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1 Speci®c mechanisms, providing reuptake of cathecholamine and amino acid neurotransmitters
(e.g. serotonin and glutamate) into cells of the central nervous system are well known, whereas
neuronal uptake of neuropeptide transmitters have not previously been reported.

2 In the present study we present evidence for uptake of the 37 amino acid neuropeptide, calcitonin
gene-related peptide (CGRP) into perivascular terminals of capsaicin sensitive nerve ®bres,
innervating the guinea-pig basilar artery.

3 Release of CGRP from perivascular nerve terminals was obtained by capsaicin-induced vanilloid
receptor-stimulation and detected as CGRP receptor-mediated dilation of isolated segments of the
guinea-pig basilar artery.

4 Following three repeated capsaicin challenges, CGRP-depleted segments were incubated with
CGRP. This caused signi®cant reappearance of capsaicin-induced vasodilatory responses. These
responses were dependent on duration and concentration of the preceding CGRP incubation and
were inhibited by the CGRP receptor antagonist, CGRP8± 37.

5 The CGRP-re-depletion was signi®cantly reduced when CGRP8± 37 was present during the
preceding CGRP incubation. Thus, presynaptic CGRP receptors are likely to be involved in
neuronal CGRP uptake.

6 Incubating the artery segments with 125I-CGRP allowed subsequent detection of capsaicin-
induced 125I-release.

7 Immunohistochemical experiments showed that only terminal CGRP is subject to capsaicin-
induced depletion in vitro, whereas CGRP-immunoreactivity endures in the nerve ®bres.
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Introduction

The potent vasodilatory substance, calcitonin gene-related
peptide (CGRP) is present in sensory nerve ®bres surround-
ing arteries in the central nervous system and periphery where

the substance is often co-localized with substance P and
neurokinin A (Lundberg et al., 1985; Uddman et al., 1985).
CGRP is stored in vesicles and released by exocytosis

(Lundberg, 1996) upon electrical (Markowitz et al., 1987;
Buzzi et al., 1991) or chemical stimulation (Mason et al.,
1984; Kallner & Franco-Cereceda, 1998; Holzer, 1991b; Kilo

et al., 1997). CGRP, released from perivascular sensory nerve
®bres, causes potent CGRP receptor-mediated vasodilatation
of various vascular beds (Brain et al., 1985; Edvinsson et al.,

1987) and may in addition modulate the processes of
neurogenic in¯ammation, which are initiated by the other
sensory transmitters, substance P and neurokinin A (Feuer-
stein et al., 1995; Kilo et al., 1997). The most likely molecular

equivalent of the vascular CGRP receptors is a G-protein
coupled receptor (Aiyar et al., 1996) which requires the
RAMP1 subunit for activity (McLatchie et al., 1998).

An increased activity of CGRP-containing trigeminovas-
cular nerve ®bres has been correlated to the pathophysiology
of migraine (Buzzi et al., 1991) either during attacks

(Goadsby et al., 1990; Goadsby & Edvinsson, 1993) or as a
general imbalance in migraine patients (Ashina et al., 2000).
Therefore, clinical potentials of CGRP receptor-antagonists

in the treatment of migraine have been addressed (Doods et
al., 2000).
Capsaicin, the active substance in chilli peppers (see

Holzer, 1991b; Szallasi & Blumberg, 1999) potently and
selectively causes release of CGRP from sensory nerve
terminals both in vitro and in vivo (Duckles & Levitt, 1984;

Duckles, 1986; Holzer, 1991a; Saito & Goto, 1986; Wharton
et al., 1986).
The mechanism of capsaicin-induced CGRP depletion

involves binding of capsaicin to vanilloid 1 receptors (VR1)

(Caterina et al., 1997). Capsaicin-association to VRs triggers
Ca2+ in¯ux and elevated intracellular calcium levels in turn
stimulate CGRP-release. The vanilloid 1 receptor is in

addition to capsaicin stimulated by heat, hydrogen ions,
lactate (Franco-Cereceda & Liska, 2000; Franco-Cereceda,
1988) and the endogeneous cannabinoid, anandamide
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(Zygmunt et al., 1999). A hypoxic re¯ectory release of CGRP
which has been suggested in myocardium (Kallner, 1998; Dai
et al., 2000; Franco-Cereceda & Liska, 2000) and in cerebral

arteries (McCulloch et al., 1986) may be due to stimulation of
this receptor as well. The capsaicin-like substance, capsaze-
pine is a speci®c vanilloid receptor antagonist (Urban &
Dray, 1991; Caterina et al., 1997).

