
The Journal of Neuroscience, November 1989, 9(11): 37963802 

Axonal Transport and Distribution of Endogenous Calcitonin 
Gene-Related Peptide in Rat Peripheral Nerve 
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Calcitonin gene-related peptide (CGRP) has been found in 
both sensory and motor neurons. It has been suggested that 
CGRP is transported from neuron cell bodies to their ter- 
minals, where it may act as an anterograde trophic factor. 
However, it is not known how fast CGRP is transported or 
whether CGRP found in the innervated target organ indeed 
originated in neural tissues. We have quantified endogenous 
CGRP in the rat peripheral nerve by a newly developed en- 
zyme immunoassay. The CGRP immunoreactive material ob- 
tained from neural tissues coincided with synthetic rat CGRP 
in fractional distributions separated by gel filtration. After 
ligation of the sciatic nerve, tissue CGRP accumulated in the 
segment central to the ligature. The rate of anterograde 
transport of CGRP was about 1 mm/hr in both sensory and 
motor fibers. In the sciatic nerve, only a small fraction of 
CGRP measured was found to originate from the motor nerve 
fibers. This may be due in part to the disproportionately large 
number of sensory fibers in the sciatic nerve and in part to 
the possible presence of CGRP in sympathetic nerve fibers. 
The CGRP content in the dorsal root fibers was significantly 
lower than that in the peripheral processes of the sensory 
neurons. The CGRP content in the hind leg muscle was much 
higher than that expected from the amount of CGRP per 
nerve fiber in the sciatic nerve. Most CGRP in muscle dis- 
appeared following denervation. It is concluded that CGRP 
highly concentrated in nerve terminals is supplied by axonal 
transport from the neuron cell bodies. 

Calcitonin gene-related peptide (CGRP) was initially deter- 
mined to be encoded by alternative processing of the RNA 
transcript from the calcitonin gene (Amara et al., 1982). Sub- 
sequently, the presence of CGRP has been demonstrated in a 
variety of central and peripheral neurons by immunoreactivity 
with antisera against synthetic CGRP (Rosenfeld et al., 1983; 
Gibson et al., 1984; Wiesenfield-Hallin et al., 1984; Kawai et 
al., 1985; see review by Zaidi et al., 1987). CGRP immuno- 
reactivity can be seen in motor nerve terminals (Rodrigo et al., 
1985; Takami et al., 1985a, b; Matteoli et al., 1988) as well as 
in spinal motoneurons (Rosenfeld et al., 1983; Gibson et al., 
1984; New and Mudge, 1986). Thus, CGRP apparently coexists 

Received Jan. 1, 1989; revised Mar. 14, 1989; accepted Mar. 15, 1989. 
This work was supported by research grants from the Ministry of Education, 

Science and Culture of Japan. We wish to thank Dr. Kyozo Hayashi and his 
colleagues for detailed instructions for the 2-site enzyme immunoassay technique. 
We are also grateful to Ms. K. Ito and Ms. K. Oishi for their excellent technical 
assistance. 

Correspondence should be addressed to Motoy Kuno, Department of Physi- 
ology, Kyoto University Faculty of Medicine, Kyoto 606, Japan. 
Copyright 0 1989 Society for Neuroscience 0270-6474/89/l 13796-07%02.00/O 

with the classic transmitter ACh in motor nerve terminals. How- 
ever, CGRP immunoreactivity in the nerve terminal appears 
to be confined within large dense-core vesicles, whereas ACh is 
present within small clear vesicles (Matteoli et al., 1988). 

Although neuromuscular transmission is not affected by the 
acute or chronic application of CGRP (Tsujimoto and Kuno, 
1988), CGRP increases the synthesis ofACh receptors (Fontaine 
et al., 1986, 1987; New and Mudge, 1986) and intracellular 
CAMP in muscle (Takami et al., 1986; Laufer and Changeux, 
1987; Kobayashi et al., 1987; Eusebi et al., 1988). Also, exter- 
nally applied CGRP has been shown to alter the rate of desen- 
sitization of ACh receptors (Mulle et al., 1988) or the receptor 
channel conductance (Eusebi et al., 1988). Functional modu- 
lation of the ACh receptor by CGRP appears to be mediated 
by protein kinase, which regulates phosphorylation of the re- 
ceptor molecule (Mulle et al., 1988; Hopfield et al., 1988). Fur- 
thermore, CGRP suppresses disuse-induced sprouting of motor 
nerve terminals (Tsujimoto and Kuno, 1988). Thus, CGRP may 
be released from motor nerve terminals and act as an antero- 
grade trophic factor that may be involved in the regulation of 
synthesis of particular proteins in muscle (Fontaine et al., 1986; 
Changeux et al., 1987). 

