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ABSTRACT Previous studies have implicated proteases,
acting extracellularly, in the mechanism of polyneuronal syn-
apse elimination. Most studies have focused on mammalian,
especially rodent, skeletal muscle, where retraction of subor-
dinate rierve terminals occurs during a narrow time window 2—
3 weeks after birth. To date no specific protease(s) has been
detected that (i) coincides in time with maximal synapse
elimination and (i) is known to act extracellularly on specific
extracellular matrix proteins. In previous studies of denerva-
tion in adult mouse muscle, rapid activation of urokinase-type
plasminogen activator, a neutral serine protease, was detected.
This enzyme, by activation of plasminogen to plasmin, specif-
ically degrades matrix components such as fibronectin, type IV
collagen, and laminin in muscle. We now present evidence for
an initial increase and subsequent decrease in soluble uroki-
nase-type PA—and, to a lesser extent, tissue PA—in developing
muscle, suggesting postnatal developmental regulation of these
enzymes during the period of maximal synapse elimination.
Although considerably higher in specific activity, membrane-
bound PA activity followed the wave of synapse elimination,
possibly indicating a longer half-life of membrane-bound
enzyme(s).

Individual skeletal muscle fibers in newborn mammals are
innervated at a single endplate by several motor axons.
During the first few weeks of postnatal life this pattern of
innervation, referred to as polyneuronal innervation, changes
dramatically. The number of motor axons at an endplate
rapidly decreases until each muscle fiber is innervated by
only one axon (1-6). The mechanism involved in the elimi-
nation of polyneuronal innervation is still unknown, but some
authors have raised the hypothesis that neuromuscular ac-
tivity might stimulate the release of proteolytic enzymes at
the endplate (7-9). These enzymes could then attack the
attachment of nerve terminals, causing the withdrawal of all
but the most resistant terminal from adhesion to postsynaptic
membranes.

As to which enzyme(s) could be involved in this phenom-
enon, other authors have suggested, but not directly dem-
onstrated, the action of a Ca?*-activated protease (9, 10), but
lysosomal (11) and, especially, membrane-bound (12) neutral
proteases could be possible candidates. Since tissue devel-
opment and stabilization in other systems have been associ-
ated with increased activity of serine proteases such as
plasminogen activators (PAs; refs. 13-16), PAs might also
play a role in the neuromuscular system. Previous studies
indicated that PA was the predominant neutral protease
secreted by cultured clonal murine skeletal muscle cells (17).
More recent studies have shown that denervation is followed
by a dramatic increase in adult mouse muscle PA activity
(18). Denervation results in muscle dedifferentiation in mam-
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mals (19), so we asked whether changes in PA levels or
activity might also have a role in the differentiation-related
events that take place during regression of polyneuronal
innervation and stabilization of mature synapses in vivo. Our
present results demonstrate that high levels of PA are present
in mouse skeletal muscle at birth but that PA activity
decreases dramatically over the second week of neonatal life,
paralleling the elimination of polyneuronal innervation. PA
activity remains at low levels in adult muscle as previously
described (18) after mature neuromuscular contacts have
been established.

These variations in PA activity concern both urokinase-
type PA (uPA), which was found to have a molecular mass of
48 kDa (18) similar to uPA of other mouse tissues (20), and
tissue PA (tPA), with a molecular mass of 75 kDa (13). In this
paper we correlate PA activity with histological data on
elimination of polyneuronal innervation during the first
month of life in mouse leg muscle and with the developmental
regulation of choline acetyltransferase (ChoAcTase).

MATERIALS AND METHODS

Materials. Glu-plasminogen was kindly donated by O.
Bertrand (Hopital Beaujon, Clichy, France). tPA was a
generous gift of E. Anglés-Cano (Institut National de la Santé
et de la Recherche Médicale, U. 143, Hopital de Bicétre, Le
Kremlin-Bicétre, France). The plasmin-specific chromogenic
substrate S-2251 (p-Val-Leu-Lys-p-nitroanilide), tPA stimu-
lator [fibrin monomer (Fm)], and bovine fibrinogen were
purchased from Kabi (Stockholm). Plasminogen-free human
fibrinogen was from Helena Diagnostics (Beaumont, TX),
ketamine (Ketalar) from Parke, Davis (Chicago), and ace-
promazine (Vétranquil) from Clin-Midy (Paris). Aprotinin
(Trasylol) was a gift of F. Schaumann (AG Bayer, Munich).
Purified human thrombin (for zymograms) was a generous
gift of D. G. Ozin (Centre National de Transfusion Sanguine,
Paris). Human urokinase was a gift of M. Faucher (Institut
Choay, Paris).

