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BACKGROUND AND PURPOSE

Calcitonin gene-related peptide (CGRP) is widely distributed in the trigeminovascular system and released from sensory fibres
of the cranial dura mater upon noxious stimulation. Such release may be a mechanism underlying migraine headache. Based
on data from guinea pig basilar artery preparations, we have here studied CGRP release and uptake in an organ preparation

of the hemisected rat skull.

EXPERIMENTAL APPROACH

CGRP release from the cranial dura was quantified by a commercial enzyme-linked immunoassay. CGRP was depleted using
repetitive challenges of capsaicin. After incubating the tissue with CGRP for 20 min and extensive washing, another capsaicin
challenge was performed. Immunohistochemistry was used to visualize CGRP immunofluorescence in dural nerve fibres.

KEY RESULTS

Capsaicin-induced CGRP release was attenuated by the transient receptor potential vanilloid receptor type | antagonist
capsazepine or by Ca?*-free solutions. After the CGRP-depleted preparation had been exposed to exogenous CGRP,
capsaicin-induced CGRP release was increased compared to the challenge just prior to incubation. CGRP uptake was not
influenced by Ca?'-free solutions. Olcegepant and CGRPs_3; (CGRP receptor antagonists) did not affect uptake of CGRP.
However, a monoclonal CGRP-binding antibody decreased CGRP uptake significantly. Release of CGRP after incubation was
attenuated by Ca*-free solutions and by capsazepine. Immunohistochemical assays indicated a weak trend towards CGRP
uptake in rat dura mater.

CONCLUSION AND IMPLICATIONS
We have presented evidence for CGRP uptake in nerves and its re-release in rat dura mater. This may have implications for the
pathophysiology and treatment of migraine.

Abbreviations

BSA, bovine serum albumin; CALCRL, calcitonin receptor-like receptor; CGRP, calcitonin gene-related peptide; CGRPs.37,
C-terminal fragment of calcitonin gene-related peptide lacking disulphide bond; ELISA, enzyme-linked immunosorbent
assay; iCGRP, immunoreactive calcitonin gene-related peptide; PBS, phosphate-buffered saline; RAMP1, receptor
activity-modifying protein type I; SIF, synthetic interstitial fluid; TRPV1, transient receptor potential vanilloid receptor

type I

Introduction the calcitonin family and is widely distributed in the

central and peripheral nervous systems (Juaneda
Calcitonin gene-related peptide (CGRP) is a natu- et al., 2000; Brain and Grant, 2004). Dural and pial
rally occurring 37 amino acid peptide belonging to vessels are richly supplied with CGRP-containing
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nerve terminals originating from all divisions of the
trigeminal nerve (McCulloch etal., 1986; Suzuki
et al., 1989; Lennerz et al., 2008). The CGRP receptor
calcitonin receptor-like receptor (CALCRL) is a G
protein-coupled receptor related to the calcitonin
receptor (nomenclature follows Alexander etfal.,
2009). It is linked to a receptor activity-modifying
protein type I (RAMP1) that is essential for func-
tional activity (Alexander et al., 2009). CGRP recep-
tor proteins have been localized in the cranial
vasculature, the trigeminal ganglion and in the
trigeminal nucleus caudalis by immunohistochem-
istry (Uddman et al., 1999; Ma et al., 2003; Lennerz
et al., 2008), and binding sites for CGRP have been
found in many other brain areas (van Rossum et al.,
1997). CGRP is stored in vesicles of C and Ad fibres
and released via exocytosis in response to chemical
or electrical stimulation (McCulloch et al., 1986;
Jansen et al., 1990; Kummer, 1992). CGRP infusion
causes migraine-like headaches in migraineurs
(Lassen et al., 2002) and CGRP receptor antagonists
are effective in the treatment of migraine attacks
(Olesen et al., 2004; Ho et al., 2008). Thus, CGRP
seems to play a role in migraine and thus it is impor-
tant to understand the factors that determine CGRP
homeostasis in physiological as well as in pathologi-
cal conditions.

Peptide signalling molecules including CGRP are
metabolized in the extracellular space and are not
thought to be recycled by uptake. However, in one
of our previous studies (Sams-Nielsen et al., 2001),
capsaicin, a transient receptor potential vanilloid
receptor type I (TRPV1) agonist, was used to succes-
sively elicit relaxations in pre-contracted guinea-pig
artery by releasing CGRP. There was a gradual
decrease in the magnitude of relaxations during suc-
cessive challenges, which could have been due to
progressive neuropeptide depletion. These func-
tional responses to capsaicin recovered after incuba-
tion with exogenous CGRP, suggesting the
possibility of CGRP uptake into neuronal stores.