CGRP immunoreactivity in the cell bodies of motor and sen- 
sory neurons is known to be enhanced when cytoskeletal systems 
are impaired by treatment with colchicine (Gibson et al., 1984; 
Ju et al., 1987). This implies that CGRP may be synthesized in 
the cell bodies and transported in the somatofugal direction in 
both motor and sensory neurons. In fact, anterograde transport 
of CGRP has recently been demonstrated in the autonomic 
nerve (Varro et al., 1988). Here we report the distribution and 
axonal transport of CGRP measured in the somatic motor and 
sensory nerve fibers. The results show that endogenous CGRP 
is transported by anterograde axoplasmic flow at a rate of about 
1 mm/hr in both motor and sensory fibers and that the majority 
(95%) of CGRP highly concentrated in muscle disappears after 
denervation. 

Materials and Methods 
Preparation. Adult Wistar rats were anesthetized with pentobarbital 
sodium (50 mg/kg, i.p.) or ether. The sciatic nerve was exposed and 
ligated with 8-O silk suture at the midthigh level. The sciatic nerve was 
excised l-24 hr later. Consecutive 2-mm segments of the excised nerve 
central and peripheral to the ligature were cut on dry ice and stored at 
-80°C until required for the assay. Individual frozen nerve segments 
were homogenized with a glass-glass homogenizer in 10 mM PBS (pH 
7.0). The homogenates were centrifuged for 10 min at 10,000 g, and 
the supematants were mixed immediately with BSA (O.l-OS%). In other 
experiments, the hind leg muscle was prepared similarly to measure its 
CGRP content. The muscle was homogenized by sonication. 

To assess the distribution of CGRP in motor and sensory fibers, the 
CGRP content was measured in the lumbar ventral and dorsal roots 
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Figure I. The procedure and sensitiv- 
ity of a 2-site enzyme immunoassay of 
CGRP. Top, A schematic diagram of 
the assay rudiments. Anti-CGRP IgG 
coated on polystyrene beads acts as a 
first site to bind to CGRP in a given 
test solution. Anti-CGRP Fab’ conju- 
gated to HRP acts as a second site to 
bind CGRP. The enzyme reaction of 
HRP was induced bv the addition of 
hydrogen peroxide. The enzyme reac- 
tion was quantified by the fluorescence 
intensity. Bottom, A standard assay 
curve is shown as a function of the 
CGRP concentration. Horizontal bars, 
SD in 3 tests. 
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separately. Axonal transport of CGRP was examined in the sciatic nerve 
after degeneration of motor or sensory fibers. Thus, the ventral roots 
from the 4th through 6th lumbar segments were sectioned on the left 
side in one group of rats. Similarly, in another group of animals, the 
dorsal root ganglia in the same lumbar segments were unilaterally re- 
moved. Seven to 11 d after these operations, the sciatic nerves on the 
experimental side as well as on the contralateral, control side were ligated 
at the midthigh level. CGRP accumulated in ligated nerves was mea- 
sured 24 hr later. 

Anti-CGRP antibodies. The antiserum was raised in rabbits by in- 
iecting synthetic rat o-CGRP (Peptide Institute, Inc.) emulsified with - . 
Freund’s complete adjuvant. The antiserum was then passed through a 
Protein A Senharose CL-4B column (Pharmacia Fine Chemicals). and 
the IgG fraction was eluted from the column as described by Fur&awa 
et alr(1983). The antibodies to CGRP were purified by a&mity chro- 
matoaranhv. using rat o-CGRP linked to CNBr-activated Seoharose 4B 
(Pharmacia Fine Chemicals). The antibodies were eluted from the load- 
ed column with 0.1 M glycine-HCl (pH 2.3) and immediately neutralized 
with 1 M Tris. However, this fraction apparently was contaminated by 
some CGRP that might have leaked through the column together with 
the antibodies during elution. Contaminated CGRP was removed by 
dialysis of the eluate with ultrafiltration membranes (PM- 10, Amicon 
Co.) in the presence of 0.1 M glycine-HCl (pH 2.3), followed by replace- 
ment with 0.05 M Tris-HCl (pH 8.5). 

