E. C. Swann and J. W. Taylor, ibid., p. 923; P. O.
Wainright, G. Hinkle, M. L. Sogin, S. K. Stickel, Sci-
ence 260, 340 (1993); H. Nishida and J. Sugiyama,
Mol. Biol. Evol. 10, 431 (1993).

. A.Gargas and J. W. Taylor, Exp. Mycol. 19, 7 (1995).
. For this analysis, SSU rDNA sequences were ob-

tained from nine fungi, including four Ascomycetes
[Arthonia radiata (GenBank accession number
U23537), Dendrographa leucophaea (U23538),
Lecanactis abietina (U23539), and Schismatomma
pericleun (U23540)] and five Basidiomycetes [Agari-
cus bisporus (U23724), Dictyonema pavonia
(U23541), Multiclavula mucida (U23542), Omphalina
umbellifera  (U23543), and Pleurotus ostreatus
(U23544)]. DNA was isolated and SSU rDNA was
amplified by the polymerase chain reaction (PCR)
from fungus-specific oligonucleotide primers as de-
scrib(—fd_in (9). Double-stranded PCR products were
sequenced as described (9) or by the PRIZM Ready
Reaction DyeDeoxy terminator cycle sequencing kit
(Applied Biosystems) with detection on a 373A auto-
matic sequencing apparatus (Applied Biosystems).
Sequence fragments were assembled manually.
These DNA sequences were aligned to 8 SSU rDNA
sequences from the first author’s previous studies—
Lecanora dispersa (L37535), Leotia lubrica (L37536),
Morchella elata (L37537), Mycocalicium albonigrum
(L37538), Peziza badia (L37539), Porpidia crustulata
(L37540), Sclerotinia sclerotiorum (L37541), and
Sphaerophorus globosus (L37532—and to 58 se-
quences available from GenBank: Alternaria alternata
(U05194), Athelia bombacina (M55638), Auricularia
auricula (L22254), Auricularia polytricha (L22255), Bo-
letus satanas (M94337), Bullera alba (X60179), Calo-
cera cornea (.22256), Candida albicans (X53497),
Chaetomium elatum (M83257), Coprinus cinereus
(M92991), Cronartium ribicola (M94338), Cudonia
confusa (Z30240), Dacrymyces chrysospermus
(L22257), Dacrymyces stillatus (.22258), Endogone
pisiformis (X58724), Eremascus albus (M83258), Eu-
rotium rubrum (U00970), Filobasidiella neoformans
(LO5427), Gigaspora albida (Z14009), Gyromitra es-
culenta (Z30238), Heterotextus alpinus (L22259), His-
toplasma capsulatum (X58572, S45469), Inermisia
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reduced by manual adjustment. An alignment of 1927
nucleotides from 75 taxa was used for parsimony
analysis with the program PAUP 3.1 (20). No charac-
ters were excluded, invariant characters were ig-
nored, all characters were equally weighted, and
branch lengths equal to O were collapsed to polyto-
mies. The analysis produced unrooted networks that
were rooted with three zygomycetous fungi as out-
groups. Two equally parsimonious trees were pro-
duced, with tree lengths of 3491, consistency indices
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three fungi (Fig. 1). Bootstrap percentages (27) to as-
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Muscle-Derived Neurotrophin-4 as an
Activity-Dependent Trophic Signal for
Adult Motor Neurons
Hiroshi Funakoshi, Natale Belluardo, Ernest Arenas,

Yuji Yamamoto, Antonino Casabona, Hakan Persson,
Carlos F. Ibanez*

The production of neurotrophin-4 (NT-4) in rat skeletal muscle was found to depend on
muscle activity. The amounts of NT-4 messenger RNA present decreased after blockade
of neuromuscular transmission with a-bungarotoxin and increased during postnatal de-
velopment and after electrical stimulation in a dose-dependent manner. NT-4 immuno-
reactivity was detected in slow, type | muscle fibers. Intramuscular administration of NT-4
induced sprouting of intact adult motor nerves. Thus, muscle-derived NT-4 acted as an
activity-dependent neurotrophic signal for growth and remodeling of adult motor neuron
innervation. NT-4 may thus be partly responsible for the effects of exercise and electrical

stimulation on neuromuscular performance.

