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DRENOMEDULLIN FACILITATES REINNERVATION OF
HENOL-INJURED PERIVASCULAR NERVES IN THE RAT

ESENTERIC RESISTANCE ARTERY
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bstract—Our previous report showed that innervation of cal-
itonin gene-related peptide (CGRP)- and neuropeptide Y
NPY)-containing nerves in rat mesenteric resistance arteries
as markedly reduced by topical application of phenol, and that
erve growth factor (NGF) facilitates the reinnervation of both
erves. We also demonstrated that a CGRP superfamily pep-
ide, adrenomedullin, is distributed in perivascular nerves of rat
esenteric resistance arteries. In the present study, we inves-

igated the influence of adrenomedullin on the reinnervation of
esenteric perivascular nerves following topical phenol treat-
ent. Under pentobarbital-Na anesthesia, 8-week-old Wistar

ats underwent in vivo topical application of phenol (10%
henol in 90% ethanol) to the superior mesenteric artery
roximal to the bifurcation of the abdominal aorta. After the
reatment, the animals were subjected to immunohistochem-
stry of the third branch of small arteries proximal to the
ntestine and to vascular responsiveness testing on day 7.
opical phenol treatment caused marked reduction of the
ensity of NPY-like immunoreactive (LI)- and CGRP-LI nerve
bers in the arteries. Adrenomedullin (360 or 1000 ng/h) or
GF (250 ng/h), which was administered intraperitoneally for
days using an osmotic mini-pump immediately after topical
henol treatment, significantly increased the density of
GRP-LI- and NPY-LI nerve fibers compared with saline.
reatment with adrenomedullin (1000 ng/h) or NGF restored
drenergic nerve-mediated vasoconstriction and CGRP
erve-mediated vasodilation in the perfused mesenteric ar-
ery treated topically with phenol. These results suggest that
drenomedullin, like NGF, has a facilitatory effect on the
einnervation of perivascular nerves. © 2006 IBRO. Published
y Elsevier Ltd. All rights reserved.

ey words: adrenomedullin, calcitonin gene-related peptide-
ontaining nerves, neuropeptide Y-containing nerves, neuro-
rophic action, perivascular nerves, rat mesenteric artery.
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erve stimulation; SHR, spontaneously hypertensive rat.
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drenomedullin is a 52-amino-acid peptide hormone, orig-
nally isolated from human pheochromocytoma (Kitamura
t al., 1993) and has been detected in a variety of tissues,

ncluding the adrenal medulla, heart, kidney, lung, pan-
reas and brain (Ichiki et al., 1994; Asada et al., 1999;
errano et al., 2000). The systemic administration of ad-

enomedullin in peripheral sites decreases the mean arte-
ial pressure (Khan et al., 1997) and intrarenal infusion of
drenomedullin increases the renal blood flow, glomerular
ltration rate and renal sodium excretion (Jougasaki et al.,
995). Additionally, i.v. administration of adrenomedullin
ecreases pulmonary vascular resistance in primary pul-
onary hypertension (Nagaya and Kangawa, 2004). On

he other hand, the administration of adrenomedullin into
he brain has been shown to inhibit water drinking and salt
ntake (Murphy and Samson, 1995; Samson and Murphy,
997) and cause diuretic and natriuretic actions (Israel and
iaz, 2000).

Adrenomedullin has partial sequence homology with
alcitonin gene-related peptide (CGRP), which is a po-
ent vasodilator peptide. The main distribution of CGRP
n peripheral sites has been shown to be the primary
ensory nerves (Lee et al., 1985), and the dorsal root
anglia is a prominent site of CGRP synthesis and con-

ains the cell bodies of the sensory afferent neurons
Marti et al., 1987). We previously reported evidence
hat the rat mesenteric artery is innervated by nonad-
energic noncholinergic vasodilator nerves in which
GRP acts as a neurotransmitter (Kawasaki et al., 1988,
998). Furthermore, we suggested that CGRP-contain-

ng nerves together with sympathetic adrenergic nerves
egulate the tone of the blood vessels (Kawasaki et al.,
991). Adrenomedullin has been shown to act on CGRP
eceptors to produce vasodilation of the rat mesenteric
rtery (Nuki et al., 1993; Ishizaka et al., 1994), implying

hat the peptide may act as a neurotransmitter or neu-
omodulator in the mesenteric artery. Moreover, our pre-
ious study using immunohistochemistry showed dense