Enzyme immunoassay. The procedure of our 2-site enzyme immu- 
noassay was similar basically to that previously used for assay of NGF 
(Korsching and Thoenen, 1983; Furukawa et al., 1983). The rudiments 
of the assay are schematically illustrated at the top of Figure 1 (for 
technical details, see Furukawa et al., 1983; Kurobe et al., 1985, 1986). 
Briefly, polystyrene beads (3.2 mm in diameter) were used as a solid 
nhase to be linked to the affinitv-nurified antibodies against CGRP. The r--m-~ 
beads were incubated in 0.05 k-Tris-HCl (pH 8.5) containing the an- 
tibodies (0.1 mg/ml) overnight at 4°C. The beads were washed with 
buffer A solution (0.1 M Na-K phosphate, pH 7.0, containing 0.3 M 

NaCl, 1 mM MgCl,, 0.1% NaN,, and 0.5% BSA, Furukawa et al., 1983) 
and stored in the same solution at 4°C until use. Individual antibody- 
coated beads were exposed to the test solution (0.1 ml) diluted by 0.15 
ml of buffer A solution overnight at 4°C. CGRP bound to the beads 
was then assayed by the anti-CARP Fab’ linked to HRP. For this pur- 
pose, the antibody immunoglobulin fraction was treated with pepsin to 
prepare F(ab’)Z fragments, which were converted to Fab’ by reduction 
with 2-mercaptoethylamine. The Fab’ was conjugated to HRP with 
N-succinimidyl 4&maleimidomethyl)cyclohexane- 1 -carboxylate. The 
beads were incubated in a 10 mM Na-K PBS (uH 7.0) containing the 
Fab’-HRP complex and BSA (0.5%) overnight at 4°C. The enzyme 
reaction of HRP bound to the bead was initiated by the addition of 
H,O, (0.015%, vol/vol) against 3-(p-hydroxyphenyl) propionic acid (0.6%, 

wt/vol) in 0.1 M Na-K PBS (pH 7.0; Kurobe et al., 1985). After incu- 
bation for 60 min at room temperature, the reaction was terminated by 
the addition of glycine-NaOH (0.1 M, pH 10.3). The reactant was quan- 
tified by the fluorescence intensity, excitation, and emission wave- 
lengths, being 320 and 405 nm, respectively. As the standard, the flu- 
orescence intensity of 1 &ml quinine in H,SO, (0.05 M) was used. 
Figure 1 shows an example of the standard assay curve for CGRP. The 
lower limit ofreliable quantitative measurements varied from one batch 
of beads to another coated with the antibodies, ranging from 2 pgassay 
(20 pg/ml) to 12 pg/assay. The sensitive batch of beads was selected for 
assay of the tissues that contained relatively low concentrations of CGRP. 

To evaluate the degree of the nossible loss of CGRP durina isolation 
and measurements oftissue CGRP, a known amount of synthetic CGRP 
(150-320 pg) was added to the homogenate of a 2-mm segment of the 
sciatic nerve immediately before centrifugation, and the total CGRP 
measured was compared with that measured for the same amount of 
tissues alone. In 4 experiments, the mean recovery rate of added CGRP 
was 0.60 * 0.08 (SD). No correction was made for this oossible loss of 
CGRP. Therefore, all the values of CGRP content presented in the 
results may be an underestimate of the true value by about 40%. All 
values described in the text give the mean and its SD. The statistical 
analysis was made by 2-tailed t tests with the significance limit of p < 
0.05. 