Intact adult motor neurons grow nerve pro-
cesses or sprouts when muscles are partially
denervated or in response to blockage of
transmitter release and paralysis (I, 2).
Candidate muscle-derived signaling factors
whose expression is up-regulated by muscle
inactivation include insulin-like growth
factors (IGFs) (2) and some neurotrophic
factors of the neurotrophin family (3, 4).
However, motor nerve sprouting also occurs

in

normal vertebrate muscle under physio-
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logical conditions (5). In the rat, qualita-
tive changes in nerve terminal structure
occur particularly during the first half year
of life, when nerve terminal branches be-
come organized in distinct groups with in-
creased terminal length (6, 7). Muscle ac-
tivity can directly influence the formation
and maintenance of synaptic sites (5, 8, 9);

in

particular, exercise training has been

shown to influence neuromuscular junction
morphology and to induce axonal sprouting
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(10, 11). A muscle-derived retrograde fac-
tor would be a likely candidate to mediate
remodeling and activity-induced changes in
neuromuscular connections (8).

The neurotrophins are a family of struc-
turally and functionally related polypep-
tides that control the differentiation, sur-
vival, and maintenance of vertebrate neu-
rons (12). The neurotrophin family consists
of four proteins—nerve growth factor
(NGF), brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3), and NT-
4—that share approximately 50% amino
acid sequence identity. Neurotrophins and
their receptors are expressed in muscle and
motor neurons, respectively (3, 4, 13-15),
and some members of this family promote
survival of embryonic motor neurons in cul-
ture and in vivo after nerve transection (4,
14, 16, 17). Neurotrophin mRNAs are
maximally expressed early in embryonic
skeletal muscle development, with amounts
decreasing at later times (15), which is con-
sistent with a target-derived trophic role for
developing spinal cord motor neurons. Al-
though innervation of skeletal muscle in
the rat occurs during the last week of em-
bryonic development, neuromuscular con-
nections do not achieve their mature state
until the second or third postnatal week
(18). Thus, we examined the pattern of
neurotrophin  mRNA expression during
postnatal development of rat gastrocnemius
muscle by ribonuclase protection analysis
(RPA) (19). NGF mRNA was expressed in
very small amounts throughout postnatal
muscle development without appreciable
change (20). BDNF and NT-3 mRNA were
maximal during the first 1 to 3 weeks of
postnatal development (17 and 350 fg per
microgram of total RNA, respectively) but
decreased thereafter (Fig. 1, A and B). Lev-
els of BDNF and NT-3 mRNA in adult
muscle were six to seven times lower than
in early postnatal development (3 and 50 fg
per microgram of total RNA, respectively).
In contrast, expression of NT-4 mRNA in-
creased progressively after birth and during
the first 5 weeks (approximately 10-fold),
reaching maximal amounts in adult muscle
(20 fg per microgram of total RNA) (Fig. 1,
A and B). Thus, unlike the other neurotro-
phins, the temporal pattern of NT-4
mRNA expression during postnatal devel-
opment of skeletal muscle correlated with
growth and functional maturation of neu-
romuscular connections.

H. Funakoshi, E. Arenas, H. Persson, C. F. Ibafez, Lab-
oratory of Molecular Neurobiology, Department of Medi-
cal Biochemistry and Biophysics, Karolinska Institute,
171 77 Stockholm, Sweden.
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Regulation of NT-4 mRNA in skeletal
muscle differs from that of other neurotro-
phins. The amount of NT-4 mRNA in gas-
trocnemius muscle decreases markedly 24
hours after sciatic nerve transection, where-
as those of other neurotrophin mRNAs in-
crease (BDNF) or do not change (NGF and
NT-3) (3). We hypothesized that expression
of NT-4 mRNA in skeletal muscle may be
dependent on neuronal stimulation. Thus,
we analyzed the amount of NT-4 mRNA in
soleus muscle after local blockade of neuro-
muscular transmission with a-bungarotoxin
(BTX), a competitive antagonist of the neu-
romuscular neurotransmitter acetylcholine
(21). Maximal muscle paralysis (80%) was
seen 12 hours after BTX application (Fig.
1C). Activity recovered progressively there-
after, with 40% paralysis remaining 48 hours
after the beginning of the treatment (Fig.
1C). The levels of NT-4 mRNA were sig-
nificantly reduced 33 hours after BTX appli-
cation, and at 48 hours, NT-4 mRNA levels
were decreased by more than 20-fold as
compared with the control (Fig. 1D). Thus,
as previously reported after denervation (3),
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neuromuscular transmission blockade down-

- regulated NT-4 mRNA expression 24 hours

after the onset of muscle paralysis, which
indicates that NT-4 expression in skeletal
muscle is controlled by the postsynaptic ac-
tion of acetylcholine.