Preparation of Extracts. Female BALB/c mice (1-40 days
old; Charles River Breeding Laboratories) were used for all
studies. After decapitation or cervical dislocation depending
on age, hindlimb muscles were cleaned of blood vessels and
connective tissue, blotted and weighed wet, and then ho-
mogenized (1:10, wt/vol) in 100 mM Tris'HCI/2 mM EDTA,
pH 7.6, with a Polytron (Brinkman Instruments) tissue
homogenizer, all at 4°C. Homogenates were centrifuged at
12,000 X g for 30 min. The supernatant was further centri-
fuged at 100,000 x g for 1 hr. The pellet (P,) was resuspended
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(1:5, wt/vol) in 100 mM Tris-HCl/2 mM EDTA/0.4% Triton
X-100, pH 7.6. The supernatant (S,) was used without
dilution unless otherwise indicated. After all procedures,
fractions were aliquoted, flash-frozen in liquid N,, and stored
at —80°C until used (<1 month).

Amidolytic Assay of PA Activity in Muscle. Activation of
plasminogen to plasmin was followed by determination of
plasmin activity on the synthetic substrate S-2251 (21, 22). To
50 ul of either muscle extract or purified diluted human uPA
or tPA were added 50 ul of S-2251 (150 pg/ml) with or without
Fm (130 ug/ml) and 50 ul of Glu-plasminogen (45 ug/ml), all
diluted in 0.1 M sodium phosphate/10 mM EDTA/0.01%
NaN3/0.01% Triton X-100, pH 7.3. Incubation was at 37°C in
flat-bottomed Microtiter plates (Immulon II, Dynatech Lab-
oratories, Alexandria, VA). The release of p-nitroaniline
from S-2251 was determined in each well by measuring A4os
with a micro-ELISA autoreader (Titertek Multiscan, Flow
Laboratories). Color development was linear for 6 hr after a
2-hr lag, or if expressed to the fourth power (22). Controls,
including buffer alone and extracts without plasminogen,
were performed in parallel wells. Generally, two or three
replicate wells were included in each assay. Three separate
developmental time courses were performed and the results
represent the average, with deviations being <10%. Our
current results are expressed in absorbance units after 4 hr of
incubation at 37°C per mg of protein.

Fibrin Zymography. NaDodSO,/10% PAGE was per-
formed according to Laemmli (23) and was followed by fibrin
plate zymography according to Granelli-Piperno and Reich
(24). A modification we used was the binding of fibrinogen to
GelBond (FMC Bioproducts, Rockland, ME) for casting the
fibrin gels. After NaDodSO4/PAGE and removal of
NaDodSO, by washing the polyacrylamide gels in 2.5%
Triton X-100 (24), the gels were transferred onto precast
fibrin plates, incubated in a moist atmosphere at 37°C for 24
hr, and then stained with amido black. Photography of the
fibrin plates was performed with transillumination.

ChoAcTase Assay. We used a radioenzymatic assay devel-
oped by Rand and Johnson (25), which involved trapping of
the newly formed acetylcholine (AcCho) in the tetraphenyl-
boron layer. A modification we made was that the enzymatic
incubation was at 37°C for 2 hr. An adult mouse brain extract
was used as standard in all assays. Activity, from duplicate
tubes of three separate experiments, is expressed as pmol of
AcCho formed per mg of protein per min.