Gel permeation chromatography. CGRP-immunoreactive material 
obtained from the tissue was characterized by gel filtration. A short 
segment of the sciatic nerve was heated at 95°C for 10 min in 1 M acetic 
acid, homogenized, and centrifuged. Aliquots (0.25 ml) of the super- 
natants were applied to a 1.1 x 46.5 cm Sephadex G-50 superfine 
column (Pharmacia Fine Chemicals). The column was eluted with 1 M 

acetic acid at a rate of 3 mVhr. Eluates of each fraction collected were 
lyophilized and redissolved in 0.5 ml of buffer A solution. The sample 
was then quantified for material immunoreactive to CGRP by enzyme 
immunoassay. The fractional distribution was compared with that ob- 
tained by gel filtration of synthetic rat or-CGRP. The elution diagram 
of CGRP immunoreactive material derived from the sciatic nerve (Fig. 
2A) was virtually identical to that of synthetic rat CGRP (Fig. 2B). The 
elution diagram was not affected by the amount of added CGRP in a 
range from 0.5 to 25 ng examined. As noted previously (Cadieux et al., 
1986; Varro et al., 1988), the tissue-derived CGRP immunoreactive 
material tended to have an additional hump in the elution diagram (Fig. 
2A). However, in different experiments, the peak of tissue-derived CGRP 
invariably coincided with the peak of synthetic CGRP, and 8 l-88% of 
the applied amount of tissue-derived CGRP was found in the same 
fractions as synthetic CGRP. 

Immunohi~tochemistry. Attempts were made to examine spatial dis- 
tributions of CGRP along ligated nerves by immunohistochemistry. The 
tibia1 branch of the sciatic nerve was ligated with 8-O silk suture, and 
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Figure 2. Elution diagrams of CGRP-immunoreactive material ex- 
tracted from the sciatic nerve (A) and synthetic rat CGRP (B). Ordinates 
are the amount of CGRP measured by the enzyme immunoassay in 
each fraction tube (2 ml). V,, void volume; V,, total volume. 

24 hr later, the animal was anesthetized and perfused with 4% (wt/vol) 
paraformaldehyde in 0.1 M PBS (pH 7.4). A segment of the tibia1 nerve, 
including the ligature, was sectioned longitudinally at 30 pm on a freez- 
ing microtome. The specimen was pretreated with 10% newborn calf 
serum and reacted with anti-CGRP antisera overnight. The sections 
were then exposed to HRP-conjugated goat antirabbit IgG and stained 
with 3,3’-diaminobenzidine. 

Results 
Spatial distribution of CGRP in ligated nerves 
If endogenous CGRP is transported by axoplasmic flow in the 
peripheral nerve, CGRP immunoreactive material is expected 
to accumulate progressively in the region abutting the site of 
ligation ofthe nerve. This possibility was examined qualitatively 
by immunohistochemistry on the tibia1 nerve 24 hr after liga- 
tion. As shown in Figure 3, CGRP immunoreactivity was con- 
fined almost exclusively to a segment of the nerve immediately 
central to the ligature. Also, within this central segment, the 
density of immunoreactive material progressively decreased with 
the distance from the ligature. Thus, immunoreactivity was highly 
concentrated to a region about 0.5 mm from the ligature, and 
no reactive material was detected in segments more than 2 mm 

central to the ligature. Although the nerve segment peripheral 
to the ligature was clearly weaker in immunoreactivity than the 
central segment, some reactive patches were found distributed 
unevenly in the peripheral segment near the ligature. These 
results suggest that endogenous CGRP is transported largely, if 
not exclusively, in the anterograde (somatofugal) direction along 
the peripheral nerve. 

The rate of axonal transport of CGRP 
The preceding observations were complemented by quantitative 
measurements of CGRP with the enzyme immunoassay. This 
assay was made 24 hr after ligation of the sciatic nerve. Figure 
4 shows the amount of CGRP measured in each of contiguous 
2-mm segments central and peripheral to the site of ligation. In 
accordance with the immunohistochemical results, most of the 
accumulated CGRP was detected in the segment immediately 
central to the ligature. The amount of CGRP in this segment 
showed, on the average, a 6.4-fold increase compared with that 
measured in a 2-mm segment of the contralateral, intact sciatic 
nerve. There was no significant accumulation of surplus CGRP 
in segments more than 2 mm central to the ligature. As suggested 
by immunohistochemistry (Fig. 3), there was a slight but sig- 
nificant accumulation of CGRP in the first 2-mm segment im- 
mediately peripheral to the ligature (1.7-fold), whereas the sec- 
ond peripheral segment contained less CGRP than the normal 
level (0.4-fold). Therefore, it is possible that some retrograde 
transport of CGRP may be present, in addition to its anterograde 
transport. However, since in the segment immediately periph- 
eral to the ligature, CGRP immunoreactivity distributed un- 
evenly (Fig. 3), this peripheral accumulation of CGRP could be 
artifactual. For example, if some microtubules were disrupted 
in the segment abutting the ligation, CGRP leaked from the 
highly accumulated region central to the ligature would be im- 
mobilized in the peripheral segment, thereby accumulating lo- 
cally as uneven patches in spite of the presence of anterograde 
transport. 