In the present study, we measured the CGRP
released from dura mater encephali using the
hemisected rat skull model and enzyme-linked
immunosorbent assay (ELISA). We also explored the
mechanism of CGRP release, after exposure to exog-
enous CGRP. We believe our data indicated a puta-
tive re-uptake of endogenous CGRP being released
from sensory nerve terminals. Significant uptake of
CGRP was observed, which was blocked by simulta-
neous incubation with antibodies directed against
CGRP, but not by CGRP receptor antagonists. The
release of CGRP induced by capsaicin, subsequent to
the uptake, was sensitive to extracellular Ca** con-
centration and capsazepine. The existence of a
CGRP uptake process would add a new dimension to
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our understanding of the physiological and patho-
logical role of this neuropeptide.

Methods

Experimental set up

All animal care and experimental procedures were
in accordance with domestic guidelines and regula-
tions for animal care and treatment. The study pro-
tocol was approved by The Danish Animal
Experimentation Inspectorate (file: 2004/561-850
and 2009/561-1664). Male Sprague-Dawley rats
used for the present study were purchased from
Taconic Europe (Tornbjergvej 40, Ejby, Denmark).
They were housed under a standard light and dark
cycle and given free access to food and water. A total
of 110 rats (body weight 300-430 g) were used for
the study.

The rats were Killed by CO; inhalation, decapi-
tated and prepared as described earlier (Ebersberger
et al., 1999). Briefly, the skull was cut mid-sagittally
and the brain halves were carefully removed while
the dura mater was left attached to the skull. The
two skull halves with intact dura mater were con-
tinuously superfused at room temperature for a
minimum of 30 min with 500 mL of synthetic inter-
stitial fluid (SIF) of the following composition (in
mM): 108 NaCl, 3.48 KCl, 3.5 MgSO4, 26 NaHCO;,
11.7 NaH,PO,, 1.5 CaCl,, 9.6 Na" gluconate, 5.55
glucose and 7.6 sucrose, pH 7.4; and gassed with
carbogen (95% O, and 5% CO,). Both the skull
halves were placed on separate platforms and placed
in a humid chamber above a water bath to maintain
a temperature of 37°C. The cavities were washed
(using a micropipette) without touching the dura
mater five times with 350 uL SIF, the solution cov-
ering the supratentorial dura mater but not the pos-
terior fossa. As a standard protocol, 200 uL of the
sample was collected as control after the fifth wash.
This control sample provided us with the basal
CGRP release in each animal. Although there was
some variation in the basal CGRP level obtained
from different animals, the CGRP levels detected in
the two skull halves obtained from the same animal
were similar. Comparing the basal release in the two
skull halves to each other using the non-parametric
paired Wilcoxon matched-pairs signed rank test
showed no significant difference between skull
halves (P > 0.05). Thus, it was possible to use one
skull half as a control for the other half, reducing
experimental variations.

Effect of capsaicin on CGRP release
Capsaicin was added at increasing concentrations
from 1 nM to 1 uM to the skull cavities and SIF was



collected after 10 min incubation for analysis. Pilot
experiments showed that this incubation time with
capsaicin was optimal in releasing reproducible
amounts of CGRP. In case of experiments with
antagonists, the antagonist was allowed to equili-
brate within the skull cavity for 10 min before the
addition of a standard concentration of capsaicin
(100 nM). To study the role of extracellular Ca* in
capsaicin-mediated release of CGRP, a similar SIF
without CaCl, was used. The TRPV1 antagonist cap-
sazepine was used to block capsaicin responses at 1
and 10 uM concentrations.

CGRP depletion and CGRP uptake

For CGRP depletion, four consecutive challenges of
capsaicin (100 nM) were applied before incubation
with CGRP (100 nM) for 20 min. This was followed
by 12 washes with SIF at intervals of 10 min, in
order to remove exogenous CGRP. Then another
control sample was taken, followed by another
100 nM capsaicin challenge. In order to confirm
the concentration dependence of CGRP uptake,
10 nM and 1 uM of CGRP were also used in uptake
experiments. We also used a higher concentration
of capsaicin (1 uM) to deplete CGRP, but after
this concentration there was no significant
uptake.

To explore whether the capsaicin-stimulated
increase in CGRP release after CGRP incubation was
due to re-uptake from exogenous CGRP or due to
the mobilization from endogenous CGRP pools, we
incubated skull cavities with vehicle for 20 min. In a
separate protocol, we also used eight successive
60 mM KCI challenges to deplete CGRP and fol-
lowed the same protocol for CGRP uptake, as
described with capsaicin.