nnervation of adrenomedullin-containing perivascular
erves in the rat mesenteric artery and detected ad-
enomedullin immunoreactivity and adrenomedullin
essenger RNA (mRNA) expression in the rat dorsal

oot ganglia (Hobara et al., 2004). Our previous report
lso showed evidence of the colocalization of ad-
enomedullin and CGRP in the perivascular nerves and
orsal root ganglia (Hobara et al., 2004). Therefore, it is

nferred that adrenomedullin, which is colocalized with
GRP in the capsaicin-sensitive nerve, has neuronal

ctivity such as nerve differentiation. However, the role

ved.
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f adrenomedullin in the perivascular nerves remains
nclear.

The CGRP immunoreactivity and CGRP mRNA ex-
ression have been reported to be rapidly up-regulated in

he affected motoneurons following peripheral axotomy
Piehl et al., 1998), suggesting that CGRP may be involved
n axonal regeneration or may exert trophic influence on
he lesioned neurons (Dumoulin et al., 1992). Additionally,
drenomedullin has been demonstrated to have neuropro-
ective activity in ischemic brain (Dogan et al., 1997; Wa-
anabe et al., 2001; Miyashita et al., 2006) and protecting
he blood-brain barrier against oxidative stress (Chena et
l., 2005). These studies suggest that adrenomedullin
lays some role in the neuronal function. However, it is
nclear whether adrenomedullin has a protective effect or

s a survival-promoting factor for perivascular nerves.
More recently, we demonstrated that innervation of

GRP- and neuropeptide Y (NPY)-containing nerves in rat
esenteric resistance arteries was markedly reduced by

opical application of phenol, and that nerve growth factor
NGF) facilitates reinnervation of both types of nerves (Ho-
ara et al., 2006). Therefore, the present study was designed
o test the hypothesis that adrenomedullin has the ability to
acilitate reinnervation of mesenteric perivascular nerves
fter in vivo denervation induced by topical treatment with
henol, which has been used to block peripheral nerve
ctivity (Wang and Bukoski, 1999). To investigate the re-

nnervation of perivascular nerves and their function, the
nnervation density and neurogenic vascular responses of
he rat mesenteric resistance artery after perivascular
erve damage with phenol treatment were examined in
his study.

EXPERIMENTAL PROCEDURES

xperimental animals

ight-week-old Wistar rats (purchased from Shimizu Experimental
nimals, Shizuoka, Japan) were used in this study. The animals
ere given food and water ad libitum. They were housed in the
nimal Research Center of Okayama University at a controlled
mbient temperature of 22 °C with 50�10% relative humidity
nd with a 12-h light/dark cycle (lights on at 8:00 AM). This
tudy was carried out in accordance with the Guidelines for
nimal Experiments at Okayama University Advanced Science
esearch Center, Japanese Government Animal Protection
nd Management Law (No. 115) and Japanese Government
otification on Feeding and Safekeeping of Animals (No. 6).
very effort was made to minimize the number of animals used
nd their suffering. All experiments conformed to international
uidelines on the ethical use of animals.

urgical procedures

he in vivo denervation of perivascular nerves in the mesenteric
rteries of the rats was performed as described previously (Ho-
ara et al., 2006). Briefly, under anesthesia with sodium pento-
arbital (50 mg/kg, i.p.), an abdominal midline incision was made,
nd the superior mesenteric artery proximal to bifurcation from the
bdominal aorta was carefully exposed and topically swabbed
ith 10% phenol solution (in 90% alcohol-saline) using a cotton
ud. After the swabbing, an antibiotic (penicillin G; Sigma Aldrich
apan, Tokyo, Japan) was infused around the surgical area and

hen the incision was closed. To examine the influence of the i
peration, sham-operated rats underwent the same surgical pro-
edures but with swabbing with vehicle (saline or 90% alcohol
ithout including phenol) instead of phenol solution. After the
peration, the animals were transferred into individual cages in the
emperature-controlled room and received intramuscular injection
f penicillin G (3.1 mg/kg) for three consecutive days. After phenol
reatment and sham operation, the animals were killed by deep
nesthesia for use into subject to the experiments described
elow on day 7.

