
The Journal of Neuroscience, August 1992, 12(E): 32413247 

Induction of Motor Neuron Sprouting in vivo 
Factor and Basic Fibroblast Growth Factor 

by Ciliary Neurotrophic 

Mark E. Gurney, Hirotaka Yamamoto, and Young Kwon 

Department of Cell, Molecular, and Structural Biology, Northwestern University Medical School, Chicago, Illinois 60611 

Ciliary neurotrophic factor (CNTF) and basic fibroblast growth 
factor (bFGF) were tested for effects on sprouting by motor 
neurons innervating the adult mouse gluteus muscle. Fac- 
tors were delivered by subcutaneous injection directly over 
the surface of the superior gluteus muscle once daily for 7 
d and then end plates and axons were visualized by com- 
bined silver and cholinesterase staining. CNTF (500 ng daily) 
induced sprouting both from end plates and from the subset 
of nodes of Ranvier that are closest to the end plate. The 
effect of CNTF was potentiated twofold by coadministration 
of bFGF at doses of 2-20 ng daily, whereas treatment with 
bFGF alone failed to induce sprouting from either end plates 
or nodes of Ranvier. The sprouting stimulus delivered by the 
factors showed limited penetrance into the muscle and re- 
stricted lateral spread from the injection site. 

Two types of trauma induce motor neuron sprouting in muscle, 
partial denervation and paralysis. These induce sprouting both 
from end plates and from nodes of Ranvier. At least two phys- 
iological signals have been proposed to control sprouting (Brown 
et al., 1981). One is produced by muscle as a consequence of 
paralysis, and the other is produced within intramuscular nerves 
due to the presence of degenerating axons. 

The evidence that muscle is the source of the paralysis-in- 
duced signal for sprouting includes the following. First, paralysis 
of muscle by blockade of axonal conduction with TTX (Brown 
and Ironton, 1977) blockade ofACh release by botulinum toxin 
(Duchen, 1970) and blockade of ACh action by a-bungarotoxin 
(Holland and Brown, 1980) all induce sprouting from motor 
axon terminals. Since all of these manipulations have only one 
effect in common, induction of muscle paralysis, paralyzed mus- 
cle is likely to be the source of the signal for terminal sprouting. 
Second, the induction of sprouting by botulinum toxin can be 
blocked by restoring contractile activity in the paralyzed muscle 
through direct electrical stimulation (Brown et al., 1980a). Par- 
tial denervation also induces sprouting from undamaged motor 
axon terminals, and this too can be blocked by electrical stim- 
ulation (Ironton et al., 1978). 

The strongest stimulus for nodal sprouting, in contrast, is the 
presence of degenerating axons (Brown et al., 1980a). Partial 
denervation induces nodal sprouting from undamaged axons 
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within intramuscular nerves. The nodal sprouts invade path- 
ways left by degenerating axons and frequently grow along the 
trail of debris out to denervated end plates (Brown et al., 1982). 
Electrical stimulation of partially denervated muscle does not 
prevent nodal sprouting, which suggests that the stimulus for 
nodal sprouting does not come from paralyzed muscle, but may 
be produced within the damaged nerve (Ironton et al., 1978). 
Additional evidence that damaged nerve produces a stimulus 
for sprouting has been provided by Aguayo and others. Frag- 
ments of peripheral nerve implanteh into the CWS induce 
sprouting of central axons into the graft (David and Aguayo, 
198 1) and induce sprouting by undamaged motor axons when 
implanted over the frog pectoral muscle (Diaz and Pecot-De- 
chavassine, 1990). 

Although such biological manipulations define some of the 
cellular elements involved in sprouting, they do not define the 
molecular identity of the sprouting stimulus. Nor do they rule 
between the competing hypotheses that the stimulus for sprout- 
ing produced by paralyzed muscle is the same as or different 
from the stimulus for nodal sprouting produced by damaged 
nerve. For example, although botulinum toxin does not induce 
nodal sprouting deep within intramuscular nerves, it does in- 
duce sprouting from the last true node of Ranvier that is closest 
to the end plate (Hopkins et al., 1981). Since tight junctions 
within the perineurium sheathing intramuscular nerves form a 
barrier to diffusion of macromolecules (Low, 1976) a soluble 
signal for sprouting released by paralyzed muscle may not have 
equal access to nodes of Ranvier at different distances from the 
end plate. Thus, the same factor or set of factors could elicit 
both nodal and terminal sprouting. Differences in the type of 
sprouting elicited by paralysis or partial denervation may simply 
be due to the site of synthesis or accessibility to the factor. 