Combined Silver /Cholinesterase Stain for Neuromuscular
Junction Innervation. A modification of the method of Hop-
kins et al. (26) was used to determine the degree of multineu-
ronal innervation of mouse sciatic-innervated leg muscles in
the postnatal period. After muscles were dissected in Hepes-
buffered Ringer solution, they were fixed overnight in 4%
paraformaldehyde/0.2 M phosphate buffer, pH 7.4, at 4°C.
After rinsing in H,O, muscles were processed for
silver/cholinesterase stain (26); the first dehydration and
rehydration step before cholinesterase staining was omitted
in order not to prevent visualization of endplate cholinester-

ase.

RESULTS

Weight Growth and Protein Measurement. Fig. 14 shows
the expected, almost linear increase in bulk of removed leg
muscles with increasing time postnatally. Fig. 1B shows the
linear increase in noncollagenous proteins postnatally in
fraction S,. Of interest, there was no notable change in
fraction P,.

PA Amidolytic Activity. As measured with a sensitive
amidolytic assay using a synthetic peptidyl chromogenic
substrate (S-2251) specific for plasmin (21), activity was
entirely dependent upon the addition of highly purified
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Fic. 1. Change in weight (bulk) and noncollagenous protein of
mouse leg muscle (sciatic-innervated) from day 1 to day 40 after
birth. (A) Variation in weight of leg muscles (per animal). (B)
Variation in noncollagenous proteins in cytosol (S;, 4) and mem-
brane (P,, 4) of leg muscle extracts after birth. Protein was measured
by the method of Bradford (27) with duplicates of three separate
experiments. Replicates were within 5% of one another.

human plasminogen, as shown earlier for adult muscle (18).
Plasminogen-independent activity was barely above the zero
value even after 6 hr of incubation (data not shown). Using
the %I-labeled fibrin plate assay (28), previous studies with
neutral proteases secreted from G8-1 clonal mouse muscle
cells (17) and rat muscle in organ culture (B.W.F. and J.S.R.,
unpublished work) had indicated considerable PA activity,
but plasminogen-independent activity was also detected,
especially in muscle homogenates. Moreover, in present as
well as in previous experiments (18), the addition of Fm (21,
22) was used to distinguish fibrin-dependent (tPA) and
fibrin-independent (uPA) PA activities in muscle extracts.

As previously demonstrated (18), amidolysis of S-2251 was
linearly dependent on the concentration of plasminogen from
5 to 40 pg/ml, consistent with other reports (21, 22).
Amidolysis was also critically dependent on the pH of the
medium, with maximal activity at pH 7.6, and was com-
pletely inhibited by aprotinin at 5 kallikrein inhibitor units/ml
(data not shown). This study indicated, as did a previous one
(18), that amidolytic activity in mouse muscle extracts under
these conditions represented only PA.

Evolution of Muscle Plasminogen-Dependent Amidolytic
Activity During Neonatal Development. PA activity of S;
muscle extracts measured in the absence of Fm at day 1 was
6-fold higher than the same activity at day 40 (Fig. 24). PA
activity increased slightly from day 1 until day 7 postnatally
and then decreased dramatically from 7 to 15 days. After this
time, a more gradual decline to the low levels of PA activity
already described (18) for adult mouse muscle extracts was
found. PA activity measured in the presence of Fm was
slightly greater than PA activity in the absence of Fm but
paralleled the latter, here again, to reach levels already
described for adult muscle (18).

The specific activities of PA in membrane-bound, Triton-
extractable activities of P, muscle extracts (Fig. 2B) were
considerably higher than those of aqueous S, extracts. PA
activity measured in the absence of Fm was high after birth,
gradually decreased until day 16, and then decreased dra-
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Fi1G. 2. PA activity in muscle cytosol and membranes during
postnatal development. (A) PA activity without Fm (m) and with Fm
(@) in 100,000 X g supernatants of mouse leg muscle extracts. (B) PA
activity in Triton-extracted pellets from 100,000 X g centrifugation of
muscle extracts. Activity is expressed as A4os per mg of protein and
represents duplicate wells of three separate experiments. Replicates
agreed within 5-10%. The vertical stippled column represents the
range of time for change from polyneuronal to mononeuronal
innervation of muscle fibers in rodent leg muscles (3, 5, 7, 29).

matically until day 24, with little change, thereafter, in adult
muscle. PA activity measured in the presence of Fm was
slightly higher, paralleling the evolution of PA activity in the
absence of Fm.