drenomedullin and NGF administration

mini-osmotic pump (model 2001, Alzet; Alza, Palo Alto, CA,
SA) containing human recombinant adrenomedullin (Peptide

nstitute, Osaka, Japan), NGF (Sigma Aldrich Japan) or saline
as implanted in the abdominal area immediately after the phe-
ol-swabbing surgery, and adrenomedullin at a rate of 360 or
000 ng/h or NGF at a rate of 250 ng/h was administered i.p. for
period of 7 days. Adrenomedullin or NGF was dissolved in

terile saline and injected into an osmotic mini-pump. Control
nimals were implanted with mini-osmotic pumps containing
terile saline.

mmunohistochemical study

he animals treated with phenol and saline were anesthetized
ith a large dose of sodium pentobarbital (100 mg/kg, i.p.). The
uperior mesenteric artery was cannulated with polyethylene tub-
ng and Zamboni solution (2% paraformaldehyde and 15% picric
cid in 0.15 M phosphate buffer) was infused, and the mesenteric
rtery was removed together with the intestine as described pre-
iously (Hobara et al., 2005, 2006). The third branch of the mes-
nteric artery proximal to the intestine was removed and immer-
ion-fixed in the Zamboni solution for 48 h. After fixation, the artery
as repeatedly rinsed in phosphate-buffered saline (PBS), im-
ersed in PBS containing 0.5% TritonX-100 overnight, and incu-
ated with PBS containing normal goat serum (1:100) for 60 min.
he tissue was then incubated with the rabbit polyclonal anti-NPY
Phoenix Pharmaceuticals Inc., Belmont, CA, USA) antiserum at
he dilution of 1:300 or the rabbit polyclonal anti-CGRP (Biogen-
sis Ltd., Poole, UK) antiserum at the dilution of 1:300 for 72 h at
°C. After the incubation, the artery was washed in PBS, and the

ites of antigen-antibody reaction were revealed by incubation
ith fluorescein-5-isothiocyanate-labeled goat anti-rabbit IgG (di-

uted 1: 100) (ICN Pharmaceuticals, Inc., Aurora, OH, USA) for 60
in. Thereafter, the artery was thoroughly washed in PBS,
ounted on slides, cover-slipped with glycerol/PBS (2:1 v/v) and
bserved under a confocal laser scanning microscope (CLSM510,
arl Zeiss GmbH, Jena, Germany) in Okayama University Medi-
al School Central Research Laboratory.

mmunocytochemical analysis

he immunostaining density of NPY-like immunoreactive (LI) and
GRP-LI nerve fibers was analyzed with the method as described
y Hobara et al. (2005, 2006). Since the fluorescence intensity
iffered depending on the day of the experiment, the mesenteric
rteries from both phenol-treated rats on day 7 and saline-treated
ontrol rats were isolated, fixed and immunostained at the same
ime on the same day and mounted on the same slide glass, and
he saline-treated rats at day 7 were used as a control for the
ntensity in each experiment. For the quantitative evaluation of
PY-LI and CGRP-LI, confocal projection images of NPY and
GRP immunostaining, which were patched together with 8–10
verlapping images (0.1-�m scanning), were magnified at 20�
nd digitized as TIF images using a digital camera system (Olym-
us SP-1000, Olympus, Tokyo, Japan) and imported into a Win-
ows XP computer (Toshiba, Tokyo, Japan). The stored digital
mages were analyzed using image-processing software (Simple
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CI; Compix Inc., Imaging Systems, Cranberry Township, PA,
SA). The extraction of specific color and measured field com-
ands were used to extract the NPY-LI and CGRP-LI areas

which were stained green). Extraction of the signal was carried
ut using specific protocols based on the hue, lightness, and
aturation color parameter. A measured field of 100�100 �m
10,000 �m2), which contained the adventitia layer including im-
unostained perivascular nerve fibers, was randomly selected on
agnified images of the whole mount artery. The objective areas

ommand was used to calculate the percentage of NPY-LI- and
GRP-LI-positive areas, the intensity of staining was estimated
sing a point-counting computer program and the background

evel was subtracted from the experimental value to yield the
orrected intensity. The average of the density in three arteries
as taken as the nerve density per animal.

