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Abstract

Objective—We examined the distribution of artemin and its receptor, glial cell line-derived
neurotrophic factor family receptor a3 (GFRa3), in the dura mater of rats.

Background—Artemin, a member of the glial cell line-derived neurotrophic factor family, is a
vasculature-derived growth factor shown to regulate migration of sympathetic neuroblasts and
targeting of sympathetic innervation. The artemin receptor, GFRa3, is present in both sympathetic
efferents and a subpopulation of nociceptive afferents. Recent evidence has shown that artemin
may contribute to inflammatory hyperalgesia. The extent to which artemin is present in the dural
vasculature and its relationship to GFRa3 containing fibers have yet to be investigated.

Methods—We used retrograde labeling, double and triple labeling with immunohistochemistry
on the dura mater and trigeminal ganglia of female Sprague-Dawley rats.

Results—Artemin-like immunoreactivity (-LI) was detected in the smooth muscle of dural
vasculature. GFRa3-LI was present in nerve fibers that closely associated with tyrosine
hydroxylase or calcitonin gene-related peptide (CGRP). CGRP-LI and transient receptor potential
ion channel 1 (TRPV1)-LI were present in all GFRa3-positive dural afferents, which constituted
22% of the total population of dural afferents.
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Conclusions—These anatomical results support the hypothesis that artemin contributes to dural
afferent activity, and possibly migraine pain, through modulation of both primary afferent and
sympathetic systems.
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Artemin (Artn) is a member of the glial cell line derived neurotrophic factor (GDNF) family
of proteins that signals through the receptor complex of ret and its specific GDNF family
receptor (GFR)a3.1 Artn is derived from vascular smooth muscle cells and regulates the
development of sympathetic postganglionic neurons (SPGN), in particular SPGN
innervations of the vasculature.2 Recent evidence suggests that both Artn and GFRo3
expression persists into adulthood in vascular smooth muscle and SPGNs,3 respectively.

The GFRa3 is also expressed in a subset of primary afferent neurons that appear to function
as nociceptors and contribute to inflammatory hyperalgesia. GFRa3-labeled neurons in the
dorsal root ganglion (DRG) and trigeminal ganglion (TG) have a small to medium-cell body
size, and express the proinflammatory neuropeptide calcitonin gene-related peptide (CGRP)
and the transient receptor potential ion channel 1 (TRPV1).# TRPV1 is activated by heat,
protons, and endogenous lipid metabolites, and is critical for the manifestation of
inflammatory thermal hyperalgesia.> Artn application significantly potentiates TRPV1
signaling in small diameter DRG neurons.® Additionally, peripheral inflammation is
associated with an increase in Artn expression and injection of Artn causes thermal
hyperalgesia.t:’

Vasodilation of the meningeal vessels is due in part to CGRP release and is considered an
important component of the neurogenic inflammation thought to underlie migraine.
Vasodilation, plasma extravasation, and mast cell degranulation contribute to the release of
proinflammatory substances into the meninges, which can activate meningeal primary
afferents ultimately resulting in migraine pain.8 The role of vasodilation in migraine is
supported by observations that headaches can be induced by vasodilatory, nitric oxide-
generating agents such as nitroglycerin,? and relieved with vasoconstricting agents such as
ergots.10 Artn expression in vasculature and its influence on sensory nociception and
sympathetic development led us to hypothesize that Artn may be contributing to migraine
pain through both primary afferent and sympathetic systems. The goal of this study was to
determine if the underlying anatomy supports this hypothesis.

METHODS

Animals

Female adult Sprague-Dawley rats (150-250 g, aged 8-12 weeks; Harlan, Indianapolis, IN,
USA) were used for all experiments. Procedures were approved by the Institutional Animal
Care and Use Committee at the University of Pittsburgh, and performed in accordance with
National Institutes of Health guidelines for the use of laboratory animals.