It has previously been demonstrated that CGRP, rather
than SP and NKA, is responsible for the capsaicin-induced
vasodilatation of guinea-pig basilar artery (Franco-Cereceda

& Rudehill, 1989; O'Shaughnessy et al., 1993; Jansen-Olesen
et al., 1996).
The aim of this study was to investigate whether CGRP-

depleted perivascular nerve terminals of the isolated guinea-
pig basilar artery can be reloaded during incubation with
exogenous CGRP. Possible reload was detected as a

recovery of CGRP mediated vasodilatory responses to
capsaicin.

Methods

In vitro pharmacological experiments

Procedure for standard start Guinea-pigs (250 ± 500 g,
Hvidesten, Statens Serum Institut, Denmark) were killed by

pentobarbitone (500 mg kg71 (i.p.)) and the brains were
rapidly transferred to a physiological salt solution (PSS).
Each basilar artery was carefully dissected out and divided

into eight segments of *0.5 mm for the investigation of
CGRP- or capsaicin-induced vasodilatation. Each segment
was mounted on two parallel pins of 150 mm in diameter in a
myograph (Model 610M, Danish Myo Tecnology, Denmark)

in order to continuously determine the vessel tension. The
PSS solution in the myographs was continuously aerated with
95% O2 and 5% CO2 to maintain a constant physiological

pH. The mounted segments were allowed to equilibrate for
30 min in PSS at 368C. A similar equilibration period was
repeated after each physical or pharmacological challenge

described below.
Initially, the distance between the sets of pins was

normalized to equalize 0.96l100 (l100 is the distance between
the pins when the transmural pressure equalizes 100 mHg)

and the corresponding optimal normalized circular artery
diameter, Do was calculated (Mulvany & Halpern, 1977). To
activate and verify vasoconstrictive function, the artery

segments were depolarized twice by 125 mM potassium in a
modi®ed PSS bu�er (KPSS).
Each segment was then preconstricted by PGF2a,

361076 M for 15 ± 30 min and was subsequently challenged
by 1075 M acetylcholine as part of the standard procedure.
Vasodilatory responses to acetylcholine con®rmed that

neither endothelium nor smooth muscle cells had been
damaged during the mounting procedure.
In subsequent vasomotor studies, artery segments were

preconstricted by 361076 M PGF2a before they were

challenged for 10 min by either capsaicin or human a-CGRP.
Between repeated capsaicin- or CGRP-challenges, artery
segments were allowed to rest for 1 h and each repeated

preconstriction were preceded by challenging the artery
segments with 125 mM potassium. When either vanilloid or
CGRP receptor antagonists was present during the agonistic

challenge, those were added to the tissue bath 10 min before
the preconstrictor.

In studies of CGRP re-depletion, artery segments were

initially challenged three times by capsaicin (1075 M) in order
to obtain CGRP-depleted nerve terminals. Subsequently,
segments were incubated with human a-CGRP and re-
challenged by capsaicin an additional 1 ± 3 times. The amount

of time elapsed from the washout of the CGRP incubation
solution until the fourth capsaicin challenge was carried out
amounted to *30 min.

Uptake and release of 125I-CGRP

A functional depletion of CGRP from terminals of the
guinea-pig basilar artery was induced by three repeated
capsaicin (1075 M) challenges of preconstricted artery seg-

ments. CGRP-depleted artery segments were then incubated
in PSS containing human a-CGRP (1077 M) and 125I-CGRP
(18.5 kBq, 0.25 pmol CGRP) for 20 min. This group of
artery segments was subject to at least 10 extensive washouts

prior to the fourth capsaicin challenge. The amount of 125I
was determined (g-emission) in 100 ml aliquots of the bu�er
every 5 min before and during the capsaicin (1075 M)

challenge of the artery segments. Half of the segments were
subject to the fourth capsaicin challenge following 10 min of
preconstriction, whereas the remaining segments were

challenged by capsaicin following 25 min of preconstriction.
To verify whether the released radioactivity was protein
bound the protein in selected aliquots was precipitated by 5%

trichloroacetic acid in the presence of 1% bovine serum
albumin. The supernatant was discharged after centrifugation
(10 min at 3000 r.p.m.) and the amount of radioactivity in
the precipitate was detected.

Verification of vanilloid- and CGRP receptor mediated
capsaicin-induced vasodilatation

Three groups of artery segments were preconstricted and
challenged six times by capsaicin (1075 M) for 10 min. The

preconstricted arteries were challenged by capsaicin either
alone or in the presence of either a-CGRP8± 37 (1076 M) or
capsazepine (361076 M). Antagonists were added to the
tissue baths during only the ®rst, fourth and sixth capsaicin

treatment. Following the third capsaicin treatment the artery
segments were incubated by human a-CGRP (1077 M) for
20 min.

