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SUMMARY

1. The amount of calcitonin gene-related peptide (CGRP) released from the
isolated rat soleus muscle was measured by enzyme immunoassay.

2. When the soleus muscle was exposed to a solution containing high K+
(20-100 mM) in the presence of tetrodotoxin, the amount of CGRP released into the
bathing mediutn increased with an increase in the K+ concentration.

3. The exposure to 100 mam-K+ did not increase CGRP release from chronicallv'
denervated soleus muscles or fromn piec,es of the soleus nerve separated from the
muscle.

4. The amount of CGRP released from the isolated muscle by 100 m'm-K'
depended on the external Ca2+ concentration. The slope of the relation between the
amount of CGRP release and the Ca2+ concentration was less than one on double
logarithmic co-ordinates.

53. Following chronic section of the lumbar ventral roots, the mean amount of
C(GR,P released from the soleus muscle by 100 mM-K+ was reduced by 28%.
compared with that observed in normal muscle.

6. Antidromic stimulation of the lumbar dorsal roots at an intensity three times
the threshold for most excitable sensory fibres failed to induce CGRP release from
the soleus muscle, whereas stimulation at intensities 50--100 times the threshold
increased significantly the amount of CGRP release from the muscle.

7. Stimulation of the muscle nerve at an intensity sufficient to activate the o-
motor fibres did not release CGRP from the soleus muscle or from the diaphragm.

8. It is concluded that the rnajor source of CGRP released from skeletal muscle is
A&- and/or C sensory termninals and that the Ca2+ dependence of CGRP release is less
steep than that reported for acetylcholine release at neuromuscular junctions.

INTRODUCTION

The presence of calcitonin gene-related peptide (CGRP) has been shown in a
variety of central and peripheral neurones (Rosenfeld, Mermod, Amara, Swanson,
Sawchenko, Rivier, Vale & Evans, 1983; Gibson, Polak, Bloom, Sabate, Mulderry,
Ghatei, McGregor, Morrison, Kelly, Evans & Rosenfeld, 1984; Wiesenfield-Hallin,
H6kfelt, Lundberg, Forssmann, Reinecke, Tschopp & Fischer, 1984). In the
peripheral nerve, CGRP is transported in the somatofugal direction in both motor
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and sensory fibres (Kashihara, Sakaguchi & Kuno, 1989). CGRP transported from
the neurone cell bodies appears to accumulate at nerve terminals in muscle since the
CGRP content in skeletal muscle is much greater than that expected from the
amount of CGRP in the muscle nerve (Kashihara et al. 1989). In fact, intensive
CGRP immunoreactivity has been found at motor nerve terminals (Takami, Kawai,
Shiosaka, Lee, Girgis, Hillyard, Maclntyre, Emson & Tohyama, 1985a; Takami,
Kawai, Uchida, Tohyama, Shiotani, Yoshida, Emson, Girgis, Hillyard & Maclntyre,
1985b; Matteoli, Haimann, Torri-Tarelli, Polak, Ceccarelli & De Camilli, 1988) as
well as at sensory terminals in skeletal muscle (Takami et al. 1985 a; Ohlen, Lindbom,
H6kfelt, Cuello, Fischer & Hedqvist, 1987; Matteoli et al. 1988).
The release of CGRP from central terminals of primary sensory fibres has been

demonstrated in the spinal cord slice preparation by the application of capsaicin or
high-K+ solutions (Saria, Gamse, Petermann, Fischer, Theodorsson-Norheim &
Lundberg, 1986; Franco-Cereceda, Henke, Lundberg, Petermann, Hokfelt & Fischer,
1987). Stimulation of the peripheral nerve also causes to release CGRP in the dorsal
horn of the spinal cord in vivo (Morton & Hutchison, 1989). Similarly, peripheral
endings of sensory neurones may be capable of releasing CGRP. Thus, the application
of capsaicin (Ohlen et al. 1987; Diez Guerra, Zaidi, Bevis, Maclntyre & Emson,
1988) or bradykinin (White, Leah & Zimmermann, 1989) has shown to induce CGRP
release from peripheral sensory fibres. CGRP released from the peripheral sensory
nerve is suggested to produce vasodilatation (Zaidi, Bevis, Girgis, Lynch, Stevenson
& Maclntyre, 1985; Holzer, 1988; Louis, Jamieson, Russell & Dockray, 1989).
However, it is not known whether CGRP can be released from peripheral sensory
endings by terminal depolarization or by nerve stimulation.
CGRP released from motor nerve terminals has been suggested to display several

trophic actions at neuromuscular junctions, including the regulation of acetylcholine
(ACh) receptor synthesis (Fontaine, Klarsfeld, H6kfelt & Changeaux, 1986; New &
Mudge, 1986) and of its desensitization rate (Mulle, Benoit, Pinset, Roa & Changeaux,
1988) as well as inhibition of sprouting of motor nerve terminals (Tsujimoto & Kuno,
1988). It has been reported that CGRP can be released at neuromuscular junctions
of the diaphragm by nerve stimulation (UJchida, Yamamoto, lio, Matsumoto, Wang,
Yonehara, Imai, Inoki & Yoshida, 1990). However, because of the long pulse
duration (10 ms) used for nerve stimulation in this study (also, see Results),
identification of the site of CGRP release remains uncertain.