To investigate the effects of increased
activity on the expression of NT-4 mRNA,
we analyzed the levels of different neurotro-
phin mRNAs in soleus and gastrocnemius
muscles after electrical stimulation of the
sciatic nerve (22). An increase in expres-
sion of NT-4 mRNA in soleus and gastro-
cnemius muscles was already detected 3
hours after a 1-hour electrical stimulation of
the sciatic nerve (Fig. 2, A and B). Expres-
sion of NT-4 mRNA reached maximal lev-
els (a five- to sevenfold increase as com-
pared with the control) 12 hours after stim-
ulation and decreased thereafter, reaching
conrrol levels 48 hours after treatment (Fig.
2, A and B). A greater increase was ob-
served in soleus than in gastrocnemius mus-
cle (Fig. 2A). A small increase in NT-4
mRNA expression was also observed in
muscle on the nonstimulated side (Fig. 2, A
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Fig. 1. (A) and (B) show different patterns of expression of neurotrophin mRNAs during postnatal
development of rat gastrocnemius muscle. Total RNA was extracted from gastrocnemius muscle at
different times during postnatal development and equal amounts (10 wg) were analyzed by RPA with the
use of riboprobes specific for rat BDNF, NT-3, and NT-4 (79). (A) Lanes in autoradiograms contain RNA
samples from: 1, postnatal day O (PO); 2, P4; 3, P7; 4, P14, 5, postnatal week 3 (3W); 6, 4W; 7, 5W; 8,
adult; and 9, yeast tRNA. (B) The increase in the relative levels of expression of NT-4 mRNA (@) during
muscle postnatal development and the concomitant decrease in the levels of BDNF (OJ) and NT-3 (O)
mRNAs are shown. The maximal levels of expression of BDNF, NT-3, and NT-4 mRNAs (17, 350, and 20
fg per microgram of total RNA, respectively) are defined here as 100%. (C) and (D) show down-regulation
of NT-4 mRNA after neuromuscular transmission blockade. (C) Time course of neurotransmission ( T1%)
blockade after local application of BTX in adult rat soleus muscle (27). (D) Time course of NT-4 mRNA
expression in soleus muscle after local application of BTX. Muscle NT-4 mRNA levels in soleus muscle O
hours (lane 1), 33 hours (lane 2), and 48 hours (lane 3) after BTX application. Lane 4, yeast tRNA. Solid
bars below lanes illustrate the decrease in the relative levels of NT-4 mRNA after BTX treatment. The level
of expression of NT-4 mRNA in untreated animals is defined here as 100%. Values correspond to the
average of two to four independent experiments *+ SE.
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and D). No increase was seen in sham-
operated animals that received no electrical
stimulation (20). Levels of NT-4 mRNA
were increased further after a second stim-
ulation at a 6-hour interval (Fig. 2A),
which indicates that NT-4 mRNA up-reg-
ulation after muscle activation was not re-
fractory to repeated stimulation. In contrast
to NT-4, levels of NGF mRNA were not
changed by the treatment (20), whereas
those of BDNF and NT-3 decreased (ap-
proximately 50%) between 3 and 12 hours
after stimulation, returning to normal levels
24 to 48 hours after treatment (Fig. 2A).
Thus, after electrical stimulation, the abso-
lute level of NT-4 mRNA in soleus muscle
(135 fg per microgram of total RNA) was
90- and 6.5-fold higher than those of BDNF
(1.5 fg per microgram of total RNA) and
NT-3 (20 fg per microgram of total RNA),
respectively. The increase in muscle NT-4
mRNA expression after electrical stimula-
tion was dose dependent: Higher levels of
NT-4 mRNA were seen with increasing
voltage or stimulation time (Fig. 2, C and
D). An increase was also observed 6 hours
after direct electrical stimulation of dener-
vated muscle (23) (Fig. 2E), which suggests
that NT-4 mRNA induction was linked to
excitation-contraction coupling in muscle
and that synaptic activity or release of other
transmitters or factors by motor neurons
was not a prerequisite for NT-4 mRNA
up-regulation. A comparable increase in
NT-4 mRNA was never seen after mechan-
ical compression, passive stretching, or
muscle injury, which indicates that the in-
crease in NT-4 mRNA was a direct conse-
quence of muscle activation and not due to
muscular mechanical stress. Thus, the pat-
tern of NT-4 mRNA expression after den-
ervation, blockade of neuromuscular trans-
mission, electrical stimulation, and during
postnatal development indicated that the
amount of NT-4 mRNA in skeletal muscle
was controlled by muscle activity.