Blockade of CGRP uptake and release of
CGRP after uptake

The CGRP receptor (CALCRL + RAMP1) (Alexander
etal.,, 2009) antagonist olcegepant (10 uM) and
CGRPg_37 (10 uM) were added 10 min prior to CGRP
and were allowed a 20 min incubation to study the
role of CGRP receptors in CGRP uptake. In order to
confirm that CGRP was being taken up, we incu-
bated CGRP along with a humanized monoclonal
CGRP-binding antibody that was raised in rabbit
(Edvinsson et al., 2007) in the skull at increasing
concentrations (12 and 48 pg-mL™). The CGRP anti-
body scavenges CGRP, and this complex is unable to
activate CGRP receptors (Juhl et al., 2007). These
experiments were carried out in a paired manner
with one skull half acting as a control for the treated
half. Capsazepine (1 or 10 pM) was incubated for
10 min before challenging with capsaicin. Cap-
sazepine and Ca*-free SIF were used to evaluate the

CGRP uptake in rat dura mater

role of the TRPV1 receptors and extracellular Ca?,
respectively, in the release of exogenously mobilized
CGRP. TRPV1 receptors are susceptible to desensiti-
zation (Mandadi et al., 2004) and the CGRP deple-
tion protocol with multiple capsaicin challenges can
lead to such a phenomenon. Therefore we adopted a
different experimental design, in which four succes-
sive capsaicin challenges were followed by three KCI
challenges, as KCI challenges have been reported to
reverse desensitization as CGRP-mediated effects
were restored after KCl challenges (Sheykhzade and
Nyborg, 1998).

CGRP uptake was also examined in hemisected
skulls not subjected to CGRP depletion with capsai-
cin. After the collection of the first basal sample, the
skull halves were incubated with 100 nM CGRP for
20 min and then washed as described previously to
rinse out exogenous CGRP. After collection of the
second basal sample, CGRP release was induced
with 30 nM capsaicin.

Measurement of CGRP levels

For measurement of the immunoreactive CGRP
content in the samples, ELISA kits (SPIbio, Paris,
France) were used. In order to prevent CGRP deg-
radation, the samples were immediately transferred
to a vial containing ELISA buffer with peptidase
inhibitors. Samples were stored at -20°C and
analysed within 1 week. The antibody in the
immunoreactive CGRP (iCGRP) ELISA kit is directed
against human CGRP o/f but has 100% cross-
reactivity to rat and mouse CGRP. The iCGRP
detection limit is about 2 pg-mL™. The protocol
provided with the kit was carried out in detail. In
short, the addition of 100 uL sample was followed
by addition of 100 uL of the tracer (provided with
the kit). Reaction was incubated at 4°C for
16-20 h. After carefully washing off the superna-
tant, wells were incubated with 200 uL of Ellman’s
reagent. The wells were covered with an alu-
minium sheet and placed in a dark room for
60 min at room temperature before measuring the
optical density, which is directly proportional to
the CGRP content of the sample. The optical
density was measured at 410 nm using a micro-
plate photometer (Tecan, infinite M200, software
SW Magellan v.6.3, Médnnedorf, Switzerland). Stan-
dards with defined CGRP concentrations were
treated accordingly and used to calibrate the curve
of optical density. Blanks without CGRP were used
as a control to exclude possible false-positive
measurements.

Immunohistochemistg/
After CGRP was depleted with capsaicin or depleted

followed by incubation with exogenous CGRP as
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described above, some skulls with adhering dura
mater were filled with paraformaldehyde (4%) in
phosphate buffer for 2 h to fix the dura mater. For
controls, other preparations were fixed without cap-
saicin challenge.

The fixed dura mater was carefully separated from
the skull and pre-incubated with a solution of 5%
normal goat serum (Dianova, Hamburg, Germany)
containing 0.5% Triton X-100 and 1% bovine serum
albumin (BSA) (Sigma-Aldrich, Steinheim, Germany)
in cold phosphate-buffered saline (PBS) for 2 h. After
rinsing in PBS (10 min), the whole mount was incu-
bated with a solution of primary antibodies directed
against CGRP (rabbit anti-o~-CGRP in PBS, 1:1000;
Peninsula T-4032, Bachem AG, Bubendorf, Switzer-
land) with 1% BSA and 0.5% Triton X-100 overnight
in the refrigerator. After extensive rinsing in PBS (five
times, several hours) the tissue was incubated with
the secondary Cy3-conjugated antibody directed
against rabbit I1gG (goat anti-rabbit serum in PBS,
1:200; Dianova 111-165-144) with 1% BSA and 0.5%
Triton X-100 for 2 h in the dark. The specificity of the
primary and secondary antibodies has been tested in
previous experiments in rat dura mater (Lennerz
etal., 2008). After rinsing in PBS (five times) the
stained dura mater was flattened by radial incisions,
placed on a slide and cover-slipped with PBS-glycerin
(pH 8.6).