To determine the number of NPY-LI and CGRP-LI fibers, 5
orizontal lines were drawn on the image of the blood vessel in the
ame region where the density was estimated by computer anal-
sis. Then, the number of fibers that crossed each line was
ounted and the average of the number in three arteries was taken
s the total number of fibers per animal.

erfusion of mesenteric vascular beds

he animals were anesthetized with sodium pentobarbital (50 mg/
g, i.p.) and the mesenteric vascular bed was isolated and pre-
ared for perfusion as described previously (Kawasaki et al.,
988, 1991, 1998). The superior mesenteric artery was cannu-

ated and flushed gently with a modified (see below) Krebs-Ringer
icarbonate solution (Krebs solution) to eliminate blood in the
ascular bed. After removal of the entire intestine and associated
ascular bed, the mesenteric vascular bed was separated from
he intestine by cutting close to the intestinal wall. Only four main
rterial branches from the superior mesenteric trunk running to the
erminal ileum were perfused. All other branches of the superior
esenteric artery were tied off. The isolated mesenteric vascular
ed was then placed in a water-jacketed organ bath maintained at
7 °C and perfused with Krebs solution at a constant flow rate of
ml/min with a peristaltic pump (model AC-2120, ATTO Co.,

okyo, Japan). The preparation was also superfused with the
ame solution at a rate of 0.5 ml/min to prevent drying. The Krebs
olution was bubbled with a mixture of 95% O2 plus 5% CO2

efore passage through a warming coil maintained at 37 °C. The
odified Krebs solution had the following composition (mM): NaCl
19.0, KCl 4.7, CaCl2 2.4, MgSO4 1.2, NaHCO3 25.0, KH2PO4

.2, EDTA-2Na 0.03, and glucose 11.1 (pH 7.4). Changes in the
erfusion pressure were measured with a pressure transducer
model TP-400T, Nihon Kohden, Tokyo, Japan) and recorded
sing a pen recorder (model U-228, Nippon Denshi Kagaku,
okyo, Japan).

erivascular nerve stimulation (PNS) and bolus
njection of norepinephrine or CGRP

fter the basal perfusion pressure was allowed to stabilize, the
reparation was initially subjected to PNS by electrical stimulation
t 8 and 12 Hz and bolus injections of norepinephrine (5 and
0 nmol) (Daiichi-Sankyo Co., Tokyo, Japan), and then was in-
uced to contract with �1-adrenoceptor agonist, methoxamine
7 �M) (Nippon Shinyaku Co., Kyoto, Japan), in the presence of
n adrenergic neuron blocker, guanethidine (5 �M) (Sigma Aldrich
apan), which was added to block the adrenergic neurotransmis-
ion. The increased perfusion pressure was allowed to stabilize,
nd the preparation was again subjected to PNS by electrical
timulation at 1, 2 and 4 Hz and bolus injections of CGRP (25, 50
nd 100 pmol) (Peptide Institute). PNS was applied by using
ipolar platinum ring electrodes placed around the superior mes-
nteric artery. Rectangular pulses of 1 ms and supramaximal

oltage (50 V) were given for 30 s using an electronic stimulator d
model SEN 3301, Nihon Kohden). Norepinephrine and CGRP
ere directly injected into the perfusate proximal to the arterial
annula with an infusion pump. A volume of 100 �l was injected
or 12 s.

At the end of each experiment, the preparations were per-
used with 100 �M papaverine (Dainippon-Sumitomo Pharmaceu-
ical Co., Ltd., Osaka, Japan) to cause complete relaxation. Va-
odilator activity is expressed as percentage of the perfusion
ressure at maximum relaxation induced by papaverine. Vaso-
onstrictor activity is expressed as percentage of the perfusion
ressure.

tatistical analysis

ll data were expressed as mean�S.E.M. Analysis of variance
ANOVA) followed by Tukey’s test was used to determine statis-
ical significance where appropriate. Correlation analysis was car-
ied out using Pearson’s correlation test. A value of P�0.05 was
onsidered statistically significant.

RESULTS

ffects of adrenomedullin and NGF administration
n changes in innervation of NPY-LI or CGRP-LI
erve fibers in the mesenteric artery following
opical phenol treatment

s shown in Fig. 1A, D, the rat mesenteric artery was
ensely innervated by both NPY-LI and CGRP-LI nerve
bers, and the density of NPY-LI nerves was much higher
han that of CGRP-LI nerves. The topical application of
henol on the superior mesenteric artery markedly re-
uced the innervation of both NPY-LI (Fig. 1B) and
GRP-LI (Fig. 1E) nerve fibers in the distal small artery,
hereas vehicle (saline or 90% alcohol) treatment (sham
ontrol) did not reduce the innervation of either type of
erve fibers (Fig. 1A, D). As shown in Fig. 1C, F, NGF
dministration immediately after topical application of phe-
ol restored the level of innervation of NPY-LI or CGRP-LI
erve fibers to the level observed in the sham-treated
ontrol rats.