In the present study, CGRP release induced by high K+ or nerve stimulation was
examined in rat skeletal muscle. The principal question was whether CGRP can be
released from motor and/or sensory nerve terminals in muscle, and if so, whether
CGRP release is triggered by Ca2" in a manner similar to that reported for the release
of classical transmitters. Our data suggest that CGRP is mainly released from the
endings of high-threshold muscle sensory fibres.

METHODS

Preparation
Adult Wistar rats (about 6 weeks in age) were anaesthetized by an intraperitoneal injection of

sodium pentobarbitone (50 mg/kg). The soleus muscle and attached nerve were excised from the
hindlimb. The muscle was slightly stretched and pinned at the fascia and tendon to the Sylgard-
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lined bottom of a 60 mm plastic Petri dish. The preparation was bathed in 7 ml of standard Krebs
solution of the following composition (in mM): NaCl, 130; KCl, 4-5; CaCi2, 2-0; NaHCO3 10;
glucose, 11 0. The bathing solution also contained 0-02% bovine serum albumin and was
equilibrated with 95% 02-5% Co2.

In one series of experiments, the release of CGRP from the soleus muscle was induced by the
application of a solution containing high K+ concentrations (20-100 mM). In these cases, the soleus
nerve was cut near its entry to the muscle, and the generation of action potentials was blocked by
tetrodotoxin (TTX; 2 ,aM) added to the bathing solution. The NaCl concentration was fixed at
35 mm, and osmolarity was balanced by adding appropriate amounts of choline chloride according
to the KCl concentration used for the experiment.

Attempts were also made to measure CGRP released from the soleus muscle in response to nerve
stimulation. The soleus nerve was stimulated at 2 Hz with a suction electrode in the standard
Krebs solution. Before the experiment, the threshold intensity for eliciting muscle contractions was
determined. The nerve was then stimulated at an intensity 3 times or 50-100 times higher than the
threshold in the presence of d-tubocurarine (dTC; 2,aM). In the case of stimulation at high
intensities (50-100 times the threshold), the stimulus pulse duration was also increased from 0-1 to
0-5 ms in order to assure activation of A&- and unmyelinated C fibres (Harper & Lawson, 1985).
To examine the relative contributions of motor and sensory fibres to CGRP release, the

measurements were made after degeneration of motor fibres in a few experiments. For this purpose,
the ventral roots of the 4th and 5th lumbar segments were sectioned on one side. Four days after
this operation, the amounts of CGRP released by high K+ (100 mM) were compared between the
soleus muscles excised from the experimental and contralateral, intact sides. Also, in another series
of experiments, the soleus muscle was excised together with attached sciatic nerve and lumbar
spinal roots, and CGRP released from the soleus muscle was measured in response to stimulation
of the 4th and 5th lumbar ventral or dorsal roots. The threshold intensity for most excitable
sensory fibres was determined by recording the compound action potential from the peripheral
nerve branch evoked by antidromic stimulation of the dorsal roots. The amount of CGRP released
from the soleus muscle was measured by stimulation of the dorsal roots again at an intensity 3
times the threshold and at an intensity 50-100 times the threshold.

Tn a separate series of experiments, the isolated diaphragm was also used for measurements of
the content and release of CGRP. Technical details on this series of experiments are given in the
appropriate section of Results.

Recovery of the bathing solution for (CGRP assay
In the majority of experiments, two soleus muscles were placed in a bathing chamber in order

to increase the amount of CGRP release, thereby facilitating the assay reliability. The isolated
soleus muscles were first incubated in the standard solution for 30 min in the presence of dTC. This
solution was discarded. The preparation was then briefly rinsed, and the chamber was filled with
a fresh solution. The nerve was stimulated for 6 min, and the entire bathing solution was collected
1 min after nerve stimulation. The preparation was then rinsed briefly 3 times. This procedure was
repeated several times with or without nerve stimulation. In the experiment with solutions
containing different K+ concentrations, the bathing solution was collected after exposure of the
preparation to a given solution for 7 min. The bath temperature was maintained at 23-24 'C.
CGRP release at other temperature ranges was not measured.

All the tubes containing the solutions collected after each trial were kept on ice till the end of
the experiment. Each sample solution was lyophilized and redissolved in 0 3 ml of a buffer solution
for assay. However, high salt contents in the sample were found to reduce the assay sensitivity.
Therefore, before lyophilization, the sample solution was dialysed through molecular-porous
membranes (SPECTRA/POR MWCD, 1000; Spectrum Inc., Los Angeles, CA, USA) against
1 m-acetic acid for 3 h at 4 'C.

Enzyme immunoassay of CGR1P
The procedure of two-site enzyme immunoassay ofCGRP has been described previously in detail

(Kashihara et al. 1989). Briefly, the antiserum raised in rabbits by injecting synthetic rat a-CGRP
(Peptide Institute, Inc., Osaka, Japan) was purified by affinity chromatography with the rat
CGRP linked to CNBr-activated Sepharose 4B (Pharmacia Fine Chemicals, Uppsala, Sweden).
Polystyrene beads (3-2 mm in diameter) were coated with the affinity-purified antibodies.
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Individual antibody-coated beads were exposed to the test solution overnight at 4 'C. CGRP bound
to the beads was then assayed by the anti-CGRP Fab' (Fragment with antigen binding) linked to
horseradish peroxidase (HRP). The enzyme reactioni to HRP initiated by the addition of H202
against 3-(p-hydroxyphenyl)propionic acid was quantified by the fluorescence intensity. The lower
limit of this assay was between 1 and 2 pg/assay or 10--20 pg/ml. The CGRP immunoreactive
material obtained from neural tissues coincided with sYnthetic rat CGR1' in fractional distributions
sep)arated by gel filtration (Kashihara et at. 1989).