Stainings were observed with a Leica Aristoplan
epifluorescence microscope (Leica, Bensheim,
Germany) using filter block N2.1 for red emission
(ALEXA Fluor® 555, Leica Microsystems, Wetzlar,
Germany) connected to a CCT camera (Spot RT,
Visitron Systems, Puchheim, Germany). Images of
1600 x 1200 pixels were obtained with Spot
advanced (Visitron Systems) at a fixed magnifica-
tion and stored in an 8 bit grey-level TIFF file. For
quantification of fluorescent structures 12 images
were randomly selected from different parts of the
each whole mount preparation. Photo-Paint X3
(Corel, Dublin, Ireland) was used to enhance con-
trast and intensity of the fluorescence and to elimi-
nate fluorescent artefacts like mast cells (see
Figure 8A). Image acquisition and processing was
carried out without knowledge of the pre-treatment
of preparations. The immunofluorescence was
quantified using the software Image]J (version 1.43,
http://rsbweb.nih.gov/ij/download.html). After
adjusting the threshold of grey density (auto
threshold) to generate a black and white image
(nerve fibres in black), the Analyze Particles func-
tion was used to determine the mean area and light
intensity (inverted grey density) of fluorescent
structures with a minimal size of 4 pixels. Mean
values of these data were calculated for each whole
mount.
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Data analysis

The released CGRP (measured as immunoreactive
CGRP in the samples) is expressed in pg-mL™, given
as mean values = SEM. Absorbance was recorded
and values were calculated through an interpolation
method using an equation derived from the stan-
dard curve. The blank values were subtracted from
the sample values. The ECso value was calculated
from capsaicin-mediated CGRP release. ANOVA
(Kruskal-Wallis test) was conducted, followed by
Dunnett’s multiple comparison test on various
concentration-response  values to determine
whether the responses were significantly different
from the control. Wilcoxon matched-pairs test was
used for non-parametric analysis of paired data and
the Mann-Whitney U-test for analysis of non-paired
data. Differences were considered significant if P <
0.05. GraphPad Prism (GraphPad Prism Software
Inc., San Diego, CA, USA) or Statistica 7 (StatSoft,
Tulsa, OK, USA) was used for statistical analysis.

Materials

Rat aCGRP and rat CGRPs3; were obtained from
NeoMPS (Strasbourg, France) and olcegepant ([[R-
(R,(R*,5%)]-N-[2-[[Samino-1-[[4-(4-pyridinyl)-1-piper
azinyl]-carbonyl] pentyl] amino]-1-[3,5-dibromo-4-
hydroxyphenyl)methyl]-2-oxoethyl]-4-(1,4-dihydro
-2-0x0-3(2H)-quinazolinyl)-,1-Piperidinecarboxami
de]) was kindly provided by Prof Lars Edvinsson.
The humanized monoclonal CGRP-binding anti-
body raised in rabbit was obtained from Rinat Neu-
roscience, Palo Alto, CA, USA. All test substances,
except capsaicin and capsazepine, were dissolved in
isotonic saline (0.9% NaCl) and stored at —20°C.
Capsaicin (Sigma-Aldrich, Schnelldorf, Germany)
was dissolved in 90% ethanol as a stock solution of
0.01 M and further dilutions were prepared in SIE.
Capsazepine (Sigma-Aldrich, Schnelldorf) was dis-
solved in methanol to obtain a 102> M stock and
turther dilutions were done in 99% ethanol. Prior to
use, the samples were diluted in SIF to the final
concentration.

Results

Effect of capsaicin on CGRP release

Basal CGRP levels in the skull halves were 13.54 =
1.2 pgmL™ without any treatment. Capsaicin
(1 nM-1 uM) increased CGRP release from the skull
cavities in a concentration-dependent manner
(Figure 1A). The increase in CGRP release was sig-
nificant at 100 nM capsaicin and higher concentra-
tions. At the highest concentration of capsaicin
(1 uM) there was a more than five-fold increase,
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Calcitonin gene-related peptide (CGRP) release in response to cap-
saicin stimulation (10 min) at different concentrations in rat
hemisected skull (A) and effect of capsazepine incubated in the skull
for 10 min before capsaicin-induced CGRP release (B). **P < 0.01 and
***P < 0.0001, significantly different from basal value; ##P < 0.01,
significantly different from capsaicin without capsazepine. One-way
ANOVA followed by Dunnett’s multiple comparison test (n=5-11) (A)
and the non-parametric paired Wilcoxon signed-rank test was used
(n=4-7) (B).

compared to the release at the basal level. Cap-
sazepine (1-10 uM) blocked capsaicin-mediated
CGRP release in a concentration-dependent manner
(Figure 1B). CGRP release following capsaicin
(100 nM) was not attenuated in presence of olcege-
pant (10 uM) (control: 250 *= 40 pg-mL™; with
olcegepant: 299 = 26 pg-mL™, n = 6). In Ca*-free
SIF, the basal and capsaicin-induced CGRP release
was significantly decreased (Figure 2).

Interestingly, in studies of capsaicin-mediated
CGRP release in the presence of CGRPs.3; (10 uM),
we could not detect the expected increase in CGRP
levels after the capsaicin challenge (data not

CGRP uptake in rat dura mater
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Effect of Ca®*-free synthetic interstitial fluid (SIF) on basal calcitonin
gene-related peptide (CGRP) levels (A) and on capsaicin-induced
CGRP release (B). For statistical analysis the non-parametric paired
Wilcoxon signed-rank test was used. **P < 0.01 and ***P < 0.0001,
significantly different from normal SIF group (n = 10-12).

shown). To understand this observation we incu-
bated exogenous CGRP directly in the ELISA plate
with CGRPg3;. We found a concentration-
dependent decrease in the CGRP signal with increas-
ing concentrations of CGRPs3;. CGRPs3;, which
lacks the N-terminal amino acids of the native
peptide, cross-reacts with the CGRP assay and thus
interfered with CGRP detection and diminished its
signal.