Next, we investigated the cellular local-
ization of NT-4 mRNA and protein in so-
leus and gastrocnemius muscles by in situ
hybridization and immunohistochemistry,
respectively (24). NT-4 mRNA was local-
ized to sparse muscle fibers in transverse
sections of gastrocnemius muscle (Fig. 3A).
A larger proportion of fibers was found to
express NT-4 mRNA in soleus than in gas-
trocnemius muscle (20), which is in agree-
ment with the greater amount of expression
of NT-4 mRNA in this muscle after elec-
trical stimulation. Electrical stimulation
markedly increased NT-4 mRNA expres-
sion (Fig. 3B), although it did not augment
the proportion of fibers expressing NT-4
mRNA, which suggests that NT-4 expres-
sion in muscle was restricted to a specific
type of muscle fiber. Like NT-4 mRNA,

immunoreactivity corresponding to NT-4

was localized to sparse muscle fibers in gas-
trocnemius muscle (Fig. 3C), and to a larger
proportion of fibers in soleus muscle (Fig.
3D). As predicted (3), denervation mark-
edly decreased NT-4 immunoreactivity
(Fig. 3E), demonstrating a correspondence
between the regulation of NT-4 mRNA
and protein in skeletal muscle. Electrical
stimulation, on the other hand, increased
the intensity of NT-4 immunoreactivity but
did not change the number of fibers ex-
pressing NT-4 (20). Because of the larger
proportion of NT-4—immunoreactive fibers
in soleus than in gastrocnemius muscle, we

REPORTS

speculated that slow-twitch, type I fibers
may have been the origin of NT-4 immu-
noreactivity in these muscles. Acid-resis-
tant adenosine triphosphatase (ATPase)
staining of adjacent sections showed a sim-
ilar pattern to that obtained after NT-4
immunohistochemistry (Fig. 3F), which
demonstrates that type I muscle fibers were
the primary source of NT-4 in adult skeletal
muscle. Interestingly, prolonged exercise
training (11), as well as chronic electrical
stimulation in humans (25), increase the
proportion of type I muscle fibers.

Targets of NT-4 action must express
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Fig. 2. Different patterns of expression of neurotrophin mRNAs in skeletal muscle after electrical stimu-
lation. Total RNA was extracted from adult rat soleus or gastrocnemius muscles after electrical stimula-
tion, and equal amounts of RNA (10 pg) were analyzed by RPA with the use of riboprobes specific for rat
BDNF, NT-3, and NT-4. (A) Time course of neurotrophin mRNA expression after a 1-hour unilateral
electrical stimulation of the sciatic nerve. RNA samples from muscle from untreated animals (lane 1); from
ipsilateral muscle from treated animals O hours (lane 2), 3 hours (lane 4), 6 hours (lane 6), 12 hours (lane
7), 24 hours (lane 8), or 48 hours (lane 9) after stimulation; and from contralateral muscle from treated
animals 0 hours (lane 3) or 3 hours (lane 5) after stimulation (s, soleus; g, gastrocnemius). (B) The increase
in the relative levels of expression of NT-4 mRNA in gastrocnemius (@) and soleus (O) muscles after nerve
electrical stimulation and the concomitant decrease in the levels of BDNF (CJ) and NT-3 (A) mRNAs in
soleus muscle are shown. A second stimulation at 6 hours (arrow) further increased the expression of
NT-4 mRNA in soleus muscle (broken line). The level of expression for each neurotrophin before
stimulation is defined here as 100%. Values correspond to the average of two to four independent
experiments + SE. The absolute levels of expression of BDNF, NT-3, and NT-4 mRNAs in soleus muscle
12 hours after stimulation were 1.5, 20, and 135 fg per microgram of total RNA, respectively. (C) and (D)
show dose response of NT-4 mRNA levels in soleus muscle to increasing voltage or time of unilateral
electrical stimulation of the sciatic nerve. (C) Lanes correspond to RNA extracted from muscle of
untreated animals (lane 1) and ipsilateral muscle from treated animals 6 hours after a 1-hour stimulation
of 0.1V (lane 2), 2 V (lane 3), or 10 V (lane 4). The plot below illustrates the increase in the relative levels
of NT-4 mRNA with increasing stimulation voltage. The level of expression of NT-4 mRNA in untreated
animals is defined here as 100%. (D) Lanes correspond to RNA extracted from normal rat soleus muscle
(lane 1); from ipsilateral muscle from treated animals 6 hours after a 5-min (lane 2), 15-min (lane 3), 60-min
(lane 4), or 120-min (lane 6) stimulation; and from contralateral muscle from treated animals after a 60-min
(lane 5) or 120-min (lane 7) stimulation. The plot below illustrates the increase in the relative levels of NT-4
mRNA with increasing stimulation times. The level of expression of NT-4 mRNA in untreated animals is
defined here as 100%. (E) NT-4 mRNA levels in denervated gastrocnemius muscle (lane 1) increased
dramatically after direct electrical stimulation of the muscle (lane 2). Lane 3, yeast tRNA.
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the NT-4 tyrosine kinase receptor (TrkB)
and the low-affinity neurotrophin recep-
tor (p75"™NCMR), The two NT-4 receptor
mRNAs were detected in skeletal muscle
during the first 3 weeks of postnatal de-
velopment (26). However, their levels de-