Determination of time and concentration dependency of
CGRP re-depletion

Di�erent groups of artery segments were challenged six times
by capsaicin as described above. Following the third

capsaicin treatment segments were incubated by human a-
CGRP 1077, 1078 or 1079 M for 20, 5 or 2 min.

Assessment of mechanisms of the CGRP uptake

Three groups of artery segments were challenged six times by
capsaicin as described above. Following the third capsaicin

treatment, segments were incubated by forskolin (1076 M),
human a-CGRP (1078 M) or by human a-CGRP (1078 M) in
the presence of a-CGRP8± 37 (1076 M).
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Verification of reproducible repeated responses to
exogenous CGRP

It has previously been demonstrated that the tachyphylaxis to
repeated cumulative CGRP applications in artery segments is
avoided if each CGRP application is preceded by challenging
the artery segments by 125 mM potassium (Sheykhzade &

Nyborg, 1998). In the present study, artery segments were
preconstricted and challenged four times by 1078 M CGRP.
Each preconstriction was preceded by a 125 mM potassium

challenge and the artery segments were allowed to rest for 1 h
between two CGRP administrations.
Another group of artery segments were preconstricted and

challenged by 1078 M CGRP once before and once after six
repeated capsaicin challenges were performed. The second
CGRP challenge was performed alone or in the presence of

either the CGRP receptor antagonist, a-CGRP8± 37 or the
vanilloid receptor antagonist, capsazepine.
Two groups of artery segments were challenged three times

by capsaicin as described above. Following the third

capsaicin treatment, segments were incubated by either 1079

or 1077 M human a-CGRP for 20 min. Subsequently, the
vasodilatory responses to human a-CGRP (1079 M) were

determined.

Chemicals and solutions

For the pharmacological experiments, concentrated solutions
of PGF2a (Prostaglandin F2a; Dinoprost1, Upjohn, Sweden),

CGRP (human a-CGRP; Bachem, Switzerland), CGRP8± 37

(human a-CGRP8± 37: Schafer-N, Copenhagen, Denmark),
Forskolin (RBI, U.S.A.), acetylcholine (acetylcholine chlorid,
Sigma, Denmark), Capsaicin (Sigma-RBI, U.S.A.), Capsaze-

pine (Sigma-RBI, U.S.A.), 125I-CGRP (3-[125I] iodohistidyl10)
CGRP (human), 74 TBq mmol71 (Amersham Pharmacia
Biotech, U.K.) were used.

The solutions of capsaicin and forskolin were prepared in
ethanol whereas capsazepine was dissolved in methanol. The
remaining substances were dissolved in double distilled water.

Aliquots of each concentrate were stored at 7208C. Final
concentrations of the organic solutes in the tissue baths did
not exceed 0.1%. The remaining substances were dissolved in
distilled water, aliquoted and stored at 7208C.
PSS (Physiological salt solution) contained (mM): NaCl

119, KCl 4.7, CaCl2 1.5, MgSO4 1.17, NaHCO3 25, KH2PO4

1.18, EDTA 0.027, glucose 5.5 (pH 7.4 was obtained by

continuous equilibration with a gas stream of 95% O2 and
5% CO2).
KPSS (Potassium rich physiological salt solution) con-

tained (mM): KCl 123.7, CaCl2 1.50, MgSO4 1.17, KH2PO4

1.18, EDTA 0.027, NaHCO3 0.025, glucose 5.5 (pH 7.4 was
obtained by continuous equilibration with a gas stream of

95% O2 and 5% CO2). This solution is a modi®ed PSS
solution where NaCl is substituted by KCl on an equimolar
basis.

Calculations and statistical analyses

The degree of vasodilatation, induced by CGRP or capsaicin

was calculated in percentage of the PGF2a precontraction.
For comparison of the responses to di�erent capsaicin or
CGRP challenges within one artery group, paired t-tests were

performed. When comparing capsaicin-induced responses in
di�erent groups of arteries, an initial normalization of the
vasodilatory responses was performed: The response to the

third capsaicin treatment was de®ned as a segment-speci®c
CGRP-depleted response. For each individual segment the
amount of vasodilatation induced by the third capsaicin
challenge was subtracted from the remaining responses before

evaluating di�erences within groups with an unpaired t-test.
For the evaluation of reproducibility between repeated
CGRP applications, two-way ANOVAs using CGRP appli-

cation number as column factor and individual segments as
row factor were performed.
All statistical analyses were performed using GraphPad

Prism 3.0 and di�erences were considered signi®cant when
P50.05 and symbolized by * (*: P50.05, **: P50.01, ***:
P50.001).