Figs. 2 and 3 show the effect of adrenomedullin or NGF
dministration on the phenol-induced decrease in the den-
ity of perivascular NPY-LI and CGRP-LI nerves. To quan-
itatively evaluate changes in the density of NPY-LI and
GRP-LI nerve fibers in the mesenteric artery, an immu-
ocytochemical technique was used in this study. As
hown in Fig. 2B, F, the density of NPY-LI nerve fibers
ecreased approximate 50% at 7 days after topical phenol
pplication on the superior mesenteric artery. There was
significant difference between the density in the phe-

ol-saline-treated and sham-treated control rats. The
eduction of the NPY-LI fiber density level following
henol treatment was restored by the application of NGF
250 ng/h) to the level in the sham-treated control rats
Fig. 2E, F). There was a significant difference between
he density in the phenol-saline-treated and NGF-
reated rats (Fig. 2F).

Treatment with adrenomedullin at a dose of 1000 ng/h
ut not 360 ng/h restored the density of NPY-LI fibers (Fig.
D) to the level in the sham-treated control rats (Fig. 2A)
nd NGF-treated rats (Fig. 2F). The level of NPY-LI fiber

ensity after adrenomedullin administration (1000 ng/h)
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as significantly greater than that after phenol-saline treat-
ent (Fig. 2D, F) and similar to those in the sham-treated

ontrol (Fig. 2A) and NGF-treated rats (Fig. 2E, F).
As shown in Fig. 3B, F, the density of CGRP-LI fibers

arkedly decreased by approximately 80% after topical
henol treatment of the superior mesenteric artery. The
dministration of adrenomedullin at 360 and 1000 ng/h
aused significantly greater density of CGRP-LI nerve fibers
han that in the phenol-saline-treated rats (Fig. 3C, D, F).
owever, the elevation of the CGRP-LI fiber density in-
uced by adrenomedullin was smaller than that induced by
GF (Fig. 3E, F).

The relationships between the numbers of NPY-LI and
GRP-LI nerve fibers, which were counted visually, and

he densities of NPY-LI and CGRP-LI nerves (%), which
ere quantified by computer-assisted image processing,
ere assessed in the mesenteric arteries of all groups.
here were significant positive correlations between the
ensity and the numbers of NPY-LI and CGRP-LI nerve
bers in the sham-treated control (NPY-LI, P�0.01,
�0.762; CGRP-LI, P�0.01, r�0.585), phenol-saline
NPY-LI, P�0.01, r�0.740; CGRP-LI, P�0.01, r�0.822),
drenomedullin 360 ng/h (CGRP-LI, P�0.01, r�0.727;
PY-LI, P�0.01, r�0.629), adrenomedullin 1000 ng/h

NPY-LI, P�0.01, r�0.759; CGRP-LI, P�0.01, r�0.792)
nd NGF (NPY-LI, P�0.317, r�0.235; CGRP-LI, P�0.01

ig. 1. Representative confocal laser micrographs showing chan
istal mesenteric arteries after topical phenol application on the s
ontrol. (B, E) Density after phenol�saline treatment. (C, F) Density
anel).
�0.715)-treated rats (data not shown). b
ffect of treatment with adrenomedullin or NGF
n adrenergic nerve-mediated vasoconstrictor
esponses to PNS and bolus injection of
orepinephrine after topical phenol treatment