Fig. 3. Localization of NT-4 mRNA
(A) and (B) and NT-4 immunoreactiv-
ity (C) through (E) in adult skeletal
muscle. (A) NT-4 mRNA was local-
ized to sparse fibers (arrows) in nor-
mal gastrocnemius muscle by in situ
hybridization. Scale bar, 20 pm. (In-
set) High magnification bright-field
micrograph of a muscle fiber ex-
pressing NT-4 mRNA. (B) Up-regu-
lation of NT-4 mRNA expression in
gastrocnemius muscle fibers (ar-
rows) after electrical stimulation.
Same magnification as (A). (C) NT-4
immunoreactivity in transverse sec-

creased markedly during later postnatal
development and were almost undetect-
able after the fourth to fifth postnatal
weeks (26). In addition, the TrkB tran-
scripts detected in skeletal muscle only
corresponded to truncated TrkB isoforms

tions of normal gastrocnemius mus-
cle was localized to sparse fibers.
Scale bar, 20 pm. (D) A larger pro-
portion of fibers showed NT-4 immu-
noreactivity in normal soleus muscle.
(E) Six days after sciatic nerve
transection, NT-4 immunoreactivity
is no longer detected in gastocne-
mius muscle. (F) ATPase staining at
low pH of a section adjacent to (C)
demonstrated that type | muscle fi-

bers were the primary source of
NT-4 in adult skeletal muscle.
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Fig. 4. NT-4 induced sprouting of intact adult motor nerves in skeletal muscle. (A), (B), and (C) show
combined silver and cholinesterase staining of sections of gastrocnemius muscle 10 days after grafting of
NT-4-expressing FR3T3 fibroblasts. (A) Sprouts (arrowhead) are seen growing into the graft (g); m, muscle
fiber; e, endplate. Scale bar, 22.5 um. (B) Sprout (arrowhead) emanating from an endplate. (C) Sprout
(arrowhead) emanating from a node. Scale bar, 11.2 um. (D) Proportion of sprouts observed in neurites
and endplates associated with or in close proximity to the transplant in three animals that received grafts
of NT-4-expressing fibroblasts (FR3A-NT4; animals 1, 2, and 3) and in three animals that received grafts
of mock-transfected cells (control; animals 4, 5, and 6). Asterisk, P < 0.005 (Student t test).
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(that is, lacking the tyrosine kinase do-
main), and no TrkB mRNA corresponding
to full-length catalytic receptors was seen
at any stage of muscle postnatal develop-
ment (26). In contrast, adult motor neu-
rons do express full-length TrkB mRNA
(16, 27) and could therefore respond to
muscle-derived NT-4.