Motor neuron sprouting may be controlled in part by the 
release of soluble cytokines or neurotrophic factors from muscle 
fibers, muscle satellite cells, or cellular elements of intramus- 
cular nerves. Candidate factors that may regulate sprouting in 
viva include ciliary neurotrophic factor (CNTF), basic fibroblast 
growth factor (bFGF), and insulin-like growth factor 2 (IGF-2). 
Both CNTF and bFGF support the survival and growth in cul- 
ture of highly purified chick motor neurons (Arakawa et al., 
1990) as do insulin and IGF- 1 and IGF-2 although to a lesser 
extent (Arakawa et al., 1990; Caroni and Grandes, 1990). Treat- 
ment with CNTF also supports the survival of spinal motor 
neurons in viva Exogenous CNTF preserves perinatal facial 
motor neurons in rats from axotomy-induced cell death (Sendt- 
ner et al., 1990) and rescues embryonic chick motor neurons 
from programmed cell death (Oppenheim et al., 199 1). 

Several lines of evidence indicate that IGF-2 may participate 
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in the regulation of motor neuron sprouting in vivo. First, de- 
nervation and paralysis increases expression of IGF-2 mRNA 
in skeletal muscle (Ishii, 1989). Second, treatment of adult mouse 
gluteus muscles with IGF-2 induces motor neuron sprouting 
(Caroni and Grandes, 1990). IGF-2 induces sprouting primarily 
from nodes of Ranvier as opposed to sprouting from end plates. 
It also induces GAP-43 expression by intramuscular nerves; 
induces interstitial accumulation of Jl, but not N-CAM, im- 
munoreactivity (Caroni and Grandes, 1990); and is a mitogen 
for muscle interstitial cells (Allen and Rankin, 1990). 

We now show that CNTF acts in adult mice to induce sprout- 
ing from motor axon terminals and from the subset of nodes of 
Ranvier that are closest to the motor end plate. Its effects are 
facilitated by coadministration of bFGF, while bFGF alone fails 
to induce sprouting. Thus, the effects of CNTF and bFGF are 
synergistic in the assay. The sprouting stimulus delivered by 
subcutaneous injections of CNTF plus bFGF is highly localized. 
It showed limited penetration into the muscle and restricted 
lateral spread from the injection site. 

Materials and Methods 
Preparation of recombinant CNTF. Recombinant CNTF was expressed 
in Escherichia coli (Gurney and Yamamoto, 199 1) from a CNTF cDNA 
that was cloned from rat C6 glioma cells using amplificatior ‘my the 
polymerase chain reaction with oligonucleotide primers derived from 
the published sequence (Stockli et al., 1989). The cDNA was inserted 
into a trETl1 d vector behind a T7 ohaae oromoter (Studier et al.. 1990) 
for expression in E. co/i BL2 I (DE3) that carry a T7 RNA polymerase 
gene under the control ofan inducible lacUV5 promoter. After induction 
4 hr with 0.5 mM isopropyl-fl-thiogalactopyranoside, CNTF was ob- 
tained as an insoluble aggregate at levels approaching 70% of total E. 
coli protein. After extraction into guanidine, renaturation, and purifi- 
cation by anion-exchange chromatography and gel filtration, the yield 
ofbiologicallyactive CNTF was nearly 50 mg/lOO ml culture. Endotoxin 
was co.06 EU/mg CNTF after purification (Lima/us amebocyte lysate 
test kit, Whittaker Bioproducts) and was determined for each batch of 
CNTF. N-terminal seauence analvsis of the ourified CNTF was con- 
sistent with the sequence deduced-from the cDNA through 11 sequen- 
ator cycles. The sequence acquired was AFAEQTPLTLH, which indi- 
cates that the methionine specified by the initiation codon has been 
cleaved from the N-terminus of the protein. The amino acid compo- 
sition of the purified protein was also consistent with the composition 
predicted by the cDNA sequence. Bioactivity of the purified CNTF was 
consistent with values reported in the literature (Squint0 et al., 1990) 
with an ED,, on cultured chick cihary neurons of 100 pg/ml (Gurney 
and Yamamoto, I99 I). Batches of CNTF were monitored periodically 
for retention of biological activity on cultured chick ciliary neurons. 

in single dosage vials and quick frozen at - 70°C. Aliquots were thawed 
once and discarded. 