The amount of CGRP accumulated in the 2-mm segment 
immediately central to the ligature depended on the time after 
ligation. As shown in Figure 5 (at time 0), the mean CGRP 
content in a 2-mm segment of the intact sciatic nerve was 204 
f 51 pg (n = 7), and the CGRP content in the central 2-mm 
segment increased linearly with time after ligation. From this 
relation, the rate of axonal transport of CGRP was estimated 
to be about 0.5 mm/hr. 

Transport of CGRP in motor and sensoryjibers 
From the preceding results alone, it is not clear whether mea- 
sured CGRP immunoreactive material originates from motor 
nerve fibers or sensory fibers or both. To address this question, 
we first measured the CGRP contents in the lumbar ventral and 
dorsal roots separately. The mean amount of CGRP found in 
a 2-mm segment of the 4th and 5th lumbar ventral roots was 
15 f 12 pg (n = 5) (Fig. 6A and Fig. 7B at time 0). The mean 
amount of CGRP similarly measured in the 4th and 5th lumbar 
dorsal roots was 24 + 6 pg (n = 4) (Fig. 6A). Therefore, it seems 
clear that CGRP is present in motor nerve fibers as well as in 
sensory fibers. One might argue that CGRP measured in the 
ventral roots may originate from sympathetic preganglionic neu- 
rons. This possibility is unlikely, since CGRP immunoreactivity 
has not been detected in the lumbar intermediolateral column 
(Rosenfeld et al., 1983; Gibson et al., 1984). 

About two thirds of the motor and sensory fibers in the lumbar 
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Figure 3. Histochemical CGRP immunoreactive profile in the tibia1 nerve, which had been ligated 24 hr previously. Calibration indicates the 
distance from the central border of constriction produced by the ligature. The silk suture used for ligation is seen around the constricted nerve. 
Note that immunoreactivity is largely confined to a segment of about 2 mm central to the ligature. 

spinal roots constitute the sciatic nerve (Fig. 6B, see Discussion). 
However, the CGRP content in a 2-mm segment of the sciatic 
nerve (204 pg) (Fig. 6B; also see Fig. 5 at time 0) actually was 
much higher than the sum of CGRP found in 2-mm segments 
of the lumbar ventral and dorsal roots (39 pg) (Fig. 6A). In order 
to examine this apparent paradox, the lumbar ventral roots were 
sectioned unilaterally or the lumbar dorsal root ganglia were 
removed on one side in chronic operations (see Materials and 
Methods). Seven to 11 dafter these operations, the sciatic nerves 
were ligated on the contralateral, intact side as well as on the 
experimental side. The amount of CGRP accumulated in the 
2-mm segment immediately central to the ligature was then 
measured on both sides 24 hr later. Figure 7A shows the ratio 
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Figure 4. Changes in CGRP content in contiguous 2-mm segments 
central and peripheral to the ligature that had been applied to the sciatic 
nerve 24 hr previously. Top, Sections of contiguous 2-mm segments 
central and peripheral to the ligature (arrowhead). CGRP contents mea- 
sured by the enzyme immunoassay are expressed relative to the CGRP 
content observed in a 2-mm segment of the contralateral, intact sciatic 
nerve. Vertical bars indicate SD (n = 5). Asterisks indicate a significant 
difference from the CGRP content on the control side (interrupted line). 