Immunocytochemical experiments

Four artery segments were isolated from the myographs at

four di�erent time points of the capsaicin-induced CGRP-
depletion experiments described above. (1) before the ®rst
capsaicin challenge, (2) after the third capsaicin challenge, (3)

after the CGRP incubation and (4) after completion of six
capsaicin challenges. The segments were ®xed in 4%
paraformaldehyde for 424 h and the succeeding immuno-

histochemical studies were performed on free ¯oating
segments that were opened to expose the lumen. Initially,
segments were rinsed in TBS (75 mM Tris-HCl, 150 mM

NaCl, pH 7.6) for 10 min at 208C and thereafter in TBS
containing 0.1% Triton X-100 (Sigma, Denmark) for 10 min.
Subsequently, the tissue pieces were incubated in TBS
containing 1% Triton X-100 and 10% porcine serum (Dako,

Denmark) for 30 min before rabbit anti-CGRP `89337'
(1 : 3000) (Thulesen et al., 1994) was added and allowed to
incubate for 16 h at 48C. The artery segments were washed

three times in TBS containing 0.1% Triton X-100 and CGRP
immunoreactivity was detected following three incubations
each separated by three washings: (1) Biotinylated anti-rabbit

IgG (Dako, Denmark, 1 : 200 in TBS containing 1% Triton
X-100, 1 h at 208C), (2) Biotinyl-tyramide (NEN Dupharma,
Denmark, 5 min at 208C as prescribed by the supplier) and
(3) Texas Red coupled streptavidin (Amersham, Denmark,

1 : 200 in TBS containing 1% Triton X-100, 1 h at 208C).
Before and after the biotinyl-tyramide treatment, segments
were challenged by ABC-reagent (Dako, Denmark). Segments

were coverslipped and CGRP immunoreactivity was ®nally
visualized as ¯uorescent emission under the microscope.

Results

Uptake and release of 125I-CGRP

Addition of 18.5 kBq (0.25 pmol) 125I-CGRP to the tissue
bath (5 ml) during the incubation with 1077 M CGRP

allowed a subsequent capsaicin-induced release of 125I from
the isolated artery segment (Figure 1). The speci®city of the
capsaicin-induced 125I-release was evaluated by comparing the

time courses of 125I-release during capsaicin challenge and
those during prolonged preconstriction (Figure 1A). Sig-
ni®cant increases in mean 125I-release were demonstrated in
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the artery segments undergoing capsaicin challenge at 25, 30
and 35 min as compared to those undergoing prolonged
preconstriction (P=0.0087; 0.0012 and 0.0004, respectively).

No di�erence between the two artery groups was observed in
the time interval from 0 ± 20 min (Figure 1A). Furthermore,
the amount of capsaicin-induced 125I-release was not di�erent
in artery segments preconstricted for di�erent amounts of

time (Figure 1B).
The results presented in Figure 1 cannot be distinguished

from results obtained from segments which have not

undergone challenges by capsaicin. Thus, the apparent
CGRP redepletion is not dependent on preceding CGRP
depletion.

The mean amount of 125I, released into the tissue bath
during 15 min of capsaicin challenge equals 65+11 Bq
(mean+s.e.mean of eight experiments) which corresponds

to *0.9 fmol 125I-CGRP. Assuming equal uptake and re-
depletion characteristics of labelled and unlabelled CGRP,
the total amount of CGRP, released into the tissue bath
during 15 min of capsaicin challenge amounts 1.8 pmol,

corresponding to *3.6610710 M CGRP in the 5 ml tissue
bath. Protein precipitation con®rmed that the radioactivity
released both before and during the capsaicin challenge was

in fact protein bound.

Pharmacological evidence for CGRP uptake and
re-depletion

When isolated artery segments were challenged with capsaicin

three times in a row, the vasodilatory responses were
signi®cantly decreased in a consecutive manner (Figure 2A).
This scenario veri®ed functional CGRP depletion in possible
combination with vanilloid receptor desensitization.

Following the third capsaicin challenge, artery segments
were incubated with 1077 M CGRP and the vasodilatory
response to the subsequent fourth capsaicin challenge

signi®cantly increased as compared to the third capsaicin
challenge (P=0.0002). Again, successive and signi®cant
decreases in the responses to repeated capsaicin challenges

were observed and a signi®cant decrease in the vasodilatory
e�ect upon the sixth capsaicin challenge was demonstrated as
compared to that of the fourth (P=0.0032).

Verification of vanilloid 1 and CGRP receptor mediated
capsaicin-induced vasodilatation

Both the vanilloid and CGRP receptor antagonists inhibit the
capsaicin-induced vasodilatory responses. When artery seg-
ments were pre-incubated with either CGRP8± 37 (1076 M) or

capsazepine (361076 M) the capsaicin-induced vasodilata-
tions during the ®rst challenge were signi®cantly blocked
(P=0.0084 and P=0.0189, respectively) (Figure 2B,C). The

responses induced by the second capsaicin challenge was not
signi®cantly di�erent when comparing the control and the
CGRP8± 37-treated group (P=0.7901). However, the response
to the second capsaicin challenge was signi®cantly increased

(P=0.039) when capsazepine was present during the ®rst
challenge.