Tissue Preparation

Animals were deeply anesthetized with an intraperitoneal injection of anesthetic cocktail (55
mg/kg ketamine, 5.5 mg/kg xylazine, and 1.1 mg/kg acepromazine), and transcardially
perfused with cold 1x phosphate-buffered saline (PBS; pH 7.2) followed by cold 4%
paraformaldehyde. TG, superior cervical ganglia (SCG), and dura were collected and
postfixed in 4% paraformaldehyde for 1 hour. Dural membranes were processed for
immunohistochemistry as free-floating whole-mounts, while TG and SCG were equilibrated
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in 30% sucrose, frozen in OCT (Tissue Tek, Torrance, CA, USA), sectioned at 16 mm and
thaw-mounted on SuperFrost plus slides (Fisher Scientific). One dura was embedded in
paraffin and 30 mm cross sections collected and processed for immunohistochemistry.
Slides were heated to 50°C on a hotplate, soaked in CitriSolv (Fisher Scientific) for 10
minutes and rehydrated through a series of decreasing ethanol concentrations. Antigen
retrieval was obtained by boiling slides for 10 minutes in 0.01 M sodium citrate,
0.05%Tween 20, pH 6.0. After cooling, slides were washed in PBS and processed for
immunohistochemistry.

Immunolabeling

Dura whole-mounts were placed in blocking solution (10% normal donkey serum and 0.3%
Triton X-100 in PBS) for 30 minutes and incubated in primary antibodies in blocking
solution for 2 days at 4°C. TG sections on slides were blocked in 10% normal donkey serum
and 0.03% Triton X-100 in PBS, and incubated in primary antibodies overnight at room
temperature. The following antibodies were used: goat anti-GFRa3 (R&D Systems; 1:500),
goat anti-mouse Artn (R&D Systems; 1:40), rabbit anti-CGRP (Sigma; 1:500) and rabbit
anti-tyrosine hydroxylase (Chemicon; 1:500), and rabbit anti-TRPV1 (Alomone Labs:
1:1000). The specificity of the Artn and GFRa3 antibodies has been previously documented
(manufacturer’s information!1:12). Antibodies were visualized with donkey anti-goat and
donkey anti-rabbit secondary antibodies conjugated to cyanine 2 or 3 (Jackson
ImmunoResearch, West Grove, PA, USA) in blocking solution at 1:500 for 2 hours. Dura
were mounted on glass plus slides and coverslipped using Fluoromount-G (Southern
Biotech). Slides were photographed under epifluorescence with a Leica DM4000B upright
or confocal microscope (Leica, Wetzlar, Germany). Images were captured using a Leica
DFC300FX camera and processed for brightness and contrast with Adobe Photoshop
(Adobe Systems, San Jose, CA).

Retrograde Labeling

TG and SCG neurons innervating the dura were retrogradely labeled as described
previously.13 Briefly, a 3 x 3 mm craniotomy was made over the superior sagittal sinus,
leaving the dura intact. A single drop of 1,1'-dioctadecyl-3,3,3', 3'-
tetramethylindocarbocyanine perchloride (Dil; 170 mg/mL in dimethylsulphoxide diluted
1:10 in saline), or true blue chloride powder (Invitrogen; 1 mg) was applied to the exposed
dura. The area was covered by dental dam and an acrylic cap. Postoperatively, animals
received intramuscular injections of penicillin G (100,000 U/kg) and buprenorphine (0.03
mg/kg). Animals were sacrificed and ganglia extracted for immunohistochemistry 10-14
days following labeling.

Data Analysis

RESULTS

Staining was considered positive when the immunofluorescence was clearly greater than the
signal obtained with no primary antibody. Omission of primary antibody was used as a
control for non-specific binding of the secondary antibody. The percentage of GFRa3-
positive dural afferents was determined by ~50 Dil-labeled neurons in each of 4 rats (8 total
ganglia) that exhibited GFRa3- labeling, and ~100 true blue-labeled neurons in each of 3
rats (6 ganglia).