of CGRP content measured on the experimental side to that on 
the intact side. After degeneration of motor fibers following 
section of the ventral roots, the amount of CGRP in the segment 
of the sciatic nerve (111 -t 12%, n = 5) (Fig. 7A, column V) 
was not significantly (0.20 > p > 0.10) different from the value 
measured on the control side. Since the number of motor fibers 
in the. sciatic nerve is only about 10% of that of sensory fibers 
(Fig. 6B; also see Discussion), the expected decrease in the CGRP 
content of the sciatic nerve after degeneration of the motor fibers 
might not be detected. After degeneration of sensory nerve fibers 
induced by removal of the dorsal root ganglia, the amount of 
CGRP in the segment of the sciatic nerve was 48 f 17% (n = 
5) of that found on the control side (Fig. 7A, column D). This 
decrease was highly significant (p < 0.001). Thus, CGRP im- 
munoreactive material measured in the sciatic nerve originates 
mainly from the sensory fibers rather than from the motor fibers. 
However, a relatively large amount of CGRP (about 50% of the 
control level) was still present in the sciatic nerve following 
degeneration of sensory fibers (Fig. 7A, column D). The source 
of this remaining CGRP could be postganglionic sympathetic 
fibers in the sciatic nerve (see Discussion). 

Since the rate of axonal transport of CGRP measured in the 
sciatic nerve (Fig. 5) does not reflect transport rates of CGRP 
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Figure 5. Changes in the amount of CGRP accumulated in the 2-mm 
segment immediately central to the ligature applied to the sciatic nerve 
as a function of time after ligation. Vertical bars indicate SD (n = 5). 
The mean CGRP content at time 0 was measured in 2-mm segments 
of 7 intact sciatic nerves. 
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Figure 6. Distributions of CGRP at different levels of the peripheral 
nerve in relation to the number of motor or sensory fibers. Solid lines 
indicate motor nerve fibers. Interrupted lines indicate sensory fibers. 
The numbers of nerve or muscle fibers are quoted or estimated from 
published reports. 

in motor nerve fibers, we also measured CGRP accumulated in 
ligated ventral roots. As shown in Figure 7B, 24 hr after ligation, 
the mean amount of CGRP in a 2-mm segment of the 4th and 
5th ventral roots increased to 16 1 f 22 pg (n = 5) in the segment 
immediately central to the ligature. The rate of CGRP transport 
estimated in the ventral roots (0.9 mm/hr; Fig. 7B) was com- 
parable to that observed in the sciatic nerve (Fig. 5). 

CGRP content in muscle 

Although individual muscles of the hind leg are innervated by 
only a small fraction of the motor and sensory nerve fibers in 
the sciatic nerve, CGRP may be detected in each muscle if it is 
highly concentrated in the nerve terminals. In fact, the mean 
CGRP content was found to be 87 + 17 pg in the extensor 
digitorum longus muscle (n = 5) and 137 f 36 pg in the soleus 
muscle (n = 5; Fig. 60). Seven to 9 d after section of the sciatic 
nerve (denervation), the CGRP content in the soleus muscle 
decreased to 7 f 5 pg (n = 4), ranging from 0 (~2 pg) to 14 pg. 
Therefore, it seems clear that the majority of CGRP observed 
in the intact soleus muscle originates from neural tissue. 

Discussion 
The present results have shown that endogenous CGRP is trans- 
ported in the somatofugal direction in the peripheral nerve and 
that CGRP present in muscle originates largely, if not entirely, 
from neural tissue. Therefore, CGRP must be synthesized in 
neuron cell bodies and transported to their nerve terminals, 
where this peptide is highly concentrated. The rate of transport 
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Figure 7. CGRP contents in the sciatic nerve after degeneration of 
sensory or motor fibers (A) and in the lumbar ventral roots (B). A, The 
amount of CGRP measured on the experimental side relative to that 
observed on the contralateral, control side. There was a significant (as- 
terisk) reduction (D) in CGRP content on the experimental side after 
removal of the lumbar dorsal root ganglia. There was no significant 
change (lo’) in CGRP content on the experimental side after section of 
the lumbar ventral roots. B, CGRP contents in the lumbar ventral roots 
without ligation (at time 0) and 24 hr after ligation. Vertical bars indicate 
SD (n = 5). 

was estimated to be about 1 mm/hr (0.5-0.9 mm/hr). This was 
comparable to the rate of CGRP transport recently evaluated 
for the autonomic nerve (0.7-l .5 mm/hr; Varro et al., 1988). 