In control segments (Figure 2A), the responses to the

fourth capsaicin treatment were elevated as compared to the
responses to the third capsaicin challenge (P=0.0002). Again,
the CGRP receptor antagonist signi®cantly inhibited the

response (P=0.0191) whereas no signi®cant inhibition by the
vanilloid 1 receptor antagonist was observed (P=0.7244). A
tendency, however, towards increased degree of vasodilation

was noticed for the ®fth as compared to the fourth capsaicin
challenge, when capsazepine was present during the fourth
capsaicin challenge.

In all three artery groups, the re-depleted responses to the

sixth capsaicin challenge were not di�erent from the
responses induced by the third capsaicin challenge.
Furthermore, the presence of CGRP8± 37 or capsazepine

had no e�ect on the sixth response indicating non-vanilloid
and non-CGRP receptor mediated vasodilatation (Figure
2B,C).

Figure 1 Capsaicin-induced 125I-release following incubation of
artery segments by 125I-CGRP. (A) The relative 125I-release into the
tissue bath before the application of preconstrictor, during the
preconstriction and during the capsaicin challenge is represented for
each of eight experiments. The grey and black symbols represent
segments, which were preconstricted for 10 and 25 min, respectively
before capsaicin was added. By unpaired t-tests, the mean relative
125I-release from segments, undergoing capsaicin challenge was
compared to the mean relative amount of 125I released from segments
undergoing prolonged preconstriction. Signi®cance of the di�erences
at speci®c time points is indicated by * (**:P50.01, ***:P50.001).
(B) Amounts of radioactivity (Bq) released from the two groups of
arteries are presented as mean+s.e.mean of four segments from two
animals. Grey and black bars represent segments, preconstricted for
10 and 25 min, respectively. Signi®cances of di�erences in the 125I-
contents in the tissue baths are indicated above the bars.
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Determination of time and concentration dependency of
CGRP re-depletion

The capsaicin-induced CGRP re-depletion is dependent on
the concentration of CGRP and on the duration of the
preceding CGRP incubation (Figure 3). The capsaicin-
induced CGRP-release following incubation by 1077 CGRP

was not signi®cantly di�erent from that following incubation
by 1078 M. The release following incubation by 1079 M was
signi®cantly lower than that following incubation by 1077 M

(Figure 3A).
No signi®cant di�erence in the subsequent release was seen

when CGRP incubation with 1077 M was carried out for 5 as

compared to 20 min (Figure 3B). However, reducing the

Figure 2 Capsaicin-induced vasodilatations in the absence and
presence of vanilloid and CGRP receptor antagonist. The amounts
of vasodilatation induced by repeated capsaicin challenges are shown
as bars and given in per cent of PGF2a preconstriction (mean+
s.e.mean) of 15 ± 22 segments. Capsaicin-induced vasodilatory
responses shown in grey bars represent controls (n=22) (A, B and
C) and responses shown in light bars indicate that CGRP8±37

(1076
M) (n=22) (B) or capsazepine (361076

M) (n=15) (C) were
present during capsaicin challenge number 1, 4 and 6. When
antagonist was not present during a selected capsaicin challenge,
the corresponding bar was marked by grey tones. For the two
antagonist-treated artery groups, the amount of vasodilatation
induced by capsaicin challenge number 1, 2, 4, 5 and 6 were
compared to that induced by the third capsaicin challenge by paired
t-tests. Levels of signi®cance are indicated above the bars (*:P50.05,
***:P50.001). Di�erences in vasodilatation obtained in the

antagonist-treated artery groups were compared to values of
vasodilatation in the control group and signi®cances are indicated
above the corresponding control bar (#:P50.05, ##:P50.01).

Figure 3 Correlation between CGRP incubation time and concen-
tration and capsaicin-induced CGRP-depletion. The corrected
vasodilatations of the fourth capsaicin-challenge following incubation
for 20 min with either 1079, 1078 or 1077

M CGRP (A) or by
1077

M CGRP for either 2, 5 or 20 min (B) are shown in bars and
represented as mean values+s.e.mean of 7 ± 22 segments. The
corrected vasodilatation equals the amount of vasodilatation induced
by the fourth capsaicin challenge subtracted by the amount of
vasodilatation induced by the corresponding third capsaicin challenge
and is given in per cent of PGF2a preconstriction. The di�erences
between mean values were analysed by unpaired t-test and the
corresponding P-values are given in the ®gures.
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incubation time to 2 min caused a signi®cant decrease in the
amount of subsequent CGRP-release.