All the values presellted in the text give the mean anid its standard deviation. The statistical
analysis was made by two-tailed t tests with the significance limit of P < 005.

RESULTS

CGRP release induced by high-K+ solutions
Figure 1 shows the results obtained from two experiments (A and B) in which the

soleus muscles were exposed to solutions containing different K+ concentrations
(4 5-100 mm) for 7 min in the presence of TTX and 2 mm-Ca2+. In one experiment
(A). the K+ concentration of the bathing solution applied was progressively increased
from 20 mm (K20) to 100 mm (Kloo), each test being alternated by the exposure to
the normal K+ level (4 5 mm indicated by R). The amount of C()rRP measured in the
solution (pg/mnuscle) increased with an increase in the K+ concentration.
The same result was obtained regardless of the application order of different K+

concentrations (Fig. tB). However, it was not certain whether the amount ofCGRP
released by a given concentration of K+ might be affected by previous exposure to
high-K+ solutions. Therefore, for quantitative measurements, only the CGRP assay
made for the first application of high-K+ solutions (20-100 mM) following the
exposure to the initial standard K+ fluid (45 mm-K+) was adopted. Figure 2
summarizes the results in this series of experiments. The amount of CGRP release
increased significantly at K+ concentrations higher than 50 mm, whereas the amount
of CGRP released by 20 mM-K+ was not significantly different from that in the
control solution.
When the soleus muscle had been denervated 4 days previously, the application of

100 mM-K+ did not increase CGRP release from the muscle (< 1P5 pg/two muscles,
n = 3). Also, following the exposure of two pieces of a 15 mm segment of the soleus
nerve (without the muscle) to 100 mM-K+, there was again no detectable CGRP in
the bathing solution. Therefore, it seems reasonable to conclude that CGRP
measured in the experiments shown in Fig. 2 originates from motor and/or sensory
nerve terminals in the muscle.

Calcium dependence of CGRP release
In order to test the effects of external Ca2+ concentrations on CGRP release, two

soleus muscles were again exposed to 100 mM-K+ solutions which contained different
concentrations of Ca2+ in a range of 01-2 mm. As shown in Fig. 3A, a reduction of
external Ca2+ resulted in a decrease of the amount of CGRP released by high-K+
solutions. The relation between CGRP release and the external Ca2+ concentration
appears to be almost linear. When the amount of CGRP release and the Ca2+
concentration were plotted on double logarithmic co-ordinates, the slope of the
regression line was 0 30 between 0 1 and 0 5 mM-Ca2+ and 0 75 between 0 5 and 2 mM-
Ca2` (Fig. 3B). It is not certain whether this difference in the slope at different Ca2+
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Fig. 1. The amounts of CGRP released from the soleus muscle in response to the exposure
to solutions containing different concentrations of K+ for 7 min. R, normal level of K+
(4 5 mM). A and B, two different experiments. The test solutions were applied in sequence
from the left to the right.
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Fig. 2. The relation between the amount ofCGRP released from the soleus muscle and the
K+ concentration in the solution to which the muscle was exposed for 7 min. In each
experiment, the muscle was first exposed to a 4-5 mM-K' solution and then to one of the
20, 50 or 100 mM-K' solution. Each point, is the mean of three experiments, except for the
point at 45 mm which is the mean of nine observations. Vertical bars indicate+s.D.
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levels is genuine. However, the overall Ca2' dependence of CGRP release was
considerably less steep than that reported for ACh release at neuromuscular
junctions (see Discussion).

CCGRP release by stimulation of sensory fibres
CGRP release from the soleus muscle by nerve impulses was first examined by

stimulation of its muscle nerve. The soleus nerve was stimulated at 2 Hz for 6 min
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Fig. 3. Relations between the arnount of CGRP released from the soleus muscle by
100 mM-K+ and the external Ca2` concentration. A, changes in the amount of CGRP
release relative to that observed at 2 mM-Ca2+. B, same results plotted on double
logarithmic co-ordinates. Each point is the mean of three experiments with S.D. (vertical
bars).

in the standard Krebs solution. When the nerve was stimulated at an intensity three
times the threshold for eliciting muscle contractions (the intensity sufficient to
activate Aa-nerve fibres), there was no significant increase in the amount of CGRP
collected from the bathing solution above the resting level. A significant increase in
CGRP release was observed when the nerve was stimulated at an intensity 50-100
times the threshold for evoking muscle contractions (the intensity sufficient to
activate A&- and C nerve fibres). This suggests that the major source of CGRP
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release(d by stimulation of the peripheral nerve is high-threshold sensory fibres. In
order to examine this possibility, CGRP release was measured in response to
antidromic stimulation of the dorsal roots.