What could be the function of muscle-
derived NT-4 in the adult neuromuscular
system?! Neuromuscular junctions in adult
vertebrates are highly modifiable, undergo-
ing remodeling throughout life (6, 7) [but
see also (28)]. It has been proposed that
growing and active muscles release signals
that influence remodeling of neuromuscular
junctions by stimulating nerve sprouting
and synapse formation (5, 8, 9, I1). Be-
cause production of NT-4 in the muscle
correlated with neuromuscular growth and
muscle activity, we hypothesized that mus-
cle-derived NT-4, unlike other neurotro-
phins whose production in muscle depends
on nerve lesion, may have effects on intact
adult motor nerves. In order to investigate
possible functions of muscle-derived NT-4,
we administered NT-4 protein within nor-
mal adult gastrocnemius muscle using trans-
plants of genetically engineered fibroblasts
expressing large amounts of NT-4 (29). As
a negative control, a mock-transfected cell
line was grafted into a second group of
animals. Ten days after transplantation,
muscles were sectioned and double-stained
by silver and cholinesterase histochemistry,
and motor nerve sprouting was quantified
(30). A larger number of branching neurites
was observed in endplates and terminals
associated with the NT-4—expressing graft
than with control grafts, which indicates
that NT-4 mediated an increase in motor
nerve sprouting (Fig. 4). Three different
animals that received NT-4-expressing
grafts showed sprouting indexes of 35.9,
28.2, and 27.1%, respectively (30.3 =
4.8%), as compared with 3.2, 6.9, and 3.4%
(4.5 £ 2.1%) observed in three animals
receiving control grafts (Fig. 4). In a similar
paradigm, optimal doses of ciliary neurotro-
phic factor (CNTF), a lesion factor pro-
duced by injured nerves that has trophic
effects on regenerating motor neurons, in-
duces an increase in motor nerve sprouting
of 12% as compared with vehicle-treated
muscle (31). In combination with fibroblast
growth factor (FGF), CNTF-induced sprout-
ing can reach up to 32% (31). Our results
indicate that NT-4 is at least as potent as an
optimal combination of CNTF and FGF in
stimulating sprouting of motor nerves in
skeletal muscle and demonstrate that this
neurotrophin is able to elicit trophic re-
sponses on adult motor neurons.

We propose that muscle-derived NT-4 is
an activity-dependent retrograde signal in-
volved in maintenance and remodeling of
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neuromuscular connections. The regulation
of NT-4 expression in muscle contrasts with
that of IGF-1, which is up-regulated after
denervation and has been proposed to me-
diate the reestablishment of the neuromus-
cular junction after axotomy by inducing
axonal sprouting (2). Our findings suggest
that skeletal muscle uses different molecules
to promote axonal sprouting after paralysis
(such as IGF-1) and after activity (such as
NT-4), which probably reflects distinct un-
derlying mechanisms involved in repair and
maintenance, respectively. Results of recent
studies have shown how activity may regu-
late the production of signals that can either
eliminate or maintain neuromuscular con-
tacts (32). The ability of NT-4 to induce
sprouting of adult motor nerves in vivo, the
expression of functional NT-4 receptors by
adult spinal motor neurons, and the produc-
tion of NT-4 by skeletal muscle in situa-
tions of increased neuromuscular growth
and activity, suggest that NT-4 is a physio-
logical factor influencing activity-depen-
dent changes in neuromuscular junctions.
The fact that the increase in muscle NT-4
production was proportional to the intensity
of electrical stimulation and that it could be
maintained with repeated treatment agrees
with other reports that demonstrate a corre-
lation between the extent of nerve sprouting
and the intensity of exercise training (5,
10), suggesting that NT-4 could be partly
responsible for the beneficial effects of exer-
cise on neuromuscular performance. Because
of its ability to promote sprouting and sur-
vival of motor neurons, NT-4 may have
therapeutic benefits in motor neuron diseas-
es, such as amyotrophic lateral sclerosis, in
which distal axonal loss precedes or even
leads to cell loss (33). Thus, NT-4 could
prevent degeneration of axons that have
been damaged by the disease, and it could
induce sprouting and reinnervation by mo-
tor neurons not affected by the disease pro-
cess. Chronic stimulation of paralyzed mus-
cles of patients suffering from upper motor
neuron lesions leads to an increase in the
population of type I muscle fibers (25) and
to clinical improvement. The expression of
NT-4 by adult type I muscle fibers and the
demonstration of an effect of NT-4 on adult
motor neurons raises the possibility of the
therapeutic use of this protein.
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