CGRP depletion and CGRP re-uptake

In initial experiments, we used capsaicin 1 uM for
depletion of CGRP, and the second exposure to cap-
saicin led to significantly lower release of CGRP
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Calcitonin gene-related peptide (CGRP) release in response to four
successive challenges of capsaicin (100 nM). This was followed by
incubation with exogenous CGRP 100 nM (A) or synthetic interstitial
fluid (SIF) (B). After extensive washing, a fifth capsaicin challenge was
used to test if CGRP was taken up. For statistical analysis the non-
parametric paired Wilcoxon signed-rank test was used. **P < 0.01
and ***P < 0.0001, significantly different from basal CGRP levels;
$P < 0.05 and $3$P < 0.01, significantly different from first challenge;
#P < 0.05, significantly different from fourth challenge (n = 6).

(from 200 =+ 33 to 36 = 9 pg-mL™", respectively, n =
6). After the third capsaicin challenge, we incubated
with CGRP 10 nM or 100 nM. In neither case was
there a significant recovery of capsaicin-induced
CGRP release after incubation. Subsequently, we
used four consecutive challenges of capsaicin
(100 nM) for depletion. The amount of released
CGRP dropped from 106 + 21 pg-mL™" at the first
challenge to 20 = 1 pg-mL™ in the fourth challenge
(Figure 3A). After incubation with CGRP (100 nM)
for 20 min and extensive washing, the basal CGRP
release was restored (no difference from the initial

1890 British Journal of Pharmacology (2010) 161 1885-1898

basal value). The subsequent capsaicin challenge
caused a significant increase (P < 0.05) in CGRP
release to 52 * 8 pg-mL~!, which was 163 * 47%
more than the CGRP release after the fourth capsai-
cin challenge. Incubation with vehicle (SIF) over a
similar time was not followed by a significant
increase in CGRP release induced by capsaicin
(Figure 3B). In addition to 100 nM, we also used
10 nM and 1 uM CGRP for incubation. With 10 nM
CGRP there was no effect, whereas incubation with
1 uM CGRP was followed by an elevated CGRP
release (153 = 15%, n = 6) evoked by capsaicin. As
there was no difference in CGRP release following
incubation at CGRP concentrations higher than
100 nM, we opted for this concentration in further
experiments. We assume that at this concentration
part of the CGRP was taken up into the nerve
endings, leading to an elevated release induced by
the next capsaicin challenge.

Experiments with a depolarizing solution of
60 mM KCI indicated that four challenges as per-
formed previously with capsaicin were not sufficient
but eight successive challenges with KCI did deplete
CGRP. After a subsequent 20 min incubation even
with the wvehicle (SIF), there was a significant
increase in KCl-induced CGRP release (22 =+
3 pgmL") as compared to the response to the
eighth KCI challenge immediately before incuba-
tion (12 = 1 pg-mL™, n = 6 each). This may indicate
that CGRP is being mobilized from endogenous
pools but not taken up, as indicated in the experi-
ments with capsaicin. In order to investigate if there
is a difference in CGRP depletion induced by cap-
saicin and that induced by KCI, the skulls were
either depleted by four capsaicin challenges fol-
lowed by a KClI challenge or by eight KCI challenges
followed by capsaicin. When KCI was given after
capsaicin-induced CGRP depletion, no difference in
CGRP release was found between the last capsaicin
challenge and the KCl challenge (Figure 4A). In con-
trast, when capsaicin was given following depletion
by eight KCl challenges there was a significant
increase (229 * 25%) in CGRP release as compared
to the eighth KCI challenge (Figure 4B).

Blockade of CGRP re-uptake and conditions
of CGRP release after re-uptake

When the CGRP receptor antagonists — olcegepant
or CGRPg3; — were incubated together with CGRP,
there was still a significant increase in capsaicin-
evoked CGRP release. After olcegepant incubation
with CGRP there was a significant (P < 0.05) increase
in capsaicin-induced CGRP release from 33 = 3 to
54 + 5 pg-mL™ n =6, and similarly for CGRPs 3; the
release increased from 20 * 4 to 40 = 6 pg-mL™". In
contrast, when the CGRP antibody (12 ug-mL™" or
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Effect of simultaneous incubation of the calcitonin gene-related peptide (CGRP) antibody (Ab) 12 ug-mL™" (A) and 48 ug-mL™" (B) with CGRP
(100 nM) on capsaicin-induced CGRP release subsequent to uptake. For statistical analysis the non-parametric paired Wilcoxon signed-rank test
was used. #P < 0.05, significantly different from fourth challenge and *P < 0.05, significantly different from fifth capsaicin challenge in absence
of antibody incubation (n = 6-8). ns, not significant.