Figure 4 summarizes the results obtained by antidromic stimulation of the 4th and
5th lumbar dorsal roots. Wrhen the dorsal roots were stimulated at 2 Hz at an
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Fig. 4. The amonc)lts of CO1RP released from the soleus muscle in the standard Krebs
solution with (stippled columns) or without (open columnns) antidromic stimulation of the
lumlbar (lorsal roots for 6 mmi. Each columun is the mean of three observations with S.D.
81. 2 Hz stimulationl at an intensity three times the threshold for most excitable sensory
fib)res. 8S2. 2 Hz stirnulation at an intenlsity 50-100 times the threshold for most excitable
senlsory fibres. 83. samne as 82. but at 10) Hz. In each experiment, the measurements were
ma1(le inl sequence fromn the left to the right. Asterisks indicate a significant difference from
the amnounlt of CC(,Rl' at rest, R.

intenlsity three timnes the threshold for mnost. excitable sensory fibres (Fig. 4, Si), the
amount of CGRP ollected from the bath (2~3+±093 pg/muscle; n =3) was not
significantly different from those measured at rest before (Rt1; 1990 64 pg/muscle)
or after (R12; 13±+0)29 pg/muscle) nerve stimulation. However, when the stimulus
intensity was increased to 50-400 times the threshold for most excitable fibres, a
significant increase in the amount of CGRP release (82; 67±70*75 pg/muscle) was
induced by stimulation of the dorsal roots at 2 Hz. The amount of CGRP release
increased further when the dorsal roots were stimulated at 10 Hz with the same level
of high intensity (83; 89 ± 0 70 pg/muscle). Thus, the sensory fibres responsible for
CGRP' release appear to be high-threshold muscle sensory fibres, probably AS-
and/or C fibres.

L,ack of evidence for CUR!3:l release by stimsulation of motor fibres

As dlescribed above, stimulation of the peripheral nerve at intensities sufficient to
activate motor nerve (Aa-fibres) failedl to increase CGRP release from the soleus
rnuscle within the limnit of detection by our assay. S4timulation of the 4th and 5th
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lumbar ventral roots also did not increase the amount of CGRP released from the
soleus muscle above the resting level. Thus, we could not obtain any evidence that
(CGRRP can be released by stimulation of motor nerve fibres.
The contribution of motor fibres to CGRP release was also examined by comparing

the amounts of CGRP released from the soleus muscle with and without degeneration

1-0-

C/C

a)

CD

cmC
-CCu

0 -
C E

Fig. 5. Changes in the amount of CGRP released from the soleus muscle by 100 mM-K'
following degeneration of motor nerve fibres. The 4th and 5th lumbar ventral roots had
been sectioned, and the amounts ofCGRP released from the soleus muscle were measured
on the sectioned side (E) as well as on the contralateral, intact side (C) 4 days later. The
amount of CGRP release on the sectioned side is expressed relative to that on the control
side. The relative change on the experimental side is the mean of five experiments with
S.D. Asterisk indicates a significant difference from the control value.

of the motor fibres. In order to minimize the variabilitv in the amount of CGRP
release from the soleus muscle in different animals, the 4th and 5th lumbar ventral
roots were sectioned on one side, and 4 days later, CGRP release in the soleus muscle
induced by 100 mM-K' was compared between the sectioned side and the
contralateral, intact side. In five experiments, the mean amount of CGRP released
from the intact soleus muscle (109+3±32 pg/muscle) was not significantly different
(0-05<P < 010) from that observed on the sectioned side (7-6+19 pg/muscle).
However, the amount of CGRP measured was consistently lower on the sectioned
side than on the paired, control side. As shown in Fig. 5, the mean ratio of the
amounts of CGRP release between the two sides was 0-72 +0415 (range, 0 59-0 90)
which was significantly (P < 002) different from unity. This 28% reduction in the
amount of CGRP release induced by 100 mm-K+ following chronic section of the
ventral roots might correspond to the amount of CGRP released from motor
terminals in the intact soleus muscle. Stimulation of Ad- and C fibres at 2 Hz for
6 min increased CGRP release about 54 pg/muscle above the resting level, on
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average, (Fig. 4, S2). Therefore, if 28% of the total CGRP released by nerve
stimulation originated similarly from motor terminals, stimulation of the lumbar
ventral roots would be expected to increase CGRP release by about 2-1 pg/muscle
above the resting level, which should be detected by our assay. Thus, it appears that
motor nerve terminals may be capable of releasing CGRP in response to prolonged
depolarization induced with high K+ but not to nerve stimulation (see Discussion).
In the rat lumbar segments, the dorsal root ganglion and the ventral root are
enclosed by a common connective sheath (Schmalbruch, 1986). Therefore, it is
difficult to remove the dorsal root ganglia (deafferentation), leaving the ventral root
fibres intact. Because of this difficulty, chronic deafferentation was not attempted.

CGRP release from the diaphragm
Recently, it has been reported that stimulation of the phrenic nerve induces the

release of CGRP at neuromuscular junctions of the rat diaphragm (Uchida et al.
1990). Because of the uncertainty concerning CGRP release from motor nerve
terminals in the soleus muscle, we reinvestigated the release of CGRP from the
diaphragm. For this purpose, a 5 mm wide strip of the hemidiaphragm containing
endplate regions was dissected along the nerve branch together with the phrenic
nerve. The strip was placed in a bath filled with 1 ml of the standard Krebs solution.
We confirmed that a significantly larger amount of CGRP (6-4 + 1-2 pg/strip; n = 3)
than the resting level (2-4 + 1 0 pg/strip) is released by nerve stimulation (for 10 min
at 10 Hz), if the nerve is stimulated by electrical pulses with a duration of 10 ms (5 V in
intensity), as reported by Uchida et al. (1990). However, when the nerve was
stimulated by pulses with a duration of 0-5 ms at intensities three to five times the
threshold for evoking muscle contractions (for 10 min at 10 Hz), no significant
amount of CGRP was released above the resting level (n = 3). Therefore, it seems
clear that stimulation of the phrenic nerve at an intensity sufficient to activate the
ac-motor fibres does not cause the release ofCGRP from the muscle. It is then possible
that stimulation of phrenic nerve with a long pulse duration (10 ms) might have
produced current spread, thereby activating directly some neural tissues in the
muscle strip.