Artn is Located in Smooth Muscle Cells of Dural Blood Vessels

Co-localization of Artn-like immunoreactivity (-LI) and smooth muscle actin (SMA), a
marker for smooth muscle cells, was assessed using double-label immunohistochemistry on
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paraffin embedded cross sections of the dura. Artn-LI was evident surrounding blood vessels
and co-localized with SMA (Fig. 1). These results indicate that Artn is expressed in smooth
muscle cells of the dural vasculature.

GFRa3-LI is Present in Neuronal Fibers of the Dura Mater

The distribution of GFRa3 throughout the dura mater was also assessed in a whole-mount
preparation using immunohistochemistry. GFRa3-LI was present in a network of nerve
fibers, in large bundles of axons as well as fine fibers (Fig. 2). Many of these fibers followed
the vasculature, with the greatest density concentrated around the middle meningeal artery
(MMA). Many fibers also followed the superior and transverse sinuses (not shown).
However, some fibers did not follow the vasculature or sinuses, and were observed running
perpendicular to the MMA (Fig. 2) and other vessels. GFRa3-LI was not detected in mast
cells or the vasculature.

GFRa3-Ll is Present in Sympathetic Postganglionic Efferents

Given the developmental link between Artn and sympathetic innervation of the vasculature?
as well as evidence of GFRa3 expression in adult SCG? we sought to determine whether
dural fibers with GFRa3-LI were SPGNs. Although a small subpopulation of TG neurons
also display tyrosine hydroxylase reactivity (TH)-LI, dural afferents do not.13 Therefore, TH
was used as a marker for SPGN fibers in the dura. TH-LI was present in an extensive
network of fibers throughout the dura mater, which closely followed the vasculature (Fig.
2A). Close association of GFRa3-L1 and TH-LI in fibers throughout the dura was extensive.
Interestingly, while most double-labeled fibers closely followed the dural vasculature, some
did not.

GFRa3-LI, TRPV1-LI, and CGRP-LI are Present in Peptidergic Neuronal Afferents

As mentioned above, GFRa3 is present in a subpopulation of peptidergic DRG neurons. To
determine whether the same is true in the trigeminal system, we first assessed whether the
receptor was co-localized with CGRP in the dura. Of note, while CGRP is also present in a
subset of SPGNs in some species, it is not detectable in the SCG of rat.13 As illustrated in
Figure 2B, the close association of GFRa3-LI and CGRP-LI was evident in a subpopulation
of fibers. To confirm that at least some of the GFRa3-LI dural fibers were sensory afferents,
TG neurons innervating the dura mater were back-labeled with Dil or true blue, and
subsequently probed for the presence of GFRa3-LI. Approximately 50 Dil-labeled neurons
from each of 4 rats and 100 true blue-labeled neurons from each of 3 rats were assessed. To
avoid double-counting, we only counted cells in non-adjacent sections when a nucleus was
present. While it is possible that true blue and Dil labeled different subpopulations of dural
afferents, there was no statistically significant difference (P =.10) in the proportion of dural
afferents with GFRa3-L1 labeled with each tracer —25.9 +3.9% (mean + SEM) vs 17.7 +
1.4% for Dil and true blue, respectively. Therefore, data obtained with the 2 tracers were
pooled as 22.4 + 3.0% of dural afferents with GFRa3-LI. The TRPV1-LI (Fig. 3) and
CGRP-LI (Fig. 4) were seen in 43.2 £ 1.7% and 66.0 +6.0% of dural afferents, respectively.
Twenty-six percent (25.5 = 2.7%) of dural afferents that were labeled with TRPV1 did not
show GFRa3-L1, and 47.6 £3.6% labeled with CGRP did not show GFRa3-LI. All GFRa3-
LI dural afferents were TRPV1- and CGRP positive. These data are summarized in charts
shown in Figure 5.

DISCUSSION

The main findings of this study are: (1) Artn-LI was detected in the smooth muscle of adult
rat dura mater vasculature; (2) expression of the Artn receptor GFRa3 was detected in
afferents that innervate the dura; (3) there was extensive close association of GFRa3-LI and
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TH-LI in dural fibers; (4) GFRa3 was present in a minority of dural afferents, but all of
these afferents were both TRPV1- and CGRP-positive.