Protocolfor silver and cholinesterase staining of muscles. The protocol 
for staining treated muscles was adapted from Hopkins and Slack (198 1). 
The mice were anesthetized with metofane and then were killed by 
cervical dislocation. For staining, the gluteus muscle was dissected from 
the animal, pinned on a small square of dental wax, and then fixed in 
situ with 4% paraformaldehyde in 100 mM sodium phosphate (pH 7.5) 
containing 5% sucrose and 1% dimethyl sulfoxide at 4°C for 1 hr. After 
one wash in buffer and two 5 min washes in water, the muscles were 
reacted for cholinesterase at 4°C for 20 min in 1.7 mM acetylthiochohne 
iodide, 30 mM sodium maleate, 5 mM sodium citrate, 3 mM copper 
sulfate, and 0.5 mM potassium ferricyanide (pH 6.0). After three washes 
in water, they were treated 10 min at room temperature (RT) with 7.5 
mM potassium ferricyanide. After four washes in water, dehydration in 
ethanol for 1 hr at RT, and then rehydration to water, the muscles were 
stained 20 min at RT in 1% silver nitrate in 20 mM sodium borate 
buffer (pH 7.0 & 0.2). After four washes with water, they were developed 
in 400 mM sodium sulfite, 90 mM hydroquinone, and 20 mM borax 
while observing development through a dissecting microscope. The 
stained muscles were cleared in xylene and mounted between two cover 
slips in Permount (Roswell Park Memorial Institute). Common staining 
artifacts were staining of superficial but not deep end plates, and staining 
ofconnective tissue and capillaries. The former was corrected by length- 
ening the incubation of the muscle in silver nitrate solution to 20 min 
(from 15 min). To compensate for changes in agrophylia due to the 
increased synthesis of capillaries and collagen fibrils caused by bFGF, 
we found it necessary to increase the pH of the silver staining-solution 
from DH 6.5 to DH 7.0. A DH of 7.0 save ootimal stainina of axons 
with the least staining of capillaries and collagen fibrils. -A slightly 
more acidic silver solution increased the staining of capillaries and 
slightly more basic conditions favored staining of collagen fibrils. 

Protocol for injection of factors. The ghtteus muscle in the mouse 
covers the dorsolateral surface of the thigh. It comprises a thin sheet of 
muscle fibers that radiate anteriorly from a tendon inserting along the 
femur. The gluteus muscle is divided into two muscles, the superior 
gluteus and inferior gluteus muscles. It joins along its lateral margin to 
the tensor facia latae (TFL), which extends almost to the knee. The 
muscle sheet is innervated by three nerves. From medial to lateral, these 
are the inferior gluteal nerve, the superior gluteal nerve, and then the 
TFL nerve. The superior gluteal and TFL nerves enter the muscle sheet 
at the junction between the gluteal and TFL muscles, while the inferior 
gluteal nerve enters the medial margin of the muscle. Synapses are 
formed in a band across the middle of the muscle sheet. 

Data analysis. Injections and coding of muscles were performed by 
one member of the research team and the muscles were stained and 
scored for sprouts by a second, blinded observer. Data were collected 
from 85 mice comprising I7 treatment groups of five mice each. The 
gluteus muscles from 84 of the mice were stained successfully. Data 
were discarded from one mouse due to poor staining of the gluteus 
muscle. Deletion of data was made prior to breaking the code for as- 
signment to a treatment group. End plates innervated by one or more 
dorsal branches of the superior gluteal nerve were scored for the presence 
of sprouts at 250 x magnification with a Planapo 25 x objective. Counts 
were begun where the superior gluteal nerve entered the muscle and 
then followed the nerve medially until the muscle spindle innervated 
by the superior gluteal nerve was reached. Intramuscular branches of 
the superior gluteal nerve end in clusters of nerve terminals and all of 
the clearly stained nerve terminals in each cluster were scored for sprouts. 
From 50 to 100 end plates were scored in each muscle. Quantitative 
data are expressed as the percentage of terminals with sprouts (mean f  
SEM; n = 5). Statistical comparisons were made using a one-tailed t 
test. The restricted spread ofthe sprouting stimulus was recognized after 
partial analysis of the experiment. So that uniform counting criteria 
would be used for all treatment groups, at the conclusion of data col- 
lection, all of the muscles were scored blind a second time (data in Fig. 
2A,B, Table 1). Table 2 presents data on the frequency of end plates 
with sprouts for the inferior gluteus, superior gluteus, and tensor facia 
latae muscles. Counts were made across the complete width of each 
muscle within the first 30 pm from the dorsal or ventral surface of each 
muscle. Counts of nodal sprouts were made separately. Data are ex- 
pressed as the percentage of preterminal axons with nodal sprouts (mean 
+ SEM; n = 5). Counts were made across the complete width of the 
superior gluteus muscle within 30 pm of its dorsal surface. From 100 
to 200 pretetminal axons were scored per muscle. 