Investigating possible roles of CGRP receptors for the
CGRP uptake

The vasodilatory response of the fourth capsaicin challenge

succeeding incubation with 1078 M CGRP was signi®cantly
blocked when 1076 M CGRP8± 37 was present during the
CGRP incubation (Figure 4).

Incubating the artery segments with forskolin, a direct
activator of adenylate cyclase, caused no re-depletion-like
scenario during repeated capsaicin challenges (Figure 4).

Verification of reproducible responses to repeated
administrations of exogenous CGRP

Reproducibility between responses to repeated administration
of exogenous CGRP was obtained. The vasodilatory
responses to four repeated applications of CGRP (1078 M)

were 88.2+6.1, 75.5+9.0, 76.5+10.1 and 72.6+9.8%
(mean+s.e.mean of 11 experiments) of the PGF2a induced
preconstriction, respectively. Those responses were not

signi®cantly di�erent (P=0.1691).
The CGRP-induced (1078 M) response was signi®cantly

reduced in the presence of CGRP8± 37 (1076 M) (P50.0001).

The amount of vasodilatation obtained by CGRP in the
absence and in the presence of CGRP8± 37 was 92.8+2.9 and
35.2+3.4% (mean+s.e.mean of seven experiments), respec-

tively. The response to CGRP in the presence of 361076 M

capsazepine was 95.8+0.8% (mean+s.e.mean of seven
experiments), which was not di�erent from that induced by
CGRP alone (P=0.3341).

The degrees of vasodilatation induced by 1079 M CGRP
following incubations by 1077 and 1079 M CGRP were not
signi®cantly di�erent (P=0.6903), the values being 50.8+8.7

and 56.2+10.1% (mean+s.e.mean of 11 ± 12 experiments),
respectively.

Immunohistochemical experiments

Signi®cant perivascular CGRP-immunoreactivity (CGRP-IR)
was demonstrated in all four artery representatives indepen-

dent on the number of preceding capsaicin challenges (Figure
5). No tendency of lower CGRP-IR was observed in
capsaicin treated segments compared to controls. The results

were reproduced in segments obtained from two animals and
no attempt to quantify CGRP-IR was made. Those results
indicated that only terminally stored CGRP is released

during capsaicin challenge in vitro and that CGRP reserves,
which are not readily available for release, exist in the nerve
®bres.

Discussion

In the present study, CGRP was depleted from perivascular
terminals of sensory nerve ®bres during repeated in vitro
capsaicin challenges. Indirect evidence of CGRP reload into

these terminals was gained from studies of CGRP re-
depletion following CGRP incubation. The mechanisms
behind the increased vasodilatory response to the fourth

capsaicin challenge (Figure 2A) could be (1) CGRP, which
has been reloaded into the perivascular nerve ®bres during
incubation with CGRP is released; (2) CGRP, which has

been mobilized from reserves in the sensory nerve ®bres is
released; (3) vascular CGRP receptors have been sensitized
during the CGRP incubation; or (4) naõÈ ve release of CGRP is
reduced during incubation with CGRP.

The results of the tracer re-localization experiments
support solely the notion of CGRP uptake and re-depletion
(Figure 1).

Figure 5 CGRP-IR in perivascular nerve ®bres surrounding the
guinea-pig basilar artery. Perivascular CGRP-IR is visualized as light
¯uorescent beaded strings in a segment of guinea-pig basilar artery,
which was challenged three times by capsaicin (1075

M) for 10 min.
Thus, CGRP-IR endures in the perivascular nerve ®bres upon
challenging the artery segments with capsaicin in vitro.

Figure 4 Role of CGRP8± 37 and forskolin for re-depletion like
scenario. The corrected vasodilatations of the fourth capsaicin
challenge following incubation by CGRP (1078

M) in the absence
and the presence of CGRP8±37 (1076

M) and by forskolin (1076
M)

are represented as mean+s.e.mean of 11 ± 19 segments. The corrected
vasodilatation equals the amount of vasodilatation induced by the
fourth capsaicin challenge subtracted by the amount of vasodilata-
tion induced by the corresponding third capsaicin challenge and is
given in per cent of PGF2a preconstriction. The di�erences between
mean values were analysed by unpaired t-test and the corresponding
P-values are given in the ®gure.
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The perivascular nerve ®bres contain CGRP-immunoreac-
tivity after challenging the artery segments with capsaicin
(Figure 5). Therefore, it should be considered whether the

increased response to the fourth capsaicin challenge (Figure
2A) could be due to release of CGRP, which has been
mobilized from the nerve ®bres. The presented concentration-
dependent amounts of re-depletion (Figure 3) excludes that

the re-depletion-like scenario is caused by terminal CGRP re-
mobilization which has naturally occurred between the third
and the fourth capsaicin challenge. However, it could be