In order to examine whether the site of CGRP release from the diaphragm is
confined to the endplate region, a muscle strip isolated from the junctional region
(endplate region) or from the non-junctional region was exposed to 100 mM-K' for
7 min. The mean amount of CGRP released in the non-junctional region
(0 1+ 0-018 pg/mg tissue; n = 3) was found to be about 60% of that released in the
junctional region (0 18+0-028 pg/mg tissue, n = 3). Similarly, the CGRP content in
the non-junctional region was about 70% of that in the junctional region (Fig. 6a).
These results indicate that the motor nerve terminals are not the only neural tissue
which contains and releases CGRP in the diaphragm. Furthermore, 4 days after
denervation of the diaphragm, 20-25% of the normal level of CGRP content was
still found in the junctional and non-junctional regions (Fig. 6b, stippled columns).
This is in contrast with the results from the soleus muscle in which 95% of CGRP
in the muscle disappears after denervation (Kashihara et al. 1989). Since the
diaphragm is lined with the parietal pleura on the thoracic surface and with the
peritoneum on the abdominal surface, it is possible that these tissues may contain
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nerve endings. To test this possibility, these membranes lining the diaphragm were
carefully removed in the non-junctional region of the innervated diaphragm. This
procedure reduced the CGRP content by more than 50% (Fig. 6c), compared with
that of the sheathed diaphragm (Fig. 6a, non-junctional). It is likely that the

0.

0

a b a b c
Junctional Non-junctional

Fig. 6. CGRP contents in a strip of the diaphragm obtained from the junctional or non-
junctional region: a, from the intact diaphragm; b, from the diaphragm which had been
denervated 4 days previously (stippled columns); c, the same as in a, but from the normal
diaphragm from which the pleura and peritonium were removed. Each columns represents
the mean of three observations with S.D.

junctional region may also be lined with similar membranes which harbour CGRP-
containing sensory nerve endings. The presence of a substantial amount of CGRP in
the denervated diaphragm (Fig. 6b, stippled columns) suggests that sensory endings
in the membranes lining the diaphragm may originate in part from non-phrenic
nerves. The present results do not exclude the possibility of CGRP release from
motor terminals in the diaphragm. However, at least, stimulation of the phrenic
nerve at an intensity sufficient to produce vigorous contractions of the muscle did not
cause the release of CGRP from the diaphragm. Stimulation of the phrenic nerve
with a long pulse duration (and/or at extremely high intensities) might activate
sensory nerve endings in the pleura or peritoneum covering the diaphragm.
Therefore, CGRP release observed under these conditions may not necessarily be
attributed to the release of CGRP from phrenic motor nerve terminals.

DISCUSSION

The present study shows that CGRP can be released from skeletal muscle either
by nerve stimulation or by membrane depolarization induced with high-K+ solutions.
The site responsible for CGRP release must be nerve terminals in muscle since the
application of high-K+ solutions does not increase CGRP release in chronically
denervated muscles or in the muscle nerve alone (without the muscle).
The sensory neurones innervating skeletal muscle are known to show CGRP

immunoreactivity (Molander, Ygge & Dalsgaard, 1987; Ohlen et al. 1987; O'Brien,



CGRP RELEASE FROM MUSCLE NERVE

Woolf, Fitzgerald, Lindsay & Molander, 1989). In the present study, antidromic
stimulation of the lumbar dorsal roots induced CGRP release from the soleus muscle.
Judging from the intensity of effective nerve stimulation, the sensory fibres involved
in CGRP release appear to be mainly Ad- and/or C fibres. This is consistent with the
observation that CGRP release in the dorsal horn of the cat spinal cord increases
above the basal level in response to stimulation of high-threshold sensory fibres but
not to stimulation of low-threshold sensory fibres (Morton & Hutchison, 1989). Also,
CGRP immunoreactivity has been found to be associated largely with small
myelinated and unmyelinated sensory fibres in the rat spinal cord (McNeill,
Coggeshall & Carlton, 1988). However, McCarthy & Lawson (1990) have reported
that 17 % of the A.-sensory neurones recorded (identified by their conduction
velocities) show CGRP immunoreactivity. The relatively large standard deviation in
the amount of CGRP released by antidromic stimulation of the dorsal roots at an
intensity sufficient to activate only Aa-fibres (Fig. 4, S1) might reflect the release of
CGRP from a small population of Aoc-sensory neurones.
CGRP is present within large dense-core vesicles in motor nerve terminals