For iniection. male ICR mice of 20-24 am were anesthetized liahtlv Results 
by inhalation of metofane (Pitman-Moorer Subcutaneous injectiois of 
IO ~1 vol were placed over the surface of the superior gluteus muscle 
approximately 1 cm lateral to the spinal column. Injections were dehv- 
ered with a 10 ~1 Hamilton syringe (Hamilton Co., Reno, NV). A sep- 
arate, cleaned syringe was used for each treatment group. Injections 

Eflects of CNTF and bFGF on terminal sprouting 
Motor neuron sprouting was induced by treating adult mouse 
gluteus muscles with subcutaneous injections ofCNTF or CNTF 
coadministered with bFGF fCNTF+ bFGF). Examnles of silver 

were made daily for 7 d. Five mice were injected per treatment group. 
I . .~ 

bFGF was purchased from R&D Biosystems. CNTF was prepared as 
and cholinesterase stained motor terminals in adult gluteus mus- 

described above. The factors were dissolved in sterile phosphate-buf- cles are shown in Figure 1. The figure illustrates examples of 

fered saline containing bovine serum albumin at 100 &ml (Fraction both terminal sprouting (Fig. 1 b,c) and sprouting from the node 
V, Sigma-Aldrich Chemical Co.). Factors were ahquoted for injection of Ranvier closest to the motor end plate (Fig. ld,e). The sprouts 
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Figure 1. Silb :us mu 1s of the 
organization of ruaments wnhm the pretermmal axon and synaptic termmal. The tilament bundles branch profusely as they enter the axon terminal 
and arc colinear with filaments within the sprouts. The cholinesterase reaction product forms a granular precipitate that outlines the end plate. The 
small arrows in b, e, andf indicate the constriction in the axon filament system that occurs at nodes of Ranvier. The myelin sheath is not stained 
in this preparation. a and b, Nonsprouting end plates from muscles treated with BSA. c and d, End plates with sprouts from muscles treated with 
CNTF+bFGF. The sprouts are marked by arrowheads. e andf; Nodal sprouts observed in muscles treated with CNTF+bFGF. The sprouts originate 
from the last true node of Ranvier that is closest to the endplate (arrows). Scale bar, 50 pm. 

are very thin along their length and frequently terminate in a 
small bulb. The bulbs are growth cones whose filopodia make 
extensive contacts with the basal lamina covering the surface 
of the muscle fiber as the sprouts grow out from the end plate 
(Torigoe, 1988). The morphology of sprouts induced by CNTF 
or CNTF+bFGF is indistinguishable from sprouts induced by 
botulinum toxin (see, e.g., Hopkins et al., 198 1). CNTF, bFGF, 
and CNTF+ bFGF had no discernable effect on sensory afferents 
within the gluteus muscle. 

Sprouting from end plates was the predominant type of 
sprouting in muscles that were treated with either CNTF or 
CNTF+bFGF (Table 1). In untreated muscles, or muscles treat- 
ed with control vehicle containing 1 pg BSA per day, no more 
than 1% of the end plates innervated by dorsal branches of the 
superior gluteus nerve had sprouts. In muscles treated with 500 