speculated that CGRP, in a duration- and concentration-
dependent manner, mediated terminal CGRP mobilization,
e.g. via binding to presynaptic CGRP receptors. As CGRP

receptors are coupled to adenylate cyclase (Aiyar et al., 1996;
McLatchie et al., 1998), it was investigated, whether the
CGRP-release upon the fourth capsaicin stimulation, could

be mimicked if the preceding CGRP-incubation was sub-
stituted by incubation with a direct activator of adenylate
cyclase. No CGRP re-depletion-like scenario could be
demonstrated when the artery segments were incubated in

forskolin (Figure 4). Strongly supported by results of the
tracer re-localization studies, it is therefore not likely, that the
re-depletion-like scenario is caused by CGRP-mediated

mobilization of terminal CGRP from reserves in the nerve
®bres.
The notion that the apparent secondary release could be

caused by vascular hyper-sensitivity towards CGRP was also
excluded as a likely explanation, as the response to exogenous
CGRP was not dependent on the preceding CGRP

incubation concentration.
Thus, based on the present studies of capsaicin-induced

CGRP and 125I-CGRP re-depletion, we provide evidence that
CGRP is subject to uptake into perivascular nerve ®bres of

the guinea-pig basilar artery.
Previous studies have demonstrated that CGRP concentra-

tions above 10710 M elicit detectable vasodilatory responses

on isolated segments of guinea-pig basilar artery (Sams et al.,
1999). In this study, the capsaicin-induced CGRP-release
following CGRP incubation is su�cient to cause signi®cant

vasodilatation. Thus, the CGRP concentrations at the
receptor sites must be equivalent to the concentrations
obtained by tissue bath concentrations above 10710 M. From
the tracer re-localization studies, the extent of the capsaicin-

induced CGRP-release was equivalent to 3.6610710 M

CGRP in the 5 ml tissue bath. Thus, the magnitude of the
likely CGRP-re-depletion is consistent in the two types of

experiments.
In addition to the speci®c capsaicin-induced 125I-release, a

signi®cant amount of 125I is released into the bu�er solution

until equilibrium is obtained at *20 min (Figure 1). The
origin of this 125I has not been determined. However, due to
extensive washings prior to measurements of 125I-content, this
125I is not likely to originate from e.g. receptor bound or
tissue bath adsorbed 125I-CGRP, yet it may represent leakage
of 125I-CGRP from the perivascular ®bres. Release of CGRP
from non-depolarized artery segments has previously been

reported (Booth et al., 2000).
Investigations of the pharmacological responses to CGRP

and capsaicin in the presence of the CGRP and vanilloid 1

receptor antagonists, veri®ed post and pre-synaptic inhibition
of capsaicin-induced vasodilatation by CGRP8± 37 and
capsazepine, respectively (Figure 2B,C). A signi®cant inhibi-

tion of the vasodilatory response both during depletion of
endogenous CGRP and during depletion of reloaded CGRP,
could be inhibited by CGRP8± 37 (Figure 2B). However, it

could not be concluded, whether the CGRP re-depletion was
mediated via vanilloid 1 receptor-stimulation as no signi®cant
inhibition of the re-depletion could be demonstrated in the
presence of capsazepine (Figure 2C). It can be speculated that

the inhibition by capsazepine during the ®rst capsaicin
challenge and the lack of inhibition during the fourth
capsaicin challenge is caused by successive development of

tachyphylaxis of capsazepine-sensitive vanilloid receptors.
This explanation requires the presence of capsazepine-
insensitive vanilloid receptors on the nerve ®bres and that a

signi®cant shift towards these receptors takes place between
the ®rst and the fourth capsaicin challenge. The existence of
capsazepine-sensitive and -insensitive vanilloid receptors has

previously been suggested (Colquhoun et al., 1995; Gri�ths
et al., 1996; Liu & Simon, 1998), but it has not been shown
whether the capsazepine-sensitive receptors are more suscep-
tible to desensitization than capsazepine-insensitive receptors.

Some support of shift in pathway in the present study was
gained, as the capsaicin-induced vasodilatory responses seem
to shift from a fast to a slow response (data not shown). The

distinction between fast and slow capsaicin-induced e�ects,
was ®rst observed by Liu & Simon (1996).
The origin of the observed depleted vasodilatation (Figure

2A, third and sixth capsaicin challenge) has not been
determined in the present study, whereas previous works
have evaluated direct capsaicin-induced e�ects on vascular

smooth muscle (Jansen et al., 1990; Duckles, 1986). In the
present study a vasodilatory e�ect of the vehicle (0.1%
ethanol) cannot be excluded.
The uptake of CGRP during incubations in concentrations

above 1078 M (Figure 3) ®ts well with previous studies,
demonstrating that 1078 M CGRP induces maximal vasodi-
latation in segments of guinea-pig basilar artery (Sams et al.,

1999). Thus, the presence of CGRP concentrations above
1078 M has no local physiological relevance and the likely re-
use of CGRP seems sound from an energy expenditure point

of view. In contrast, 1079 M CGRP elicits half maximal
e�ects (Sams et al., 1999) and no signi®cant re-depletion
could be demonstrated following incubation by 1079 M

CGRP.