(Matteoli et al. 1988) as well as in synaptosomes isolated from the spinal cord (Fried,
Franck, Brodin, Born, Fischer, Hiort & H6kfelt, 1989). Large dense-core vesicles have
also been found in the peripheral ending of slowly conducting sensory fibres which
respond to bradykinin (Kruger, Kumazawa, Mizumura, Sato & Yeh, 1988). When
ACh and small clear vesicles had been depleted in frog nerve terminals by o-
latrotoxin isolated from the black widow spider venom, CGRP still remained in the
nerve terminals (Matteoli et al. 1988). Therefore, the release of the content from small
clear vesicles and the release from dense-core vesicles appear to depend on different
mechanisms. It has also been shown that the stimulus frequency favourable for the
release of neuropeptides differs from that optimum for the release of classical
transmitters (Andersson, Bloom, Edwards & Jiarhult, 1982; Lundberg & H6kfelt,
1983; Agoston, Conlon & Whittaker, 1988). It is well known that the release of
classical transmitters is triggered by Ca2' entering the nerve ending in association
with terminal depolarization (Katz, 1969). In the dorsal horn of the spinal cord, the
application of high K+ fails to release CGRP in the absence of external Ca2+ (Franco-
Cereceda et al. 1987; also, see Mason, Peterfreund, Sawchenko, Corrigan, Rivier &
Vale, 1984). However, from this observation alone, it is not certain whether the
degree of Ca2+ dependence of CGRP release is comparable to that of the classical
transmitter. At neuromuscular junctions, evoked release of ACh occurs as a fourth-
power functional of the external Ca2+ concentration (Dodge & Rahamimoff, 1967;
Hubbard, Jones & Landau, 1968; Cull-Candy, Miledi, Trautmann & Uchitel, 1980).
Transmitter release from I a sensory neurones at central synapses on rat spinal
motoneurones increases with a 16 power of the external Ca2+ concentration (Kuno
& Takahashi, 1986). The Ca2+ dependence of CGRP release from nerve terminals in
muscle (0-3-0{8 power) was substantially less steep than those reported for classical
transmitters. Clear synaptic vesicles containing classical transmitters are accumu-
lated in close proximity to active zones which harbour putative Ca2+ channel
particles (Pumplin, Reese & Llinas, 1981). In contrast, dense-core vesicles are
dispersed widely within the terminal. Therefore, the concentration of Ca2+ entering
the terminal upon depolarization may considerably be diluted before reaching the
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dense-core vesicles. This may account for the relatively low Ca2' dependence of
CGRP release. The release of CGRP or other peptides containing in dense-core
vesicles may be facilitated by accumulation of residual Ca21 in nerve terminals
following repetitive nerve stimulation (see Lundberg & Hokfelt, 1983).

In spite ofseveral trophic functions suggested for CGRP at neuromuscular junctions
(see Introduction), the present study failed to show direct evidence for the release of
CGRP from motor terminals by nerve impulses. Stimulation of a muscle nerve at an
intensity sufficient to activate motor fibres did not increase the amount of CGRP
release from the muscle above the resting level. Similarly, increased release ofCGRP
from the muscle was not detected following stimulation of the ventral roots. Also, the
release of CGRP at neuromuscular junctions previously reported for the diaphragm
(Uchida et al. 1990) could not be attributed to the release from motor nerve
terminals. However, following degeneration of motor nerve fibres, the amount of
CGRP release from the soleus muscle by 100 mm-K' was reduced by 28 %, compared
with that released from the normally innervated muscle. This suggests that motor
nerve terminals may be capable of releasing CGRP upon prolonged depolarization.
Two possible factors may be considered for uncertainty of CGRP release from motor
nerve terminals. First, motor nerve terminals are considerably larger in size than
varicosities formed by sensory endings. Thus, the intracellular concentration of Ca2+
sufficient to induce CGRP release from motor nerve terminals may be achieved only
by prolonged terminal depolarization (e.g. with high K+) or by nerve stimulation at
high frequencies. Second, motor fibres are considerably fewer in number than sensory
fibres in a muscle nerve (Jenq, Hulsebosch, Coggeshall & Perez-Polo, 1984;
Schmalbruch, 1986). Therefore, the amount of CGRP released from motor fibres
might not significantly exceed the CGRP level at rest.

This work was supported by research grants from the Ministry of Education, Science and Culture
of Japan. We wish to thank Dr Noboru Mizuno for his suggestion of the possible presence of CGRP
in the membranes lining the diaphragm. XWe are also grateful to Ms K. Oishi and Ms C. Takasu for
their excellent technical assistaince.

REFERENCES

AGOSTON, D. V., CONLON, .J. M1. & WHITTAKER, V. P. (1988). Selective depletion of the acetylcholine
and vasoactive intestinal polypeptide of the guinea-pig myenteric plexus by differential
mobilization of distinct transmitter pools. Experimental Brain Research 72, 535-542.

ANDERSSON, P. O., BLooM, S. R., EDWARDS, A. V. & JARHULT, J. (1982). Effects of stimulation of
the chorda tympani in bursts on submaxillary responses in the cat. Journal of Physiology 322,
469-483.

CULL-CANDY, S. G., MILEDI. R., TRAUTMANN, A. & UCHITEL, 0. D. (1980). On the release of
transmitter at normal, myasthenia gravis and myasthenic syndrome affected human end-plates.
Journal of Physiology 299, 621-638.

DIEZ GUERRA, F. J., ZAIDI, M., BEVIS, P., MIACINTYRE, I. & EMSON, P. C. (1988). Evidence for
release of calcitonin gene-related peptide and neurokinbin A from sensory nerve endings in vivo.
.Veuroscience 25, 839-846.