ng CNTF/d, the percentage of end plates with sprouts increased 
more than 20-fold. The effect of CNTF was facilitated 2.4-fold 
by coadministration of bFGF (Fig. 2A), while treatment with 
bFGF alone at any dose tested failed to induce sprouting (Fig. 
2B). Thus, the effect of bFGF with CNTF was synergistic rather 
than additive. Optimal doses for induction ofterminal sprouting 
were either 500 ng CNTF with 2 ng bFGF or 1 fig CNTF with 
10 ng bFGF. At those doses, sprouting was elicited at up to 30% 
of the end plates innervated by dorsal branches of the superior 
gluteal nerve (Fig. 2A). Over the range of CNTF doses tested, 
a dose-response relation was observed. Reduced levels of 
sprouting were observed with both lower and higher doses of 
CNTF. With CNTF dosages held constant at 500 ng per day, 
sprouting increased with bFGF dosage up to 20 ng bFGF per 
day (Fig. 2B), 20 ng bFGF per day induced formation of new 

Table 1. Comparison of sprouting from end plates versus nodes of Ranvier in dorsal branches of the 
superior gluteal nerve 

Treatment 

BSA FGF CNTF 
CNTF 
+ bFGF 

End plates with sprouts 0.4 * 0.2 0.2 f  0.2 12.7 f  3.Y 30.3 k 2.9ad 
Nodes of Ranvier with sprouts 0.4 f  0.2 1.0 f 0.3c 1.9 f 0.6b 4.6 k 0.60’ 

Treatments were vehicle containing 1 pg BSA daily, 2 ng bFGF daily, 500 ng CNTF daily, or 500 ng CNTF plus 2 ng 
bFGF daily. Data are mean percentage f SEM (n = 5). 

“p 5 0.01 vs %A. 
*p 5 0.05 vs BSA 

c Not significant vs BSA. 

‘p c 0.02 vs CNTF. 
‘p < 0.05 vs CNTF. 
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m 0 ng bFGF 

0 2 ng bFGF 

m 10 ng bFGF 

100 500 1000 2000 0 10 20 30 40 

CNTF (rig/day) bFGF (“g/day) 

n 0 ng CNTF 
l 500 ng rCNTF 

Figure 2. A, Dose-response relationship for induction of sprouting by bFGF and CNTF at end plates innervated by dorsal branches of the superior 
&teal nerve. B. Dose-resnonse relationshin for facilitation bv bFGF of sprouting induced by CNTF at end plates innervated by dorsal branches 
of the superior gluteal nerve. Error bars are’mean i SEM (n 2 5). 

capillaries and increased numbers of collagen fibrils within the 
treated muscle, but no sprouting was induced in the absence of 
CNTF. The increase in number of agryphilic collagen fibrils was 
particularly troublesome since they obscured visualization of 
end plates. 

We tested the combination of bFGF and CNTF in vivo be- 
cause we had found striking synergy of bFGF with CNTF in 
vitro (Gurney and Yamamoto, 199 1). Since spinal motor neu- 
rons express FGF receptor gene transcripts (Wanaka et al., 1990), 
bFGF may act directly on motor neurons in vivo. Alternatively, 
since bFGF alone does not induce sprouting, it may act indi- 
rectly by modulating matrix synthesis or degradation (Rifkin 
and Moscatelli, 1989), or by acting as a mitogen for muscle 
interstitial cells (Allen and Rankin, 1990). Several matrix or cell 
surface components that influence neurite extension or adhesion 
in vitro are expressed on the surface of muscle fibers and by 
muscle interstitial cells. These include the cell adhesion mole- 
cules N-CAM (Couvalt and Sanes, 1986) and tenascin (Sanes 
et al., 1986). Their expression is modulated by muscle paralysis 
or partial denervation in ways that suggest these molecules may 
play a role in terminal or nodal sprouting in vivo. They may 
also be targets of modulation by bFGF and/or CNTF in this 
assay. 

Efects of CNTF and bFGF on nodal sprouting 

The only nodes of Ranvier that developed sprouts after treat- 
ment with CNTF or CNTF plus bFGF were the last true nodes 
of Ranvier that were closest to the end plate. We never detected 
sprouting from nodes of Ranvier located within intramuscular 
nerves. Occasional end plates in muscle are innervated by axons 
that divide into two myelinated terminal branches. Nodal sprouts 
could be distinguished from branched axons by their finer cal- 
iber and by the presence of clubbed or bulbous endings at their 
tips that presumably are growth cones. Branched axons were 
thicker in caliber and ended in a terminal arbor at the end plate. 

