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OXIV. BEMRKER

2. INIEDEEEEwE

BESR AR N R BTN KR
Ho#iE $REIE

key words nerve fibers innervating cerebral blood vessels, sympathetic nerve,
parasympathetic nerve, sensory nerve, regulation of cerebral blood flow

2 B
BEME DAL, AR, RIS MREE, R

TR RRHE ST L I RIS OFENC B S L T
VB, IS OFERNEE, B SRR E T

% intrinsic innervation & {4k PPEEET IS R

B2 R % 7§ % extrinsic innervation 12 K5l &
5. Intrinsic innervation 2B L Tix, Hifglk
M e & DM A S S BT INILE & 1% 2D
T BEGCH GRET 3 MEEe 7 X b od A
b DS TIAR AL D © DBRHEERE & 32 VT I8 BT
CHE LT3 L DRIADBRERE SN T3,
Extrinsic innervation T b3 B I 32 e (o B
T 5 FHEINS BT L WG EYH PR EROEE
HEEH 6, T3S ORIME 12T B UG DR
HINTwE, FAREME, BIKEMELS LU
RE W ISP E L IIE BT 2 T L Tw
ZAHEL RSN TE TV 3, D& ICBIH
VBRI % EHE T 5 B FeiRERR DS = 2 s
L CMERGHEZFRAE L T3 LB 50TV
B3, 3 T MM E S B v B R 7 5 B AR e,
TR PRI S 7 A b o A b A EAEEL
WEEE LIl Ao MERIGELZHEL TH3
DT RVDEEZLNTVLS,

g M\

BAMREICE, REEHE, RIS L OH
TR LR D 32D MR FZVHFET 5. &
HRRE L ORISR0 E L TEAL, &
BURY e PR ESEWE & L T Z fu £ finorepineph-
rine (NE) & X Macetylcholine (ACh) #-GA7 L

T B, NN DERREE I D & o fiER & R

RICIEZ 38888 TH ) substance P (SP) &0
WERTF P EEYETH 5.

i D SR I RS TTFEET B2 2 L ik
16004E & #2312 Thomas Willistc & W ER I,
G MR BC & Y, NESneuropeptide Y
(NPY) #1417 %X &M, ACh, vasoactive
intestinal peptide (VIP) & X U nitric oxide syn-
thase (NOS) #H 4 2EIZEMEIFET S 2
MBS Iz E TV 5, [IREIC SP % calcitonin
gene-related peptide (CGRP) & & fneurokinin
A & EEEWT & L MEs F 2
ETAMRRMENHEEL T 5, BT NS
BEMERELS DT TR L T2 EET
3 1-4).

MM STRE MR, MESCEREZHET 2
intrinsic innervation & D44 o B 12 ALY
Yt £i 3 3 cxtrinsic innervation 12 K3l & 4
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1, MEATHEREEE b L —Y —, TR FoRIE SN, Tho OMEZORIDIE IC%Y

L= -8 L URERBEFEOHAGEDEICL RIS DL TOPESThNTE . RET
DESHICEINTETLE (K1), i, MEEROIEICEET 5 MR T A b e
Intrinsic innervation ZB8 L Tid, BIASEER, H 4 FHN ARG D & OREEER * Z T IER

extrinsic innervation

SRS NE, NPY
BOZ -B&HEHE ACh, VIP, NOSKE ‘
= R#EE CGRP, SPRRE 82 R BER

KR
intrinsic innervation 2RO
AR E
GABASEARIR G HZER -
VIP or NOS &3 A £ >G
SOM mERE _ \

(i EmE]

FAROYA b
HIREEZD SO
AChPNOENLIME TR
BHBH S0
NEZA LM EREE

R R

35 NE

B 5T |
SRR ACh »

E1 extrinsic innervation & intrinsic innervation IT & 2 MMME FE#E (CUR4 £ — k%)
eI o 9 & ik @R ENIR 2 & o Bk BRE) AR 12 fid 0 71 0 /R B I BRI IR 2 B L TE D, extrinsic
innervation & L iff1Tv'%, Extrinsic innervation 1o & W TR AEGHER, FEMEEH4ERE L
NE, NYP#&4i¢ 5, MZEREGHEEROBE@EN, EaENio 20 NEUMRAEE], #RiiR s
REiARIEE L, ACh, VIP, NOSZ4 &2 B EEWME L LT3, BEMARE, ZXEE0E»NE
B iREEAET, SoRmEEi2&E S L TSP, CCRP 2 &L,