Fibrin Zymography of Muscle Extracts. We used fibrin
zymography to more specifically identify the type of PA that
was regulated during mouse muscle development postna-
tally. Fig. 3 shows a typical fibrin zymogram of S, and P,
extracts obtained at various times after birth. This technique
enabled us to extend our biochemical results and further
offered the possibility of detecting the presence of PA-
inhibitor complexes (30). Such complexes have been readily
detected with clonal muscle cells (unpublished data), as seen

1 2 3 45 6 7 8

FiG. 3. Zymography of S; and P, extracts of mouse muscle
removed at 6, 12, and 27 days after birth. Lane 1, partially purified
and concentrated G8-1 myoblast conditioned medium; lane 2, human
uPA (33 and 55 kDa); lanes 3-5, P, fractions at 6, 12, and 27 days,
respectively; lanes 6-8, S, fractions at 6, 12, and 27 days, respec-
tively.
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in Fig. 3 (lane 1). The amido black-stained fibrin zymogram
shows P, and S, muscle extracts (at three different times after
birth) along with G8-1 cell conditioned medium (lane 1) and
purified human uPA (lane 2) showing the high and low
molecular mass subunits. Lysis zones at 48 kDa were seen
with mouse muscle P, (lanes 3-5) and S, (lanes 6-8) extracts
at all times after birth. They were intense at 6 days and all but
disappeared at 27 days postnatally. The major band of
fibrinolytic activity at =48 kDa migrated just between the
position of high (=55 kDa) and low (=33 kDa) molecular mass
human uPA (lane 2) and comigrated with a major zone in G8-1
conditioned medium (lane 1). A smaller band, evident in the
early P, muscle extracts (lanes 3 and 4), at 75 kDa comigrated
with human tPA (data not shown). These fibrinolytic en-
zymes are identical to mouse uPA and tPA, respectively,
previously identified in denervated muscle (18). Neither the
P, nor the S, muscle extracts showed a high molecular mass
lytic zone comparable to activity arising from a complex of
tPA and tPA inhibitor at 100-110 kDa (30) or of uPA and uPA
inhibitor at 80-95 kDa (ref. 13; unpublished data). G8-1 clonal
myoblast conditioned medium contained =48-kDa uPA,
~75-kDa tPA, and additional plasminogen-dependent fibrin-
olytic zones at =110 and =160 kDa (lane 1), consistent with
tPA-inhibitor and tPA—a,-macroglobulin complexes, respec-
tively (30, 31).

ChoAcTase Activity. Using a radioenzymatic assay, we
measured ChoAcTase activity in soluble (S,) extracts of
mouse leg muscle from birth to 40 days (Fig. 4). There was
a steady increase in ChoAcTase activity in these muscle
extracts from birth to day 17. After day 20, CAT activity
decreased, reaching adult values by about day 28. These
results are in agreement with results obtained by others (19).

Histological Appearance of Endplate During Postnatal De-
velopment. In animals up to 6 days of age many endplates
were innervated by two or more axons (Fig. SA), whereas
after 12 days almost all endplates were innervated by only
one axon (Fig. 5B). These results confirm previous electro-
physiologic studies of mouse extensor digitorum longus and
soleus muscles (7) and electrophysiologic and morphologic
studies of neonatal rat soleus muscle (3-5).

DISCUSSION

Our present results indicate that at birth, polyinnervated
mouse leg muscle possesses a high level of PA activity. From
both S-2251 assays, using addition of Fm to distinguish uPA
from tPA (21, 22), and from zymography (24), both types of
PA are present in neonatal muscle. After 6 days this activity
decreases until 12 days and reaches a low but detectable
level, as described in a previous study with adult mouse
muscle (18). Although less obvious in the amidolytic assays

AcCho, pmol per min
per mg of protein

0 10 20 30 40
Time after birth, days

FiG. 4. ChoAcTase activity in S fractions of neonatal mouse
muscle from birth to day 40. Data represent averages of duplicates
of three separate experiments. Replicates were within 5% of one
another.
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Fi1G. 5. Histological appearance of leg muscle endplate innerva-
tion at day 6 (A) and day 12 (B). [Combined silver/cholinesterase
stain (25), modified as described in Materials and Methods; x140.]