The majority of CGRP measured in the sciatic nerve appears 
to derive from the sensory fibers (Fig. 7A). The rat sciatic nerve 
at the midthigh level contains approximately 1800 motor fibers 
(Swett et al., 1986; Schmalbruch, 1986) and 19,000 (including 
13,000 unmyelinated fibers) sensory fibers (Schmalbruch, 1986). 
Thus, the sensory fibers outnumber the motor fibers by about 
10 times (Fig. 6B), and the difference in CGRP content between 
sensory and motor nerve fibers in the sciatic nerve may be due, 
at least in part, to their disproportionate ratio in number. How- 
ever, after removal of the lumbar dorsal root ganglia, the CGRP 
content in the sciatic nerve on the experimental side was still 
as high as about 50% of that on the control side (Fig. 7A, column 
D). Two factors may be considered as possible explanations for 
this result. First, the dorsal root ganglia might not be removed 
completely because of enclosure of the ganglion and the ventral 
root by a common connective sheath (Schmalbruch, 1986). Sec- 
ond, the rat sciatic nerve contains about 6000 sympathetic fibers 
(Schmalbruch, 1986), which should remain intact following 
chronic removal of the lumbar dorsal root ganglia or section of 
the ventral roots. Matteoli et al. (1988) observed a dense net- 
work of CGRP-positive varicose fibers around blood vessels in 
muscle. Thus, some CGRP measured in the sciatic nerve may 
originate from the sympathetic fibers. The test of this possibility 
is now under way. 

Figure 6 summarizes the CGRP contents measured at differ- 
ent levels of the peripheral nerve in relation to the numbers of 
motor and sensory fibers. Although the CGRP content in motor 
fibers of the sciatic nerve was not directly measured, this may 
be estimated to be about 10 pg/2-mm segment (Fig. 6B) from 
the ratio of the number of motor fibers in the sciatic nerve (1800; 
Swett et al., 1986; Schmalbruch, 1986) to that in the ventral 
roots (3000; Schmalbruch, 1984). The CGRP content in the 
lumbar dorsal roots (24 pg/2 mm), which contain about 27,000 
sensory fibers (Schmalbruch, 1987; Fig. 6A), was substantially 
lower than the value expected from the CGRP content in the 
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sciatic nerve (204 pg/2 mm), which contains 19,000 sensory 
fibers (Schmalbruch, 1986). As described previously, about 50% 
of CGRP measured in the sciatic nerve might originate from 
sympathetic nerve fibers. However, even if this possibility is 
taken into consideration, the CGRP content per fiber appears 
to be about 5 times lower in the dorsal root than in the peripheral 
processes of the sensory neurons. In fact, this is in good agree- 
ment with previous observations that the amount of proteins 
carried by fast axonal transport is 3-5 times lower in the central 
processes of dorsal root ganglion cells than in their peripheral 
processes (Komiya and Kurokawa, 1978; Ochs, 1982). 

The majority (95%) of CGRP measured in skeletal muscle 
was of neural tissue in origin. However, the CGRP content in 
muscle was remarkably higher than that expected from the num- 
ber of innervating fibers. The rat soleus muscle, for example, is 
innervated by only 28 ol-motoneurons (Miyata, 1984) and 12 
y-motoneurons (Gottschall et al., 1980; Nicolopoulos-Stour- 
naras and Iles, 1983), in addition to about 120 sensory fibers 
(Fig. 6C; estimated from the ratio of total to motor axonal 
numbers for the rat medial gastrocnemius nerve) (Jenq et al., 
1984; Kashihara et al., 1987). Yet its CGRP content was about 
137 pg (67% of the CGRP content in a 2-mm segment of the 
sciatic nerve). Therefore, CGRP in the muscle must be accu- 
mulated highly in nerve terminals. By rough calculation, the 
amount of CGRP per unit length in nerve terminals may be 
estimated to be 20-30 times higher than that in nerve fibers. 
However, it is not known if the degree of CGRP accumulation 
in terminals differs among motor, sensory, and sympathetic 
nerve fibers. 

CGRP appears to be localized in large, dense-core vesicles of 
motor nerve terminals (Matteoli et al., 1988). Also, CGRP im- 
munoreactivity as well as large, dense-core vesicles have been 
found to be still present even after depletion of ACh quanta and 
small clear vesicles by a-latrotoxin isolated from black widow 
spider venom (Matteoli et al., 1988). Therefore, if CGRP were 
released from motor nerve terminals, its release would depend 
on a mechanism different from that involved in the release of 
ACh. Detailed studies on the release mechanism of CGRP are 
required in relation to several trophic actions suggested for this 
peptide at neuromuscular junctions (see Introduction). 
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