable cerebral
cortex, hyperexcitable cerebellar cortex may be sufficient to pro-
vide a triggering stimulus.

The cerebellum is involved in the regulation of neurological
functions such as motor control, learning, and memory
(Schmahmann, 1991, 1996, 2004; Gilman, 2000; Ito, 2006; Stood-
ley and Schmahmann, 2009), and in the context of this study,

Figure 5. Schematic representation of C2 to C4 spinal cord segments showing the recording sites marked by electrolytic lesions made at the end of each experiment. Red dots represent recording
sites where neurons displaying sensitized responses were found. An example of these lesions in C2 spinal cord segment is shown in the dark-field image at the right. Scale bar, 500 �m.
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Figure 6. RFs and neuronal responses to mechanical stimulation of the posterior dura. A, Illustration of the rat’s skull showing the area of exposition of the posterior dura (gray) and dural RFs of
C2–C4 spinal cord dura-sensitive neurons measured during mechanical stimulation with VFH at baseline (dark blue) and 2 h after application of IS (light blue). B, C, Responses of individual neurons
to mechanical stimulation of the posterior dura before (B) and after IS (C). Neurons were classified as sensitized (red) if their response magnitude increased by at least 50% after IS. Numbers in
parenthesis represent firing rate in mean spikes/s during baseline (10 s) and stimulation (10 s). Shaded areas indicate the period of mechanical stimulation.
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Figure 7. RFs and neuronal responses to mechanical stimulation of neck muscles. A, Illustration of superficial and deep group of neck muscles showing the most sensitive area (blue) to mechanical
stimulation with VFH. B, C, Responses of individual neurons to mechanical stimulation of muscle RFs before (B) and after IS (C). Neurons were classified as sensitized (red) if their response magnitude
increased by at least 50% after IS. Numbers in parenthesis represent firing rate in mean spikes/s during baseline (10 s) and stimulation (10 s). Shaded areas indicate the period of mechanical
stimulation.
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Figure 8. RFs and neuronal responses to innocuous and noxious mechanical stimulation of the skin. A, Illustration of the rat’s head and neck showing the cutaneous RFs of C2–C4 spinal cord
dura-sensitive neurons measured during mechanical stimulation at baseline (dark blue) and 2 h after application of IS (light blue). B, Responses of individual neurons to mechanical stimulation
(brush, pressure, and pinch) of the skin before (left columns) and after IS (right columns). Neurons were classified as sensitized (red) if their response magnitude increased by at least 50% after IS.
Numbers in parenthesis represent firing rate in mean spikes/s during baseline (10 s) and stimulation (10 s). Shaded areas indicate the period of mechanical stimulation.
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somatosensory processing and pain (Peyron et al., 2000; Saab and
Willis, 2003; Apkarian et al., 2005; Borsook et al., 2008). To this
extent, there are currently �50 pain imaging studies in which a
clear activation signal is seen in the cerebellum (for review, see
Moulton et al., 2010), and a few animal studies in which nocice-
ptive stimuli applied to several body regions and organs trigger
distinct activation of cerebellar neurons (Ekerot et al., 1987a,b;
Ness et al., 1998; Saab and Willis, 2001). If migraine headache
alters cerebellar function (Wang et al., 2016) in a way that is
similar to the way it is thought to alter sensory processing in the
cerebral cortex (May, 2003; Sprenger and Borsook, 2012), or if
cerebellar neurons are not spared of the genetic tendency toward
neuronal hyperexcitability of the migraine brain (Vincent and
Hadjikhani, 2007), it may be reasonable to speculate that abnor-
mally hyperexcitable cerebellar cortex can contribute to activa-
tion of meningeal nociceptors in a way shown previously at the
cerebral cortex (Zhang et al., 2010, 2011). Along this line, it is
worthy of our attention to consider the possibility that common
cerebellar-mediated migraine symptoms such as vertigo, motion
sickness, decreased motor coordination, balance change, and

nystagmus (Kuritzky et al., 1981; Toglia et al., 1981; Kayan and
Hood, 1984; Cutrer and Baloh, 1992; Cho et al., 1995; Baloh,
1997; Sándor et al., 2001; Ishizaki et al., 2002; Harno et al., 2003;
Vincent and Hadjikhani, 2007) may coincide more closely with
occipital than frontal migraine headaches.

As for the sensitization of the central cervicovascular neurons
and their enhanced responses to mechanical stimulation of neck
muscles and occipital skin following brief stimulation of the pos-
terior dura with inflammatory mediators, it is reasonable to pro-
pose that this centrally-mediated muscle allodynia may play a
role in the commonly described neck muscle tenderness that de-
velops after (rather than before) the onset of headache (Tfelt-
Hansen et al., 1981; Jensen et al., 1988) and that the allodynia that
develops in the occipital skin may explain cases in which patients
prefer to sleep in a sitting position because the skin in the back of
their head is painful to the extent that it wakes them up if they
sleep on their back (Blake et al., 2018). Previous work showed
that stimulation of the greater occipital nerve or neck muscles can
sensitize central trigeminovascular neurons responses to stimu-
lation of the more anterior dura overlying the sinuses (Piovesan

Figure 9. Neuronal responses of sensitized neurons to mechanical stimulation of (A) the posterior dura, (B) neck muscle, and (C) skin (brush, pressure, and pinch) before (green) and 2 h after
application of IS (red). Thick lines and shadowed areas represent mean and SE, respectively.
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et al., 2001; Bartsch and Goadsby, 2002). Our present findings
suggest that activation of posterior dural nociceptors intracra-
nially can give rise to headache and muscle tenderness/pain
through activation of branches of the same nerve rather than
convergence of dural and muscle afferents on central trigemino-
vascular neurons. Additionally, the identification of the course of
these C2 DRG axons can provide an anatomical framework for
conceptualizing how sustained muscle tenderness (tension)
could result in compression of passing axons of meningeal noci-
ceptors leading to intracranial release of inflammatory mediators
and the triggering of occipital headache. Such a scenario is a
critical component in our attempt to provide a possible explana-
tion for the tight and reciprocal association between occipital
headache and muscle tenderness.
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