(Fig. 2), tPA is first to decrease, followed by uPA, as seen
with zymography (Fig. 3). This is just the reverse of what is
found with adult denervated muscle (18).

In addition, we show here that differences exist between
soluble (Fig. 24) and membrane-associated (Fig. 2B) frac-
tions in respect to regulation of PA activity during the
postnatal time course for the first month. Membrane-bound
activity is 3-fold higher and stays high until day 20 and then
declines. Soluble PA activity initially increases, drops pre-
cipitously from day 6 or 7 until day 15, and then gradually
reaches adult levels. There is, however, no shift between
cellular compartments during development. This result is
consistent with data obtained with adult mouse muscle
denervated by nerve crush (D.H., J.S.R., and B.W.F.,
unpublished work). This apparent disparate regulation of
soluble and membrane-bound muscle uPA during the neona-
tal period should be commented upon. It is possible, but by
no means certain, that the increased membrane-bound ac-
tivity represents uPA bound to specific membrane receptors
where it is still active (32, 33) and unavailable to inhibition by
protease nexin I (32). The soluble uPA, whose activity is
one-third that of the membrane-associated uPA and which
peaks at 6 days and rapidly declines by day 15, may be
affected by a number of factors, including transcription of
mRNA, hormonal stimulation, and production and/or re-
lease of protease nexin I, just to mention a few.

Neonatal PA activity diminishes by a factor of almost 5
during the time between birth and the adult state. As
mentioned above, we also studied the dependence of PA
activity on fibrin. In the absence of Fm, there was a
consistent decrease in PA activity in both soluble (Fig. 24)
and membrane-associated (Fig. 2B) compartments. In the
presence of Fm, the PA activity was slightly higher and
paralleled the decrease of PA activity in the absence of Fm,
indicating a small additional PA activity that was dependent
on fibrin. When we subtracted PA activity in the absence of
Fm from PA activity in the presence of Fm, which should give
the tPA activity more accurately, no significant variations in
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this PA activity dependent on Fm were observed (data not
shown).

Because fibrin is required for tPA-induced plasminogen
activation (13, 21, 22), these results were compared with
those obtained by the fibrin zymography technique (30) by
evaluating the intensity of the fibrin lysis area as well as the
molecular mass of the activator. With this technique, a
prominent lytic band at 48 kDa was seen at birth and at 6 days
but decreased steadily thereafter (Fig. 3, lanes 3-8). This
decrease over time was found in both soluble (lanes 6-8) and
membrane-associated (lanes 3-5) fractions. The PA migrat-
ing at 75 kDa was present only in early neonatal (6 days) life
and then only in fraction P, (lane 3). The molecular masses
of these mouse muscle PAs were consistent with previous
results in adult mouse muscle (18) and correlated well with
uPA and tPA from mouse sarcoma (34), antibodies to which
identified this enzyme in a variety of mouse tissues (35). The
75-kDa PA in skeletal muscle fractions correlates well with
human and mouse tPA (13, 34, 35). The molecular masses for
uPA (48 kDa) and tPA (75 kDa) also correlated with the major
plasminogen-dependent fibrinolytic enzymes secreted by
G8-1 clonal mouse muscle cells (unpublished work and Fig.
3, lane 1).

The ChoAcTase assays are helpful in following the degree
of cholinergic 1 ‘aturation of terminals and endplates during
this immediate postnatal period. Our results are in agreement
with studies of miniature endplate potential frequency and
mean quantal content of AcCho, both of which remain at very
low levels in rodent muscle until 2-3 weeks after birth (19).
Others have also measured ChoAcTase activity during mus-
cle development and found, as we did, that peak specific
activity occurs during the time of maximal synapse elimina-
tion. It is possible that AcCho release affects release of PAs
from muscle fibers as proposed by Vrbova and colleagues (7,
9, 10). Such a mechanism is similar to results obtained with
activated macrophages, where AcCho promotes, while epi-
nephrine and isoproterenol inhibit, release of enzymes,
including uPA (13).