The rather fast onset of the CGRP uptake also correlates
well with CGRP pharmacology, as the functional equilibrium
of CGRP with the guinea-pig basilar artery is accomplished

within 3 ± 5 min (Sams et al., 1999). Again, from an energy
sparing point of view, a slow uptake could lead to a greater
amount of CGRP wasted due to di�usion and breakdown.

The threshold for concentration-dependent vasodilatory
responses to guinea-pig basilar artery may be the limiting
factor for detection of re-depletion following incubations

with 1079 M CGRP.
Neuronal uptake of neuropeptides has not previously been

demonstrated whereas speci®c mechanisms for uptake of
amino acid and cathecholamine neurotransmitters (e.g.

glutamate, serotonin) are well known. Cellular peptide
transport mechanisms have been demonstrated only for di-
and tri-peptides via the speci®c transporters PEPT1 and

PEPT2 (Leibach & Ganapathy, 1996; Meredith & Boyd,
2000). The mechanism of the uptake of the 37 amino acid
neuropeptide, CGRP remains to be investigated. However,
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signi®cantly reduced degrees of capsaicin-induced CGRP re-
depletion were observed when CGRP8± 37 was present during
the CGRP incubation (Figure 4). Thus, CGRP uptake was

subject to inhibition by CGRP8± 37, which suggests that the
uptake could be mediated either via a CGRP8± 37 sensitive
transport mechanism, via a transport mechanism that
mediates re-use of both CGRP and CGRP8± 37 or via

CGRP8± 37 sensitive receptors. Possible CGRP uptake via
CGRP8± 37 sensitive CGRP receptors introduces a role for the
CGRP receptor encoding mRNAs, which previously have

been demonstrated in CGRP containing sensory ganglia
(Edvinsson et al., 1997). Thus, receptor mediated endocytosis
of CGRP may be involved in the uptake of CGRP into the

sensory terminals.
Recent studies of CGRP receptor tra�cking during agonist

stimulation revealed that CGRP receptors undergo inter-

nalization in HEK293 cells (Kuwasako et al., 2000). Here the
CGRP receptor-containing endosomes were targeted to a
degradative pathway. It could be speculated that the
tra�cking of these endosomes in e.g. sensory nerve terminals

is di�erent from that in HEK293 cells. For example,
endosome-fusion with CGRP-containing vesicles or between
endosomes could be expected to form vesicles of readily

releasable CGRP. The notion that receptor internalization
could represent a pathway for not only re-use of G-protein
coupled receptors (Bunemann et al., 1999, Ferguson &

Caron, 1998) but in addition for presynaptic re-use of
neuropeptides should be investigated further.
Throughout this study, a large number of repetitions of

each pharmacological experiment have been performed. In
the studies of capsaicin-induced CGRP-depletion, both
deviations in the density of capsaicin-sensitive nerve ®bres
and deviations in CGRP responsiveness are expected to

induce considerable variation between experiments. For

example, vasodilatory responses induced by the initial
capsaicin challenge (Figure 2A) range from 5.5 ± 97.6% of
the corresponding preconstriction whereas responses to the

third and fourth capsaicin challenge range from 0 ± 53.9 and
from 2.6 ± 91.7%, respectively. The large deviation between
responses to the ®rst capsaicin challenge is the reason why
CGRP uptake in the present study was assessed in capsaicin

treated segments. Despite the large derivation between
segments, a large degree of consistency was observed towards
successively reduced responses to capsaicin challenge number

1, 2 and 3 and to capsaicin challenge number 4, 5 and 6. The
deviation between the results obtained with 125I-CGRP is
lower than that obtained in the pharmacological studies.

Furthermore, this approach does not require preceding
CGRP depletion for detection.

Capsaicin-induced 125I-CGRP-release and CGRP receptor-

mediated vasomotor responses could be obtained following
incubation of guinea-pig basilar artery with CGRP-contain-
ing solutions. Based on the current knowledge of capsaicin-
mediated CGRP depletion we have provided evidence that

CGRP is subject to reload into perivascular nerve ®bres. In
order to interpret the present data as ®nal conclusive
evidence, our results should be supported by other

methodological approaches and the mechanism of uptake
should be further investigated.
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