Figure le illustrates a nodal sprout that arose from the last node 
of Ranvier closest to the end plate and that then grew to the 
adjacent end plate and across the muscle fiber surface. In Figure 
lf; the nodal sprout appears to be growing along the surface of 
a myelinating Schwann cell that is not visualized by the stain. 
Most nodal sprouts grew toward the adjacent end plate. In one 
extreme case, we observed a nodal sprout follow the preterminal 
axon away from the end plate, and then turn and follow a second 
axon toward its end plate. Fewer than 1% of the preterminal 
axons examined had nodal sprouts in control muscles treated 
with 1 pg BSA per day (Table 1). Treatment with 500 ng CNTF 
daily increased the frequency of nodal sprouting by fourfold. As 
was the case for sprouting from end plates, coadministration of 
2 ng bFGF daily potentiated the effect of CNTF more than 
twofold, while treatment with bFGF only had no significant 
effect on nodal sprouting. Because nodal sprouts occurred so 
infrequently, we did not quantitate dose-response relationships 
further. 

Restricted spread of the sprouting stimulus 

During the analysis of the experiment, it became apparent that 
sprouting was highly localized in the muscle. Sprouting occurred 
primarily in the superior gluteus muscle and mostly at end plates 
of superficial muscle fibers located on the dorsal surface of the 
muscle (Fig. 1). This was unexpected since injection of a poly- 
peptide toxin such as botulinurn toxin type A induces sprouting 
throughout the depth of the muscle. In fresh-frozen, cryostat 
sections, the superior gluteus muscle is about 500 pm thick. It 
consists of 1 O-l 2 layers of muscle fibers that average 60-70 pm 
in diameter. During dehydration, clearing, and mounting in 
Permount, the muscle shrinks to 100-l 10 wrn in thickness. By 
using a Planapo 25 x objective, we optically sectioned the mus- 
cle and scored end plates within 30 km of the dorsal or ventral 
surfaces of the inferior gluteus muscle for the occurrence of 
sprouting. Counts were made in muscles that had been treated 



The Journal of Neuroscience, August 1992, 72(8) 3245 

Table 2. Frequency of end plates with sprouts in the inferior gluteus, 
superior gluteus, and TFL muscles after treatment with 500 ng CNTF 
and 2 ng bFGF 

Inferior aluteus Superior gluteus TFL 

Dorsal 10.5 +- 2.5 21.9 k 6.1a 2.8 k 0.9 
Ventral 7.5 k 2.6 

The percentage of end plates with sprouts within 30 pm of the dorsal or ventral 
surfaces of the muscle sheet was determined. Data are mean percentage k SEM 
(n = 5). 
“p 5 0.01 vs inferior or TFL, p 5 0.005 dorsal vs ventral. 

with 500 ng CNTF and 2 ng bFGF per day. More than twice 
as many end plates on the dorsal surface of the gluteus muscle 
were sprouting in comparison to the ventral surface (Table 2; p 
< 0.005). Thus, the sprouting stimulus delivered by 
CNTF+bFGF penetrated poorly into the gluteus muscle. 

To estimate the lateral spread of the sprouting stimulus de- 
livered by injection of 500 ng CNTF and 2 ng bFGF per day, 
we scored end plates on the dorsal surfaces ofthe inferiorgluteus, 
superior gluteus, and TFL muscles (Table 2). We also charted 
the location of end plates with sprouts in the sheet of muscle 
by using a microscope whose stage was equipped with sensors 
of its x-y-position (Fig. 3). Synapses are made by the inferior 
gluteal, superior gluteal, and TFL nerves in a broad, medial to 
lateral band across the width of the muscle sheet. Sprouting was 
more prevalent on the dorsal surface of the superior gluteus 
muscle as compared to the inferior gluteus or TFL muscles 
(Table 2; p I 0.0 1). The region where sprouting was most prev- 
alent corresponded to the the site of injection. The restriction 
of sprouting to that site may have been due to the small injection 
volume of 10 ~1 used in the study. However, injection of bot- 
ulinum toxin in 10 ~1 induces sprouting across the width of the 
gluteus muscle as well as paralysis in adjacent muscles of the 
abdominal wall. Botulinum toxin type A consists of two, di- 
sulfide-linked polypeptide chains of approximately 50,000 and 
100,000 Da (Binz et al., 1990), so the size of CNTF is unlikely 
to account for the restricted spread of the sprouting stimulus 
from the injection site. 