DODGE, F. A. & RAHAMIMOFF, R. (1967). Co-operative action of calcium ions in transmitter release
at the neuromuscular junction. Journal of Physiology 193, 419-432.

FONTAINE, B., KLARSFELD, A., H6KFELT, T. & CHANGEtTX, J. P. (1986). Calcitonin gene-related
peptide, a peptide present in spinal cord motoneurons, increases the number of acetylcholine
receptors in primary cultures of chick embryo myotubes. N\euroscience Letters 71, 59-65.



(Y)RP RELEASE FROM MULSCLE NERU2E9

FRANCO-CERECEDA, A., HENKE, H., LITNDBERG. J. M.. PETERMANN, J. B., HOKFELT, T. &
FIscnIER, J. A. (1987). Calcitonin genie-ielated peptide ((CGRPI') in capsaicin-seinsitive substance
P-immunoreactive sensory neuirons in animals and man: I)istribution release by capsaicin.
Peptides 8, 399-410.

FRIED, G., FRANCK, J., BRODIN, E.. BORN. XV., FISCIHER, J. A., HIORT, WV. & HOKFELT, T. (1989).
Evidence for differential storage of calcitoinin gene-related peptide, substaince P and serotonin in
synaptosomal vesicles of rat spinal cor(l. Brain Research 499, 315-324.

GIBSON, S. J., POILAK, J. M.. BLO,OM, S. R., SABATE. 1. M., MtLDERRY, P. M., GHATEI, M. A.,
MCGREGOR, CG. P., AIORRISON, J. F. B., KELLY, J. S.. EVANS, R. M. & ROSENFELD, M. G. (1984).
Calcitonin gene-related peptide immunoreactivity in the spinal cord of man and eight other
species. Journal of Neuroscience 4, 3101 -31 1 1.

HARPER, A. A. & LAWSON, S. N. (1985). Conduction velocity is related to morphological cell type
in rat dorsal root ganglioIn neurones. Journal of Ihysioloyy 359, 31-46.

HOLZER, P. (1988). Local effector funictions of capsaicin-sensitive sensory nerve endings:
involvement of tachikinins, calcitotlini geine-related peptide and other neuropeptides. Neuro-
science 24, 739-768.

HUBBARD, J. I., JONES, S. F. & LANDAIU. E. M. (1968). OIn the mechainisnm by which calcium and
magnesium affect the release of transmitter by nerve impulses. Journal of Physiology 196, 75-86.

JENQ, C. B., HULSEBOSCII, C. E., COGGESHIALL. R. & PEREZ-POLO, R. (1984). The effects of nerve
growth factor and its antibodies oIn axonial numnbers in the medial gastrocnlemius nerve of the rat.
Brain Research 299. 9-14.

KASHIHARA, Y., SAKAG(UCHI, M. & KUNO, MI. (1989). AxonIal transport anid distributioni of
endogenous calcitoinin gene-related peptide in rat peripheral nerve. Journal of VNeuroscience 9,
3796-3802.

KATZ, B. (1969). The Release of Neural Transmitter Substanices. Charles C. Thomas, Springfield, IL,
USA.

KRUGER, L., KUMAZAWA, T.. MIZUMURA. K., SATO, J. & YEEH, Y. (1988). Observations on
electrophysiologically characterized receptive fields of thin testicular afferent axons: A
preliminary note oIn the analysis of finie structural specializations of polymodal receptors.
Somatosensory Research 5, 373-380.

KUNO, M. & TAKAHASHI, T. (1986). Effects of calcium and maginesiumi on tranismitter release at Ia
synapses on rat spinal motoneurones in c.itro. Journal of Physiology 376. 543-5053.

LOUIS, S. M., JAMIESON. A., RUSSELL. N. J. WV. & DOCKRAY, (X. J. (1989). The role of substance P
and calcitonin gene-related peptide in neurogeniic plasma extravasation and vasodilatation in
the rat. Neuroscience 32, 581-586.

LUNDBERG, J. M. & H6KFELT. T. (1983). (Coexistence of )eptides anid classical neurotransmitters.
Trends in Neurosciences 6. 325-333.

MCCARTIIY, P. XV. & LAWSON, S. N. (1990). Cell type and conduction velocity of rat primary
sensory neuronis with calcitonin gene-related peptide-like immunoreactivitv. Neuroscience 34,
623-632.

McNEILL. D. L., COGGESHIALL, R. E. & (CARLTON, S. M. (1988). A light and electron microscopic
study of calcitonin genie-related peptide in the spinal cord of the rat. Experimental ,Neurology 99,
699-708.

MASON, R. T., PETERFREUND, R. A., SAWCHENKO, P. E., (CORRIGAN, A. Z.. RIVIER, J. E. & VTALE,
WV. NV. (1984). Release of the predicted calcitoninl gene-related peptide from cultured rat
trigeminal ganglion cells. Nature 308. 653-655.

MATTEOLI, MI., HAIMANN, C.., ToRRI-TARELLI, F., POIAK, 1. M., C'ECCARELLI, B. & DE CAMILLI, P.
(1988). Differential effect of a-latrotoxiin on exocytosis fromn small synaptic vesicles and from
large dense-cone vesicles containing calcitonin gene-related peptide at the frog neuromuscular
junction. Proceedings of the NVational Academty of Sciences of the USA 85, 7366-7370.