While this is the first demonstration of Artn in the dural vasculature, this observation is
consistent with other studies reporting Artn expression in vascular structures. For example,
Damon et al demonstrated the presence of Arth mRNA and protein in carotid, femoral, and
tail arteries of neonatal and adult rats, as well as in cultured vascular smooth muscle cells. In
neonatal lacZ Artn+/— mice, Honma et al also found lacZ-L1 co-localization with SMA-LI
in the superior mesenteric artery. This evidence, in combination with previous data
supporting the specificity of the antibody used,!! supports our conclusion that Artn-LI co-
localization with SMA-LI in the dural vasculature reflects Artn expression in the smooth
muscle.

We suggest that the majority of GFRa3 expression in the dura is present in fibers of SPGNSs.
This is supported by the comparable labeling patterns of GFRa3-LI and TH-LI in dural
fibers (Fig. 2A), and the absence of TH staining in dural afferents.13 Additional evidence
comes from data linking Artn/GFRa3 signaling to proper SPGN innervation of the
vasculature during development,? and that the receptor is expressed in the SCG in adults.3
Furthermore, the more limited overlap of GFRa3-LI and CGRP-LI in dural fibers (Fig. 2B,
C), in combination with the observation that only 28% of dural afferents with CGRP-LI
were double labeled with GFRa3 (Figs. 4 and 5), is also consistent with the suggestion that a
minority of GFRa3-LI in the dura was associated with dural afferents. However, because it
was not possible to assess GRFa3 levels in SCG, and therefore quantify the extent of co-
localization of this receptor in dural efferents, and because staining patterns at the cell body
may not be the same as those in the periphery, conclusions about the extent of co-
localization in dural fibers are made cautiously.

Interestingly, while only present in a minority of dural afferents, the subpopulation of
GFRa3- containing afferents may play a particularly important role in nociceptive
processing in the dura. Artn potentiates TRPV1 signaling in DRG neurons, a change that
appears to contribute to thermal hyperalgesia associated with inflammation of the hindpaw.
6,11 Furthermore, activation of TRPV1, a calcium permeable ion channel, has been shown to
promote the release of CGRP from a number of tissues'4~16 and contribute to
vasodilatation, neurogenic inflammation, and mast cell activation.17+18 Qur anatomical
results raise the possibility that similar processes occur in the dura mater, underscored by
observations that GFRa3 appears to be present in similar subpopulations of nociceptive
afferents in the TG and DRG.4

The anatomical results of the present study suggest a model in which Artn contributes to
migraine pain indirectly, via the SPGN as well as directly via the sensitization and/or
activation of dural afferents. In such a model, triggers for migraine such as stress, exercise,
and nitric oxide which are associated with alterations in cerebrovascular tone would result in
the release of Artn from vascular smooth muscle. The release of Artn secondary to the
modulation of vascular tone would account for the mounting evidence against the vascular
hypothesis of migraine that is based on a direct link between the cerebrovasculature and
migraine pain. While the impact of Artn on SPGN properties in the adult has yet to be
described, the results of the present study highlight the proximity of ligand and receptor.
Importantly, there is increasing evidence implicating a critical role for the SPGN in
neurogenic inflammation and inflammatory hyperalgesia.1®:20 Additional evidence in
support of a link between the SPGN and migraine comes from the recent observations that
(1) norepinephrine, a neurotransmitter released by sympathetic efferents, increases basal
levels of prostaglandin E2 from a rat dural preparation;2! (2) the serotonin 1D receptor, a
primary target for the antimigraine triptans, is present in a subpopulation of SPGNs.13
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Evidence in support of the link between Artn/GFRa3 signaling in the primary afferent and
migraine pain comes from our evidence of the co-localization of GRFa3 with TRPV1 and
CGRP in combination with evidence for (1) Artn-induced sensitization of TRPV1;6:22 (2)
TRPV1-mediated release of CGRP (discussed above); (3) a critical role for CGRP in
migraine pain;23—25 (4) the role for dural afferents in migraine pain.28 While further studies
are needed to confirm the details of this model, it does raise the intriguing possibility that
Artn/GFRa3 signaling may serve as a novel target for the treatment of migraine.
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Abbreviations