Discussion 

Data that support the hypothesis that CNTF is a growth factor 
for motor neurons include the following. First, it allows the 
survival and growth of highly purified spinal cord motor neurons 
in culture (Arakawa et al., 1990). The effects of CNTF are ad- 
ditive with those of bFGF in the culture system. Bloch-Gallego 
et al. (1991), however, failed to show that CNTF or bFGF 
supported chick motor neuron survival in culture, but their 
culture system failed to maintain motor neuron number in con- 
trol conditions past 2 d in culture. Second, treatment with CNTF 
rescues perinatal facial motor neurons (Sendtner et al., 1990) 
and embryonic spinal cord motor neurons (Oppenheim et al., 
199 1) that otherwise would die during ontogenetic cell death or 
after injury. Our results also support the hypothesis by showing 
that CNTF induces motor neuron sprouting from end plates 
and from a subset of nodes of Ranvier in the adult, and that its 
effects are potentiated by bFGF. A caveat to these data is that 
experiments performed in viva do not distinguish between direct 
and indirect effects of CNTF on the neuronal population under 
study. 

If endogenous CNTF functions as a growth factor for motor 
neurons i/l vivc, it cannot be due to a simple (i.e., direct) com- 

Figure 3. Locations of endplates with sprouts (dofs) in the gluteus and 
TFL muscles after daily administration of 500 ng CNTF and 2 ng bFGF. 
The divisions between the inferior (INF) and superior (SUP) gluteus 
muscles and the TFL are indicated by the broken lines. Each muscle is 
innervated by a separate nerve, although there is some overlap between 
the fields of innervation by the superior and inferior gluteal nerves. 
Subcutaneous injections were placed roughly over the surface of the 
superior gluteus muscle. The medial margin of the muscle inserts along 
the spinal column, while the posterior margin attaches to the femur. 
The superior gluteal nerve enters the muscle from the ventral surface 
where the superior gluteus joins the TFL muscle. Synapses are made 
by each of the nerves in a broad, uniform band across the width of the 
muscle sheet from medial to lateral. 

munication between muscle and nerve because the gene for 
CNTF is not expressed in muscle (Stockli et al., 1989). CNTF 
mRNA is expressed in sciatic nerve (Lin et al., 1989), perhaps 
within Schwann cells, but it so far has not been detected in 
muscle fibers. However, effects of paralysis and partial dener- 
vation on CNTF mRNA expression in muscle still need to be 
addressed. Expression of CNTF mRNA may be upregulated by 
physiological events that induce sprouting, or alternatively, 
treatment with CNTF could substitute for a homologous factor 
that is expressed in muscle. Eckenstein et al. (1990), for example, 
have isolated a second, homologous neurotrophin whose bio- 
logical activity overlaps with CNTF. 

Alternatively, since CNTF is present in peripheral nerve (Lin 
et al., 1989; Stockli et al., 1989), muscle fibers may not partic- 
ipate at all in the stimulus for sprouting. Cellular elements within 
intramuscular nerves such as Schwann cells may sense nerve 
damage or muscle paralysis and release CNTF, which then acts 
on the motor end plate. For example, infiltration of activated 
macrophages into damaged peripheral nerve induces NGF syn- 
thesis by both Schwann cells and fibroblasts (Heumann et al., 
1987). The same stimulus could induce release of CNTF from 
damaged nerve. It is less easy to understand how Schwann cells 
could sense muscle paralysis, or how direct electrical stimulation 
of muscle, which suppresses sprouting from end plates (Ironton 
et al., 1978; Brown et al., 1980a), could suppress the release of 
CNTF from Schwann cells. 