Zhicatl, B EICEEE T 5 NI ER RO > A 7 Ll intrinsic innervation & X EAUTHRNREE
W, EHAG, BRI & DMNERND S D F N FNACh, NEE & U5-HT 2 G EEDH & ¥ 5 Mifg
TR & EEAME %> TV 3,

T 52 TN O/FER D S varicosities & i T 2 BULHERRMEDBE LT A MY FIPICFFE L T 3 AT ow
B E L CRHEERMEAIRDBC7TAMOY A MOEBEL TV I EMFERHSPIIN TS,
IEEEAMEICET S22 -0 TCGABAREH L Tv 2 M0 — IS ME OHR £ /2 2006 © 3%
FL, XoWVIPE/IENOS & HFET 2 sRMIE MELREH 4R L, SOM & HF 3 5 Mg N
MmiFifEMzAd2 LTV 3,

7A oY A g, HEEZ2 S ACh L NO2EUMEREDOHEIC L VINEHEALE 2 R & «,
HHLZ Y & O NE (FHEIC L DS ¢ 5,

ACh: acetylcholine, CGRP: calcitonin gene-related peptide, NE: norepinephrine, NO: nitric oxide
synthase, NPY: neuropeptide Y, SOM: somatostatin, SP: substance P, VIP: vasoactive intestinal
peptide, 5-HT: 5-hydroxytryptamine
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We examined the distribution and origin of the nerve fibers innervating the dura mater

“of the rat that show immunoreactivity for the TRPV1 receptor (TRPV1-IR). Nearly 70% of

the nerve fibers showing TRPV1-IR in the dura mater also exhibited CGRP-IR. Using a
combination of immunochistochemistry and a retrograde tracer technique, we detected
tracer accumulation in 0.6% of the neurons in the trigeminal ganglion and a few
neurons in the dorsal root ganglion; half of the neurons in the trigeminal ganglion were
small- and medium-sized (<1000 um?). Among the tracer-accumulated neurons in the
trigeminal ganglion, approximately 25% exhibited TRPV1-IR. Furthermore, nearly 80% of
the tracer-accumulated small- and medium-sized neurons in the trigeminal ganglion
that exhibited TRPV1-IR also exhibited CGRP-IR. Our findings indicate that the TRPV1
receptor in the dura mater and sensory ganglia may contribute to the pathophysiology
of migraine, providing an important clue for jhe development of therapeutic strategies
for migraine.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

or substance P; these nerve fibers originate mainly from the
trigeminal ganglion (TG) (Andres et al., 1987; Messlinger et al.,

Headache can occur as a result of the activation of pain-sen-
sitive cranial structures, such as cranial and cervical muscles,
ligaments, vasculature and the dura mater. Among these, the
dura mater has been recognized as one of the most important
regions because of its ability to facilitate the conduction of no-
ciceptive sensation and of its being a major site of neurogenic
inflammation, a phenomenon putatively related to the devel-
opment of migrainous headache (Moskowitz, 1984).

The dura mater is innervated by sensory nerve fibers contai-
ning neuropeptides like calcitonin gene-related peptide (CGRP)

* Corresponding author. Fax: +81 3 3353 1272.
E-mail address: shimizu-toshi@umin.ac.jp (T. Shimizu).

1993; Reuss et al., 1992; Uddman et al., 1989). Immunochisto-
chemical and molecular biological observations have revealed.
that, in addition to such neuropeptides, the transient receptor
potential vanilloid subfamily member 1 (TRPV1) receptor is also
expressed in the sensory ganglia (Helliwell et al., 1998). More-
over, the TRPV1 receptor is also reportedly expressed in the
nerve fibers of peripheral tissues, such as the paw skin, the
cornea and the bladder in several species (Hou et al., 2002; Ichi-
kawa and Sugimoto, 2001; Murata and Masuko, 2006; Szallasi
and Blumberg, 1999).

0006-8993/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
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receptor in the dura mater and sensory ganglia. In addition, we
used immunofluorescence histochemistry and a neural retro-
grade tracer technique to identify the origins of the TRPV1-IR-
positive neurons that innervate the dura mater. We believe
that our results provide clues to elucidate the role of the TRPV1
receptor in the pathogenesis of headache.