Artn artemin
CGRP calcitonin gene-related peptide
Dil 1,1 -dioctadecyl-3,3,3_,3_-tetramethylindocarbocyanine perchloride
DRG dorsal root ganglia
GDNF glial cell line-derived neurotrophic factor
GFRa3 GDNF family receptor a3
-LI like immunoreactivity
MMA middle meningeal artery
SMA smooth muscle actin
SPGN sympathetic postganglionic neuron
TG trigeminal ganglia
TH tyrosine hydroxylase
TRPV1 transient receptor potential ion channel 1
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Fig 1.

(A) A cross section of the rat dura mater was immunolabeled for artemin (Artn, left panel)
and smooth muscle actin (SMA, middle panel). The merged image (right panel) illustrates
co-localization. (B) Controls in which the primary antibody was omitted show lack of
reactivity. Scale bar, 100 pm.
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Fig 2.

Double-label immunohistochemistry of whole-mount, adult rat dura mater with anti-glial
cell line-derived neurotrophic factor family receptor a3 (GFRa3) and (A) anti-tyrosine
hydroxylase (TH) or (B, C) anti-calcitonin gene-related peptide (CGRP), showed GFRa3-
like immunoreactivity (-LI) in sympathetic efferents and peptidergic sensory afferents,
respectively. (C) Enlarged portion of boxed area in B showing GFRa3-L1I fibers that do not
show CGRP-LI. (D) Controls in which the primary antibody was omitted show lack of
reactivity. Scale bars, 100 pm.
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A True Blue

B C
True Blue

Fig 3.

Glial cell line-derived neurotrophic factor family receptor a3 (GFRa3)-like
immunoreactivity (-L1) and transient receptor potential ion channel 1 (TRPV1)-LI were seen
in 17.7 £ 1.4% and 43.2 +1.7%, respectively, of dural true blue back-labeled neurons in
adult rat trigeminal ganglia (TG). All GFRa3-LI neurons were also TRPV1-LI. Example of
dural afferent that was (A) positively labeled for both GFRa3 and TRPV1 (arrow), labeled
for only TRPV1 (arrowhead), and (B) negatively labeled (arrows). (C) Controls in which the
primary antibody was omitted show lack of reactivity. Scale bar, 100 pm.
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B

True Blue CGRP J] True Blue

Fig 4.

Glial cell line-derived neurotrophic factor family receptor a3 (GFRa3)-like
immunoreactivity (-LI) and calcitonin generelated peptide (CGRP)-LI were seen in 18.6 £
2.6% and 66.0 * 6.0%, respectively, of dural true blue back-labeled neurons in adult rat
trigeminal ganglia (TG). All GFRa3-LI neurons were also CGRP-LI. Example of dural
afferents that were (A) positively labeled for both GFRa3 and CGRP (arrows), negatively
labeled (arrowhead) and (B) labeled for only CGRP (arrows). Scale bar, 100 pm.
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A GFRal B GFRa3
TRPVI CGRP
True Blue True Blue True Blue
True
Blue

TRPVI
True Blue

CGRP
True Blue

Fig 5.

Summary of glial cell line-derived neurotrophic factor family receptor a3 (GFRa3),
transient receptor potential ion channel 1 (TRPV1), and calcitonin gene-related peptide
(CGRP) in dural afferents. (A) TRPV1-like immunoreactivity (-LI) was seen in 43.2 £ 1.7%
of dural afferents, and 17.7 £+ 1.4% were labeled for both TRPV1 and GFRa3. (B) CGRP-LI
was seen in 66.0 * 6.0% of dural afferents, and 18.6 + 2.6% were labeled for both CGRP
and GFRa3. All GFRa3-positive dural afferents were CGRP-and TRPV1-positive.
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