48 ug-mL™") was incubated along with CGRP, a to control (Figure 6A). Following CGRP depletion
concentration-dependent  suppression of the with capsaicin and subsequent incubation with
capsaicin-evoked CGRP increase was observed CGRP, the release of CGRP induced by capsaicin was
(Figure 5). After CGRP incubation in Ca*-free SIF, completely blocked when the challenge was per-
there was no difference in CGRP release as compared formed in calcium-free SIF (Figure 6B). However, the
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paired Wilcoxon signed-rank test was used. ##P < 0.01 and ###P < 0.0001, significantly different from fourth challenge (n = 6-8).

CGRP release in response to capsaicin after CGRP
incubation was not blocked by capsazepine (10 uM).
The capsaicin challenge before incubation released
24 = 1 pg-mL™ CGRP, while subsequent to CGRP
incubation the increase (61 + 4 pg-mL™, n = 8) was
significant, even in the presence of capsazepine. In
order to investigate if the lack of capsazepine-
induced blockade was due to desensitization caused
by multiple capsaicin challenges (Mandadi et al.,
2004), another protocol was designed. Four capsai-
cin (100 nM) challenges (challenges 1-4) were fol-
lowed by three KCI (60 mM) challenges (challenges
5-7) before CGRP incubation. The subsequent
eighth challenge induced by capsaicin increased
CGRP release, which was significantly blocked by
capsazepine (Figure 7).

In naive skull halves (not depleted with capsaicin
or KCl) there was a trend towards higher CGRP
release (~42%, n = 8) when incubated with CGRP as
compared to their respective vehicle controls,
although results did not reach significance.

Immunohistochemistry

CGRP immunoreactive fibres were abundantly
observed in the dura mater, most of them running
along dural blood vessels (Figure 8A, panel a). After
four capsaicin challenges, the smooth appearance of
the CGRP-immunofluorescence of the nerve fibres
was transformed into a ‘string of pearls’ form and
appeared sometimes weaker in fluorescence intensity
than untreated segments (Figure 8B, panel b). After
incubation with CGRP, subsequent to the fourth
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Effect of capsazepine (CPZ) on capsaicin (Caps)-induced calcitonin
gene-related peptide (CGRP) release (eighth challenge) subsequent to
depletion by four capsaicin challenges (1-4) and three KCl challenges
(fifth to seventh) followed by 20 min incubation with CGRP and
washing. For statistical analysis the non-parametric paired Wilcoxon
signed-rank test was used. #P < 0.05, significantly different from the
seventh challenge; *P < 0.05, significantly different from capsaicin
challenge in absence of capsazepine (n = 6). ns, not significant.

capsaicin challenge, the ‘string of pearls’ appearance
seemed to be more pronounced (Figure 8C, panel ¢).
Quantification of the fluorescence partly confirmed
these impressions. The mean size of fluorescent par-
ticles decreased after capsaicin treatment; however,
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Figure 8

Fluorescence images of calcitonin gene-related peptide (CGRP) immunoreactive nerve fibers in the rat dura mater. Compared to an untreated
control dura (A, panel a) the nerve fibers show a clear ‘string of pearls’ appearance after depletion of CGRP with capsaicin (B, panel b), which may
indicate local clustering of CGRP within the axon. After incubation with CGRP (C, panel c) immunopositive varicosities seem to be more prominent
as compared to depleted nerve fibers incubated with vehicle (B, panel b). Mast cells cross-reacting with the antibody as seen in the control (lower
right in A) are no longer visible after capsaicin treatment. Magnification is the same in all images, size bar 100 um. On the right panel, three equally
magnified (3x) sections (a—c) of the corresponding left panels (A-C) (n = 4).

there was no significant reversal effect after CGRP
incubation (Figure 9A). The mean intensity of fluo-
rescence (i.e. inverse grey density) was not signifi-
cantly different between the three groups, though
after CGRP incubation the responses tended to
return to control values (Figure 9B).

Discussion

Uptake of neuropeptides into nerve fibres has not
been reported earlier. In the present study we dem-
onstrate CGRP re-uptake in rat meninges after CGRP
depletion.
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Quantitative data on calcitonin gene-related peptide (CGRP) immunofluorescence in dura mater of control preparations and preparations treated
with capsaicin or capsaicin and CGRP. Each mean (+SEM) is from measurements of 48 images in four dura halves. Average size of fluorescent
particles (A) and intensity of fluorescence are shown as inverse grey density (B). *P < 0.05, significant difference between control and
capsaicin-treated but not capsaicin-/CGRP-treated preparations (Mann-Whitney U-test).