MOLANDER, C., YGGE, J. & DALSGAARD, C. J. (1987). Substance P-, somatostatin- and calcitonin
gene-related peptide-like immunoreactivity and fluoride resistant acid phosphatase activity in
relation to retrogradely labelled cutaneous. muscular and visceral primary sensory neurons.
Neuroscience Letters 74, 37-42.

MORTON, C. R. & HUTCHISON, W. D. (1989). Release of sensory neuropeptides in the spinal cord:
studies with calcitonin gene-related peptide and galanin. Neuroscience 31, 807-815.

269



270 M. SAKAGUlCHI, Y. INAISSHI, Y KASHIHARA A_ND M. KUX O

MULLE, C., BENOIT, P., PINSET, C., ROA, M. & CHANGEUX, J. P. (1988). Calcitonin gene-related
peptide enhances the rate of desensitization of the nicotinic acetylcholine receptor in cultured
mouse muscle cells. Proceedings of the National Academy of Science,s of the UtKSA 85, 5728-5732.

NEW, H. V. & MUDGE, A. WV. (1986). Calcitonin gene-related peptide regulates muscle acetylcholine
receptor synthesis. Nature 323, 809-81 1.

O'BRIEN, C., WOOILF, C. J., FITZGERALD, M., LINDSAY, R. M. & MOLANDER, C. (1989). Differences
in the chemical expression of rat primary afferent neurons which innervate skin, muscle or joint.
Neuroscience 32, 493-502.

OHLEN, A., LINDBOM, L., STAINES, W., H6KFELT, T., CUELLO, A. C., FISCHER, J. A. & HEDQVIST,
P. (1987). Substance P and calcitonin gene-related peptide: immunohistochemical localisation
and microvascular effects in rabbit skeletal muscle. NVaunyn-Schmiedeberg's Archives of
Pharmacology 336, 87-93.

PUMPLIN, D. W., REESE, T. S. & LLINAIS, R. (1981). Are the presynaptic membrane particles
calcium channels? Proceedings of the National Academy of Sciences of the U'SA 78, 7210-7213.

ROSENFELD, M. G., MERMOD, J. J., AMARA, S. G., SWANSON, L. W., SANCHENKO, P. E., RIVIER, J.,
VALE, W. W. & EVANS, R. M. (1983). Production of a novel neuropeptide encoded by the
calcitonin gene via tissue-specific RNA processing. Nature 304, 129-135.

SARIA, A.. GAMSE, R., PETERMAN, J., FISCHER, J. A.. THEODORSSON-NORHEIM, E. & LUNDBERG,
J. M. (1986). Simultaneous release of several tachykinins and calcitonin gene-related peptide
from rat spinal cord slices. Neuroscience Letters 63, 310-314.

SCHMALBRUCH, H. (1986). Fiber composition of the rat sciatic nerve. Anatomical Record 215, 71-81.
TAKAMI, K., KAWAI, Y., SHIOSAKA, S., LEE, Y., GIRGIS, S., HILLYAR1), C. J., MACINTYRE, I.,
EMSON, P. C. & TOtiYAMA, M. (1985a). Immunohistochemical evidence for coexistence of
calcitonin gene-related peptide and choline acetyltransferase-like immunoreactivity in neurons
of the rat hypoglossal, facial and ambiguus nuclei. Brain Research 328, 386-389.

TAKAMI, K., KAWAI, Y., UCHIDA, S., TOHYAMA, M., SHIOTANI, Y., YOSHIDA, H., EMSON, P. C.,
GIRGIS, S., H1LLYARD, C. J. & MACINTYRE, I. (1985b). Effect of calcitoniin gene-related peptide
on contraction of striated muscle in the mouse. Neuroscience Letters 60, 227-230.

TsuJIMOTO, T. & KUNO, M. (1988). Calcitonin gene-related peptide prevents disuse-induced
sprouting of rat motor nerve terminals. Journal of Neuroscience 8, 3951-3957.

UCHIDA, S., YAMAMOTO, H., 110, S., MATSUMOTO, N., WANG, X. B.. YONEHARA, N., IMAI, Y.,
INOKI, R. & YOSHIDA, H. (1990). Release of calcitonin gene-related peptide-like immunoreactive
substance from neuromuscular junction by nerve excitation and its action on striated muscle.
Journal of Neurochemistry 54, 1000-1003.

WIIITE, D. M., LEAII, J. D. & ZIMMERMANN, M. (1989). The localization and release of substance
P and calcitonin gene-related peptide at nerve fibre endings in rat cutaneous nerve neuroma.
Brain Research 503, 198-204.

WAIESENFIELD-HALLIN. Z., HOKFELT, T., LUNDBERG. J. M., FORSSMANN. XV. G.. REINECKE, M.,
TsCHoPP, F. A. & FISCHER, J. A. (1984). Immunoreactive calcitonin gene-related peptide and
substance P coexist in sensory neurons to the spinal cord and interact in spinal behavioral
responses of the rat. Neuroscience Letters 52, 199-204.

ZAIDI, M., BEVIS, P. J. R., GIRGIS, S. L., LYNCH, C., STEVENSON, J. C. & MACINTYRE, 1. (1985).
Circulating CGRP comes from the perivascular nerves. European Journal of Pharmacology 117,
283-284.