NS at 8 and 12 Hz of the perfused mesenteric vascular
eds with resting tone produced a frequency-dependent

ncrease in perfusion pressure due to vasoconstriction
Fig. 4). In the same preparation with resting tone, injection
f norepinephrine caused a concentration-dependent va-
oconstriction pattern similar to the PNS-induced response
Fig. 4). As shown in Figs. 4 and 5A, the vasoconstrictor
esponses to PNS at 8 and 12 Hz in preparations from
henol-saline-treated rats were significantly smaller than
hose in preparations from sham-treated control rats. The
asoconstrictor responses to norepinephrine injection in
reparations from phenol-saline-treated rats tended to be
reater than those in sham preparations, although there
as no significant difference (Figs. 4 and 5B). In prepara-

ions from phenol-adrenomedullin (1000 ng/h)-treated rats
Figs. 4 and 5A) or phenol-NGF-treated rats (Figs. 5 A), the
asoconstrictor responses to PNS at 8 and 12 Hz were
reater than those in preparations from phenol-saline-
reated rats. There were significant differences in the PNS-
nduced response between the phenol-saline-treated rats
nd phenol-adrenomedullin- and phenol-NGF-treated rats
Fig. 5A). Furthermore, no significant difference was found

he density of NPY-LI nerve fibers and CGRP-LI nerve fibers in
esenteric artery, and the effect of NGF. (A, D) Sham treatment

nol�NGF treatment. Scale bar�100 �m (lower right corner of each
ges in t
uperior m
etween sham treatment groups and phenol-adrenomedullin
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r phenol-NGF treatment groups (Fig. 5A). However, in
omparison with the preparations from the phenol-saline-
reated rats, there was a significant reduction in the nore-
inephrine-induced vasoconstriction in the preparations
rom phenol-NGF-treated rats but not in those from phenol-
drenomedullin-treated rats (Figs. 4 and 5B). No signifi-
ant difference in vasoconstrictor responses to norepi-
ephrine injection was found between sham treatment
roups and phenol-adrenomedullin or phenol-NGF treat-
ent groups (Fig. 5B).

ffect of treatment with adrenomedullin or NGF on
GRPergic nerve-mediated vasodilator responses

o PNS and bolus injection of CGRP after topical
henol treatment rats

o observe the vasodilator response, the preparation was
nduced to contract by continuous perfusion of methox-
mine (7 �M; �1-adrenergic receptor agonist) in the pres-
nce of guanethidine (5 �M; adrenergic neuron blocker),
hich was added to block adrenergic neurotransmission.

n this preparation, PNS at 1, 2 and 4 Hz caused a fre-
uency-dependent decrease in perfusion pressure due to
asodilation (Fig. 4). The vasodilator response to PNS has

ig. 2. Representative confocal-laser micrographs (A–E) and a bar g
ensity of NPY-LI nerve fibers in distal mesenteric arteries after topic
ontrol (n�10). (B) Phenol � saline treatment (n�12). (C) Phenol�
E) Phenol�NGF 250 ng/h treatment (n�5). Each bar indicates mea
reatment control.
een shown to be mediated by CGRP-containing vasodi- m
ator nerve, since the response is blocked by CGRP re-
eptor antagonist [CGRP(8–37)] and CGRP depletor (cap-
aicin) (Han et al., 1990; Kawasaki et al.,1991). Bolus

njections of CGRP also induced concentration-dependent
asodilation (Fig. 4), which has been shown to be medi-
ted by postsynaptic CGRP receptors (Kawasaki et al.,
988).

Vasodilator responses to PNS at two and 4 Hz but not
Hz in preparations from phenol-saline-treated rats were

ignificantly smaller than those in preparations from sham-
reated control rats (Figs. 4 and 6A). As shown in Figs. 4
nd 6A, the PNS (2 and 4 Hz)-induced vasodilator re-
ponses in preparations from phenol-adrenomedullin
1000 ng/h)-treated rats and phenol-NGF-treated rats
ended to be larger than those of phenol-saline-treated rats
ut these effects did not reach the level of statistical sig-
ificance (P�0.1). However, there was no difference be-
ween neurally evoked vasodilator response of prepara-
ions from the sham treatment control group and those
rom phenol-adrenomedullin and phenol-NGF treatment
roups (Fig. 6 A).

As shown in Figs. 4 and 6B, vasodilator responses to
GRP injection did not change after phenol-saline treat-

showing effects of adrenomedullin (AM) and NGF on changes in the
application on the superior mesenteric arteries. (A) Sham treatment

ng/h treatment (n�6). (D) Phenol�AM 1000 ng/h treatment (n�6).
. * P�0.05 vs. sham treatment control. † P�0.05 vs. saline-phenol
raph (F)
al phenol
AM 360
ent. In preparations from phenol-adrenomedullin-treated
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ats (Figs. 4 and 6B), the vasodilator response to CGRP
njection was similar to that in preparations from sham-
reated control and phenol-saline-treated rats. However,
he vasodilator response to CGRP injection in preparations
rom phenol-NGF-treated rats was significantly smaller
han those in preparations from sham-treated control rats
nd phenol-saline-treated rats (Figs. 4 and 6B).