Our histological experiments, with double staining of both
the endplates and the nerve terminals, showed that in mouse
skeletal muscle, endplates undergo a form of differentiation
and remodeling during the first days of life, in agreement with
the histological findings of others in rat muscle (29). Whereas
at birth each muscle fiber is innervated by several neurons,
by day 10 after birth almost every muscle fiber is innervated
by only one nerve terminal. Dangain and Vrbova (37)
described in the mouse extensor digitorum longus muscle a
time course of appearance of single innervation that follows
closely with our data concerning the time course of reduction
in soluble PA activity in skeletal muscle. Subsequently, alow
level of PA activity remains detectable throughout life,
perhaps to effect turnover of basement membrane macro-
molecules. In addition, the timing of synapse elimination is
not synchronous in any one animal but depends upon which
muscle is studied (19, 38, 39). These findings argue against a
general, systemic influence and suggest that local changes are
more important and critical.

In this regard, denervation (18) and, more specifically,
nerve crush (D.H., J.S.R., and B.W.F., unpublished data)
result in an up- rather than a down-regulation of local muscle
PA activity. Endogenous inhibitors and potentiators of PA
are also present in intact and denervated mouse muscle,
respectively (40). Therefore, modulation of PA action locally
is likely to occur. Protease nexin I, an inhibitor previously
identified (41) and showing developmental regulation during
myogenesis (42) in G8-1 mouse muscle cells, would be a
candidate for regulating PA activity in muscle. Our recent
demonstration that protease nexin I is localized at adult
mouse neuromuscular junctions (ref. 36; B.W.F., D.H., and
J.S.R., unpublished data) takes on greater significance. This
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locally regulated system would then be able to influence
multiple nerve endings and determine their future removal.
The relative concentration of protease nexin I delivered by
muscle fibers to synaptic regions would be consistent with
target-derived factor(s) diffusing and then anchoring to basal
lamina sites (1-6, 19). In the same way, mechanisms for both
the establishment of polyneuronal innervation and its subse-
quent removal are known to persist into adulthood (43). One
possible mechanism of action in these attachment/disattach-
ment phenomena would be through the degradation, by
locally generated plasmin, of synaptic basement membrane
components. We recently showed that muscle fiber basement
membrane-associated fibronectin and type IV collagen, and
to a lesser extent, laminin, are exquisitely sensitive to the
plasmin generated locally by increased uPA in denervated
muscle (44). The events observed after muscle denervation
and degeneration would then represent a mirror image of
those that we have observed in developing skeletal muscle,
where the alteration in PA activity parallels neuromuscular
differentiation after birth in the present study.

We have focused our discussion on the significance of the
change in PA levels and type in the postnatal period during the
time of synapse elimination. However, remodeling of the
neuromuscular synapse also occurs prior to birth. The acqui-
sition of a separate basement membrane by each primary and
secondary myofiber may also involve changes in levels and
activities of PAs (6). Likewise, other prenatal remodeling
situations such as the formation of postsynaptic folds, rami-
fications of filo- and lamellopodia of nerve terminals within the
junction, and growth of the entire neuromuscular apparatus (6)
may also involve the PAs. Since PA activity is quite high at
birth it will be important to determine PA levels during
prenatal neuromuscular development, as well.

Would these possibilities become more probable if it were
known with assurance whether plasminogen is able to enter
the synaptic cleft from the circulation? There are presently no
data available, but recent studies by Oldfors and Fardeau (45)
show that ferritin, a 12-nm-diameter particle of about 450
kDa, is able to pass the basement membrane barrier of the
neuromuscular junction. The critical elements of the
PA/plasmin system (i.e., plasminogen and uPA) at the
neuromuscular junction might then be expected to persist
into adulthood, thus allowing for a continuous slow turnover
of one or more synaptic basement membrane components. It
is possible that alteration in levels of this multicomponent
system might take part in the mechanisms underlying the
pathogenesis of synaptic abnormalities, such as occurs in
amyotrophic lateral sclerosis, as previously suggested (46).
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