2. Results

2.1, Immunohistochemistry of the dura mater

The nerve fibers showing TRPV1-IR were mainly observed
around the middle meningeal artery (Fig. 1a). Fibers exhibiting
TRPV1-IR were also found away from the blood vessels (Fig. 1b).
TRPV1-IR was mostly detected in fine fibrous nerve fibers with
varicosity-like structures, although a few thick nerve fibers
also exhibited TRPV1-IR (Fig. 1b). Double labeling immunchis-
tochemistry with a combination of antibodies to CGRP revealed
that approximately 70% of the TRPV1-IR nerve fibers showed
co-localization of TRPV1-IR and CGRP-IR (Figs. 1c, d, e; range,
68-76%, n=62 fibers from three animals). However, we also
found TRPV1-IR nerve fibers not showing CGRP-IR and nerve
fibers expressing only CGRP-IR (Figs. 1f, g, h).

2.2 Subpopulations of the neurons showing TRPV1-IR in
the TG and DRG

Neurons showing TRPV1-IR were observed in the TG (Figs. 2a, b,
¢) and dorsal root ganglia (DRG; Cy; Figs. 2d, e, f), but not in the
sphenopalatine (SPG), otic (OTG), or superior cervical ganglia
(SCG).

We counted a total of 1850 neurons in the TG and 579
neurons in the DRG of four ganglia (one ganglion per animal).
In both the ganglia, about 80% of all the neurons were small-
and medium-sized neurons (range, 79-93% in the TG, 77-85%
in the DRG). Both in the TG and DRG, an analysis of the resi-
duals showed a significantly higher proportion of small- and
medium-sized neurons (TG, Z=10.9, P<0.001; DRG, Z=4.8,
P<0.001).

In the TG, nearly 25% of the small- and medium-sized. .
neurons (range, 19-32%) and 3% of the large-sized neurons
(range, 1-5%) showed TRPV1-IR. After quantitative analyses of
double labeling immunohistochemistry with antibodies to
CGRP, we found that 40% of the neurons exhibiting TRPV1-IR
also exhibited CGRP-IR (range, 27-62% of the small- and
medium-sized neurons, and 50-80% of the large-sized neu-
rons) (Figs. 3a, b).

In the DRG, about 30% of the small- and medium-sized neu-
rons (range, 20-40%) and only a few large-sized neurons were
positive for TRPV1-IR. Approximately one-third of the small- and
medium-sized neurons showing TRPV1-IR also exhibited CGRP-
IR. A statistical analysis showed no preferential association of
the proportion of TRPV1-IR neurons with the cell size (TG, Z=0.3,
P>0.05; DRG, Z=2.2, P>0.05).

2.3. Retrograde tracer study

Tracer-accumulated neurons were observed in the TG, DRG,
SPG and SCG on the side ipsilateral to the tracer application.
While neurons showing TRPV1-IR were observed in both the
TG and DRG, only a few of these neurons in the DRG exhibited
tracer accumulation; therefore, we performed a quantitative
analysis of the neural populations only in the TG.

Fig. 2 - Double labeling for TRPV1 (green,; a, d) and CGRP (red; b, €) immunoreactivity in the TG (a, b, ¢) and DRG (d, e, f).
Arrowheads indicate small neurons showing both TRPV1-IR and CGRP-IR. Arrows show large neurons showing both TRPV1-IR
and CGRP-IR. (c) Merged image of panels a and b. (f) Merged image of panels d and e. Neurons showing that both TRPV1-IR
and CGRP-IR are shown in yellow in the merged image. Scale bar, 50 pm for all.
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Fig. 5 - Histogram summarizing the neurochemical profiles
of retrogradely labeled neurons with True Blue (TB) in
relation to TRPV1-IR and CGRP-IR and their association with
the neuronal size in the TG. Open bars show large-sized
neurons (>1000 pm?), and the solid bars indicate small- and
medium-sized neurons (<1000 pm?). The bars show the
meanzSD.

around the tracer application site using carboxylate cement to
prevent the oozing of the tracer in this experiment. These
procedures prevented the tracer from leaking to other
peripheral sites.