Effect of capsaicin on CGRP release

The noxious agent capsaicin, induced CGRP release
in a concentration-dependent manner through acti-
vation of TRPV1 receptors, as was demonstrated by
the TRPV1 antagonist capsazepine, which blocked
this effect in agreement with our previous findings
(Jansen et al., 1990; Jansen-Olesen et al., 1996). The
release was significantly attenuated by Ca?*-free
solutions, since opening of TRPV1, a non-selective
cation channel, leads to an increase in intracellular
Ca?* only if the Ca* gradient is sufficiently high
(Erdelyi et al., 1987).

CGRP depletion and CGRP uptake

In initial experiments, repeated challenges with
1 uM capsaicin caused a drastic decrease in CGRP
release and, after incubation with CGRP, the follow-
ing capsaicin challenge induced no significant
increase in CGRP release. The high capsaicin con-
centrations are reported to change the membrane
integrity/elasticity by altering the membrane lipid
bi-layer (Lundbaek et al., 2005). In isolated porcine
and human arteries, capsaicin-mediated relaxations
at high capsaicin concentrations (>1 uM) were non-
specific and were not mediated via CGRP, substance
P or TRPV1 receptors (Gupta et al., 2007). In cat pial
arterioles, capsaicin induced a dual response, a dila-
tation mediated via CGRP release, followed by a
contraction mediated via another mechanism
(Edvinsson et al., 1990). Rat meningeal blood flow
increased when 100 nM capsaicin was applied topi-
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cally, whereas higher concentrations - 1 and 10 uM
- significantly decreased the blood flow (Dux et al.,
2003). Therefore, caution should be advised when
high concentrations (=1 uM) of capsaicin are used.
However, four consecutive 100nM capsaicin
challenges followed by CGRP incubation (10 nM-
1000 nM) led to a significant concentration-
dependent increase in CGRP release upon the fifth
capsaicin challenge as compared to the fourth chal-
lenge. We assume that this phenomenon depends
on an uptake of CGRP into the nerve endings.

Differences in CGRP depletion between
capsaicin and KCI

After repeated exposure to capsaicin, KCl (60 mM)
did not release further CGRP (see Figure 4A).
However, after repeated exposure to KCI, capsaicin
could still release a considerable amount of CGRP
(see Figure 4B). This may suggest that CGRP is local-
ized in two different pools: one sensitive to KCl and
capsaicin and another only sensitive to capsaicin.
KCl causes depolarization of the nerve fibres,
thereby opening voltage-sensitive Ca** channels and
inducing Ca?*" influx, which activates the CGRP
release mechanism without opening TRPV1 receptor
channels. Capsaicin activates TRPV1 receptor chan-
nels that are cation conducting without being
dependent upon the initial membrane depolariza-
tion. Similarly, in rat spinal cord slices in continu-
ous presence of KCI, capsaicin could still increase
CGRP release, while reversing the stimulation did



not yield an increase in CGRP release (Donnerer and
Amann, 1990). An additional explanation for the
partial recovery in CGRP release following depletion
by KCI may be that in this case the TRPV1 receptor
channels are not desensitized. After depletion of
CGRP by capsaicin, CGRP release increased only
when the skull cavities were incubated with exog-
enous CGRP, indicating that CGRP was taken up
(see Figure 3A). The process of CGRP re-uptake is not
likely to be based on passive diffusion due to differ-
ence in the CGRP gradient between the extra- and
intracellular compartment, as the basal release of
CGRP after incubation was similar to the first basal
release. If it was a passive process, then the diffused
CGRP would have leaked out when the concentra-
tion gradient was reversed by washing out the exog-
enous CGRP.

Interestingly, the KCl-induced CGRP release, sub-
sequent to CGRP depletion with eight KCI chal-
lenges, was partially restored even without
incubation with exogenous CGRP, again suggesting
mobilization of CGRP from different pools. Indeed,
our experiments also show that KCl-depleted dura
mater still releases CGRP upon capsaicin challenge,
whereas the reverse is not true (Figure 4). Structural
evidence for a redistribution of CGRP in dural
sensory nerves after electrical stimulation has previ-
ously been shown (Messlinger et al., 1995).

Blockade and putative conditions of CGRP
re-uptake

Lack of inhibition of CGRP re-uptake by the CGRP
receptor antagonists olcegepant and CGRPs3; indi-
cates that CGRP receptors are not involved in this
process, in contrast to the previous functional
studies done in guinea-pig basilar artery (Sams-
Nielsen et al., 2001). Differences could be attributed
to the 100-fold higher capsaicin concentration used
in the earlier study or to the differences in tissue and
species. The lack of a receptor-mediated uptake in
our experiments is consistent with a recent study,
where immunoreactivity for CALCRL and RAMP1
was located on Schwann cells but not on axons of
sensory nerves innervating the rat dura mater
(Lennerz et al., 2008). CGRPs_3; (the C-terminal frag-
ment, non-cyclic analogue, of CGRP, lacking the
disulphide-bonded loop) interferes with the CGRP-
detecting ELISA. Thus, CGRPs3; in the ELISA will
decrease the final signal (Frobert etal., 1999;
Denekas et al., 2006). This interaction of CGRPs 37 in
the ELISA led us to speculate on the putative amino
acid sequences of CGRP involved in the uptake. As
CGRPg_3; did not affect the CGRP re-uptake, it is
unlikely that the antagonist itself was taken up.
Hence the sequence and/or conformation of the
parent peptide, CGRP, may be an important prereq-