Another unknown in the regulation of sprouting is the ex- 
pression of CNTF receptors in muscle. The subunit of the neu- 
ronal CNTF receptor cloned by Davis et al. (199 1) is a 72,000 
Da glycoprotein (gp72CNTF-R). The gene for gp72cNTF-R is ex- 
pressed in skeletal muscle as well as in one or more muscle cell 
lines. The deduced amino acid sequence of gp72CNTF-K lacks a 
transmembrane domain and instead is anchored to the cell sur- 
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face via a glycosyl-phosphatidyl inositol linkage. Phospholipase 
C treatment cleaves gp72CNrF-R from the surface of transfected 
cells and from a neural cell line (SYSY) that expresses endog- 
enous gp72cNTF-K. The sequence of gp72cNTF-R is homologous to 
one subunit of the interleukin-6 receptor, which has led Davis 
et al. (199 1) to propose a two-subunit model for the functional 
CNTF receptor. At least one binding site for CNTF is contrib- 
uted to the receptor by gp72cNTFmR, while a second, transmem- 
brane glycoprotein subunit is believed to contribute a tyrosine 
kinase catalytic domain. This has two consequences for under- 
standing the biology of CNTF. First, gp72CNTF-K may be cleaved 
from the cell surface and released in a soluble form that retains 
CNTF binding. A soluble form of the low-affinity subunit of 
the NGF receptor is secreted in urine, for example, and its 
amount is increased by trauma to peripheral nerves (DiSteffano 
and Johnson, 1988). Second, cells that express gp72CNTF-R will 
bind CNTF, but may not have a functional response to CNTF 
if the gene for the proposed tyrosine kinase subunit is not co- 
ordinately expressed. 

The idea that cells may express CNTF binding sites, but not 
functional CNTF receptors, is reminiscent of the expression of 
the low-affinity NGF receptor subunit by Schwann cells. After 
nerve crush or transection, Schwann cells distal to the trauma 
express the low-affinity subunit of the NGF receptor (Taniuchi 
et al., 1988). When nerve regeneration occurs, NGF receptor 
expression is suppressed as axons grow into the distal nerve. 
Binding affinity of NGF to the Schwann cell surface is in the 
nanomolar range, rather than in the picomolar range as found 
for functional receptors on responsive neurons. Taniuchi et al. 
(1988) argue that expression of low-affinity NGF receptors on 
Schwann cells increases the local concentration of NGF avail- 
able to regenerating axons. Raivich et al. (1991) dispute that 
interpretation, in part because NGF receptor expression falls in 
regenerating neurons. 

Expression of gp72cNTF-R by skeletal muscle could provide a 
mechanism whereby muscle fibers might accumulate CNTF that 
is synthesized at a distant site. It also may provide a mechanism 
that could limit the spread of a diffusible sprouting signal. Al- 
though most studies implicate the muscle fiber as the source of 
the stimulus for terminal sprouting, three studies indicate that 
the sprouting stimulus does not travel far within a muscle and 
that it does not travel between muscles (Betz et al., 1980; Brown 
et al., 1980b; Slack and Pockett, 198 1). At most, the endogenous 
signal for terminal sprouting may travel 50-100 pm (Slack and 
Pockett, 198 1). In our study, we found that subcutaneous in- 
jection of CNTF induced sprouting immediately beneath the 
site of injection. Thus, either CNTF is rapidly degraded after 
injection and biologically effective concentrations are only 
reached at the site of injection, or the injected factor is retained 
at the site of injection. To resolve this question, it should be 
possible to use CNTF tagged with a myc epitope (Squint0 et al., 
1990) to determine the range of diffusion of the factor after 
injection in vivo. If skeletal muscle fibers do in fact express 
gp72 cNTF-R on their surface, that may provide a mechanism for 
retaining CNTF beneath the site of the injection. Partial de- 
nervation or paralysis might then indirectly regulate sprouting 
from end plates by influencing the expression or redistribution 
of gp72’NTF-R. 

Whereas CNTF induces sprouting primarily from motor end 
plates, IGF-2 induces sprouting primarily from nodes of Ran- 
vier (Caroni and Grandes, 1990). Thus, at least three factors, 
CNTF, bFGF, and IGF-2, may act coordinately on the motor 

neuron to induce sprouting. These are synthesized by different 
cell types and may be available at different sites to the same 
neuron. One combination of factors may be available at the end 
plate, while a different combination may be accessible to nodes 
of Ranvier in peripheral nerves. Each combination of factors 
may differ in their cellular targets of action. One or more factors 
may induce a program for growth in the motor neuron, and a 
different combination may induce synthesis of matrix compo- 
nents or adhesion molecules by muscle fibers, muscle interstitial 
cells, or Schwann cells, that are needed to provide a substrate 
for the outgrowth of sprouts from end plates or nodes of Ranvier. 
Future experiments should now directly assess their roles as 
physiological mediators of motor neuron sprouting and regen- 
eration. 
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