DISCUSSION

he present study is the first report to demonstrate that
drenomedullin, a potent vasodilator peptide, facilitates
he reinnervation of perivascular NPY-LI and CGRP-LI
erves in the rat mesenteric artery which was injured by
opical application of phenol. Our recent report provided
vidence that topical treatment of the rat superior mesen-
eric artery with phenol induces a marked reduction of
erivascular NPY- and CGRP-containing nerve innerva-
ion in the distal small artery. Additionally, NGF treatment
or 7 days immediately after phenol application restored
he innervation of perivascular nerves to the control level.

ig. 3. Representative confocal-laser micrographs (A–E) and bar grap
n the density of CGRP-LI nerve fibers in the distal mesenteric arter
reatment control (n�10). (B) Phenol�saline treatment (n�12). (C) P
n�6). (E) Phenol�NGF 250 ng/h treatment (n�5). Each bar indicates
reatment control.
hese findings were confirmed by the present results that w
opical phenol application reduced the density of perivas-
ular NPY-LI and CGRP-LI nerves in the mesenteric ar-
ery, and that this reduction was prevented by NGF treat-
ent. Furthermore, the present findings showed that ad-

enomedullin cancelled the phenol-induced reduction of
he innervation of both NPY-LI and CGRP-LI nerves, sug-
esting that adrenomedullin, like NGF, has the ability to
nhance reinnervation of the perivascular nerves. It is
ssumed that the reinnervation process induced by ad-
enomedullin and NGF may be due to sprouting of the
emaining axons, since the effects of both adrenomedullin
nd NGF were seen only 7 days following the proximal

esion.
The topical phenol treatment resulted in marked reduc-

ion of not only the innervation of NPY-LI-containing nerves
ut also the PNS-induced vasoconstrictor response, which

s mediated by perivascular adrenergic nerves. The neu-
opeptide NPY has been shown to be synthesized in the
ympathetic ganglion cells and axonally transported to and
tored in postganglionic sympathetic nerve varicosities,

wing effects of adrenomedullin (AM) and NGF treatment on changes
pical phenol treatment of the superior mesenteric artery. (A) Sham
M 360 ng/h treatment (n�6). (D) Phenol�AM 1000 ng/h treatment

.E.M. * P�0.05 vs. sham treatment control. † P�0.05 vs. saline-phenol
h (F) sho
y after to
henol�A

mean�S
here it colocalizes with norepinephrine (Lundberg, 1996).
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herefore, it is likely that phenol treatment damaged the
ympathetic postganglionic NPY-LI nerve trunk innervating
he small mesenteric artery, and led to a significant de-
rease in the neurogenic vasoconstriction induced by
NS. Treatment of phenol-treated rats with adrenomedul-

in significantly restored the PNS-induced vasoconstriction
o the level in the sham-treated control and NGF-treated
ats. This result is in good accordance with the restoration
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o bolus infusion of norepinephrine (NE, 5 and 10 nmol) and rat
esenteric vascular beds with active tone produced by 7 �M methox

rom sham-treated control rats; phenol�saline, the preparation isol
ion isolated from phenol-adrenomedullin-treated rats. Inverted ope
f NE at 5 and 10 nmol, respectively. Inverted closed triangles and
t 25, 50 and 100 nmol, respectively.
f the innervation of NPY-LI nerve fibers, suggesting that o
he NPY-LI nerves that reinnervated the artery after treat-
ent with adrenomedullin or NGF functioned as perivas-

ular nerves.
The rat mesenteric artery is densely innervated by

GRP-LI nerves, in which PNS induces vasodilation (Ka-
asaki et al., 1988). The present finding that phenol treat-
ent decreased CGRP nerve-mediated vasodilation in re-

ponse to PNS suggests that ablation and functional loss
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henol application. Adrenomedullin tended to increase the
NS-induced vasodilation that had been decreased after
henol application. Adrenomedullin increased the level of
GRP-LI nerve fibers to the control level, indicating that