In the TG, tracer-accumulated neurons were observed in
0.6% of the total neurons. To calculate this result, we counted
the total number of TG neurons, examining 30,845 neurons
from two animals. Other studies have reported that about
55,000 cells are present in the TG at the time of birth (Henderson
et al,, 1994) and that 33,000 axons were present in the adult
infraorbital nerve (Jacquin et al., 1984). These previous findings
suggest that the number of TG neurons may have actually been
higher than what we counted. Although the ratio of tracer-
accumulated neurons may actually be lower, the percentage of
tracer-accumulated neurons seems to be appropriately labeled
from a single dural site. Accordingly, we believe that our tracer
experiment was properly conducted.

3.2, Populations of neurons exhibiting TRPV1-IR and the
nature of nerve fibers exhibiting TRPV1-IR in the dura mater

The percentage of TRPV1 receptor containing neurons and
the proportions of large and small neurons exhibiting
TRPV1-IR, as well as the co-localization pattern of neurons
exhibiting CGRP-IR, that were observed in the present study
were reasonably consistent with the data reported by other
studies (Ichikawa and Sugimoto, 2001; Murata and Masuko,
2006).

The tracer accumulation pattern in our study was similar -

to that in a previous study (Uddman et al., 1989). In terms of
the DRG, most of the tracer studies exploring the origins of the
nerves innervating the dura mater indicated that tracer-

labeled neurons were observed mainly in the C, of the DRG
(Uddman et al., 1989; Liu et al., 2004). In addition, neurons in
the C, dorsal horn have been reported to receive sensory
input from supratentorial dura mater and the superior
sagittal sinus (Goadsby and Zagami, 1991; Bartsch and
Goadsby, 2002); therefore, we observed only the C, of the
DRG in this study.

Our retrograde tracer study revealed that the majority of
the TRPV1-IR neurons innervating the dura mater were small-
and medium-sized neurons. Immunohistochemical data
from the sensory ganglia were also consistent with the fin-
dings in the dura mater, and TRPV1-IR was mainly observed
in fine fibers with varicosity-like structures. Although the
neurons in the DRG that have small diameters are unmy-
elinated or have thinly myelinated axons are concerned with
thermal sensation and nociception (Gardner et al., 2000), the
nerve fibers innervating the dura mater are known to conduct
only pain-invoked signals (Ray and Wolff, 1940). Therefore,
our observations imply that the nerve fibers exhibiting
TRPV1-IR in the dura mater may mainly conduct nociceptive
signals. ' '

Compared with the DRG, clear functional correlations based
on neuronal size are not available in the TG, especially for the
neurons innervating the dura mater. However, Levy and
Strassman (2002) recently reported the existence of dural
nerve fibers that responded to mechanical stimulation and
originated in the TG. Although no established functional
distinction based on the size of the neurons presently exists,
our dataon the relationship between neuronal size and TRPV1-
IR may provide importantinsight as to the neuronal features in
the TG innervating the dura mater.

3.3.  Functional implications of nerve fibers
exhibiting TRPV1-IR

Several studies have reported that the activation of TRPV1
receptors causes vasodilatation. Furthermore, based on the
finding that this vasodilatory response is attenuated by the
administration of a CGRP receptor antagonist, it seems
likely that the activation of the TRPV1 receptor promotes
the release of CGRP from sensory nerve endings that are
co-localized with the TRPV1 receptors; this, in turn, induces
vasodilation (Akerman et al, 2003, 2004; Dux et al.,, 2003;
Jansen et al, 1990). Based on these previous findings, we
expected to observe the co-localization of TRPV1-IR and
CGRP-IR nerve fibers in the dura mater. The results of our
experiments revealed that, although all of the nerve fibers
exhibiting TRPV1-IR in the dura mater did not show CGRP-
IR, many of the nerve fibers exhibited both TRPV1-IR and
CGRP-IR. These dura mater observations are consistent
with our data showing a significant proportion of neurons
with tracer accumulation in our retrograde tracer study to
exhibit both high TRPV1 and high CGRP-IR as compared to the
total ganglion cell population. In addition, our data provide a
strong anatomical basis for the contention that vasodilation in
the dura mater can be caused by the TRPV1 receptor-mediated
release of CGRP (Akerman et al., 2003). We also observed that
TRPV1-IR nerve fibers did not exhibit CGRP-IR in the dura mater.
When TRPV1 receptors in the dura mater are activated by
inflammation, these nerve fibers presumably transmit