CGRP uptake in rat dura mater

uisite for the transportation possibly underlying the
uptake. Thus, these seven amino acids at the
N-terminus or the cyclic structure of the CGRP
peptide might be the key structural prerequisite for
the putative CGRP uptake.

In initial studies, capsazepine, a TRPV1 receptor
antagonist, was not able to attenuate the release of
CGRP from replenished stores. These observations
are in agreement with our earlier study (Sams-
Nielsen etal., 2001), where capsazepine did not
block the capsaicin responses, probably because cap-
sazepine was not able to recognize the receptor in a
desensitized state. Depolarization with KCI has been
reported to restore the sensitivity to receptors
(Sheykhzade and Nyborg, 1998). After KCl depolar-
ization we found that capsazepine blocked the
capsaicin-induced CGRP release following incuba-
tion with CGRP. These observations underline the
fact that TRPV1 receptors in the present exper-
imental preparation were also susceptible to
desensitization and that they could be reactivated
by KCl-induced depolarization. Thus, we conclude
that CGRP is taken up in vesicles or pools which are
sensitive to capsaicin, capsazepine as well as extra-
cellular Ca*, like the CGRP pools in naive/non-
depleted preparations.

Our immunohistochemical studies showed
CGRP-positive nerve fibres in the rat dura mater.
After depletion of CGRP with capsaicin, these nerve
fibres show a ‘string of pearls’ appearance, unlike
the continuous pattern observed with nerves in the
untreated skull. This may indicate local clustering of
CGRP within the axon, a phenomenon that was
earlier described after electrical stimulation of rat
dura mater (Messlinger ef al., 1995). In addition, the
intensity of the CGRP immunostaining was weaker
after capsaicin treatment. Following incubation
with CGRP, the immunopositive varicosities were
more prominent. These observations suggest that
CGRP is taken up into nerve fibres, seemingly into
similar pools where endogenous CGRP was already
present.

Quantification of the fluorescence showed that
the size of the fluorescent particles decreased signifi-
cantly after capsaicin treatment. After the incuba-
tion with exogenous CGRP, there was only a weak
tendency for particle size to increase in this prepa-
ration. Measuring the intensity of fluorescence did
not show significant differences for any of the treat-
ments. However, there was a tendency towards a
higher fluorescence density after capsaicin treat-
ment that was reversed after incubation with CGRP.

Possible relevance of CGRP uptake
Uptake mechanisms are typical of non-peptide neu-
rotransmitters. There are well-characterized trans-
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porters for di- and tripeptides (Leibach and
Ganapathy, 1996; Meredith and Boyd, 2000) but not
for larger peptides. Interestingly, an anandamide
membrane transporter required for anandamide
actions on TRPV1 receptors has been shown in
trigeminal ganglion cultures (Price efal., 2005).
Application of anandamide transport inhibitors sig-
nificantly reduced the potency and efficacy of
anandamide- and capsaicin-evoked CGRP release
(Price et al., 2005). Our findings suggest that large
peptides like CGRP are not only taken up, but can
also be re-released. Such uptake may be relevant in
terminating CGRP signalling by removing the
peptide. It might also be relevant in order to reuse
the peptide and thus reduce the need for new syn-
thesis. Like anandamide membrane transporters,
putative CGRP transporters may have an important
role in controlling the pharmacological actions
of CGRP.

Limitations of the study

There was variation between baseline CGRP releases
from skull halves of individual rats, and this is most
probably due to differences in the fibre density
between animals. However, the CGRP release from
the skull halves from the same animal were very
similar and thus, one of these always served as a
control for the other half. The relevance of our in
situ model needs to be established under in vivo
conditions and studies with human tissue are nec-
essary in order to come to any conclusions on the
relevance of our present findings for human disease.
Our earlier findings (Sams-Nielsen ef al., 2001) have,
however, already provided similar results in a differ-
ent model and a different species and it therefore
appears likely that similar mechanisms are present
in human tissues.

In conclusion, we provide evidence that CGRP
can be taken up and subsequently released in
response to chemical stimuli in a calcium-sensitive
manner and we have summarized our finding sche-
matically in Figure 10. This new phenomenon may
have considerable influence on CGRP signalling.
Elucidating the exact mechanisms and sites of
uptake and how it can be used to manipulate CGRP
release may be of interest in the treatment of neu-
rovascular conditions like migraine and subarach-
noid haemorrhage.
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