he peptide also has neurotrophic activity for perivascular
GRP-containing nerves. Additionally, NGF treatment in-
reased the PNS-induced vasodilation to return it back to
hat of the sham treatment group. However, the reverse
ffect of NGF on the neurally evoked vasodilation was
maller than that of adrenomedullin. NGF treatment re-
ulted in a significantly decreased vasodilator response to
xogenously applied CGRP compared with the responses

ig. 5. Effects of adrenomedullin (AM) and NGF treatment on change
olus infusion of norepinephrine (NE) (B) in perfused mesenteric vascu

rom sham-treated control rats; phenol�saline (n�12), the preparatio
solated from phenol-adrenomedullin (1000 ng/h)-treated rats; phenol�
ach bar indicates mean�S.E.M. * P�0.05 vs. sham treatment contr

ig. 6. Effects of adrenomedullin (AM) and NGF treatment on chang
nfusion of CGRP (B) in perfused mesenteric vascular beds after topic
ontrol rats; phenol�saline (n�12), the preparation isolated from p

henol-adrenomedullin (1000 ng/h)-treated rats; phenol�NGF (n�5), the prep

ndicates mean � S.E.M. * P�0.05 vs. sham treatment control.
f the sham-treated control and phenol-treated prepara-
ions. Therefore, the weaker effectiveness of NGF treat-
ent on the PNS-induced vasodilation may be in part
ssociated with decreased vasodilation in response to ex-
genous CGRP, which was induced by activation of
ostsynaptic CGRP receptors. NGF induces up-regulation
f CGRP synthesis in the dorsal root ganglia neurons
Lindsay and Harmar, 1989; Supowit et al., 2001). Further-
ore, endoneurial injection of NGF increased the CGRP
xpression in the dorsal root ganglia (Schuligoi and
mann, 1998; Ruiz and Banos, 2005). In the present
tudy, NGF markedly increased the density of CGRP-LI

nergic nerve-mediated vasoconstrictor responses to PNS (A) and to
after topical phenol treatment. Sham (n�10), the preparation isolated
from phenol-saline-treated rats; phenol�AM (n�6), the preparation
5), the preparation isolated from phenol-NGF (250 ng/h)-treated rats.

RP nerve-mediated vasodilator responses to PNS (A) and to bolus
treatment. Sham (n�10), the preparation isolated from sham-treated
line-treated rats; phenol�AM (n�6), the preparation isolated from
s in adre
lar beds

n isolated
es in CG
al phenol
henol-sa
aration isolated from phenol-NGF (250 ng/h)-treated rats. Each bar
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erve fibers in the phenol-treated rats. Therefore, it is
resumed that NGF may down-regulate CGRP receptor
xpression in the mesenteric artery.

Khan et al. (1997) reported that chronic administration
f adrenomedullin at a rate of 1000 ng/h significantly low-
red the blood pressure in two-kidney, one-clip hyperten-
ive rats. Our previous reports demonstrated age-related
ecreases in CGRP nerve-mediated vasodilation (Ka-
asaki et al., 1990), neurogenic CGRP release (Kawasaki
t al., 1990), the distribution of CGRP-LI nerve fibers in the
esenteric artery (Hobara et al., 2005) and CGRP mRNA

evels in the dorsal root ganglia (Kawasaki et al., 2001) in
pontaneously hypertensive rats (SHRs). We suggested
hat remodeling of CGRP-containing vasodilator nerve fi-
ers contributes to the development and maintenance of
ypertension in SHRs. Furthermore, SHRs and hyperten-
ive patients have been shown to have elevated plasma
evels of adrenomedullin (Kohno et al., 1996). The main
ource of plasma adrenomedullin has been shown to be
ascular endothelium and smooth muscle cells (Sugo et al.,
994). Therefore, the present finding that adrenomedullin
acilitates the distribution of perivascular CGRP nerves and
estores the CGRP nerve-mediated vascular responses im-
lies that in hypertension, adrenomedullin may act to prevent
nd/or restore the perivascular nerve remodeling as a neu-
otrophic factor.

CONCLUSION

he present results suggest that adrenomedullin facilitates
he reinnervation of perivascular NPY-LI and CGRP-LI
erve fibers injured by topical phenol application. The re-
ults also suggest that adrenomedullin, like NGF, has the
bility to regenerate and/or reinnervate perivascular
erves as a neurotophic factor and that adrenomedullin
ay play an important role in preventing the remodeling of
erivascular nerves.
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