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Abstract. To identify mechanisms that regulate the
deposition of the junctional basal lamina during syn-
aptogenesis, immunocytochemical experiments were
carried out on cultured nerve and muscle cells derived
from Xenopus laevis embryos. In some experiments
successive observations were made on individual mus-
cle cells after pulse-labeling with a fluorescent mono-
clonal antibody specific for a basal lamina proteogly-
can. In others, old and new proteoglycan molecules
were differentially labeled with antibody conjugated to
contrasting fluorochromes.

These observations revealed that surface deposits of
antibody-labeled proteoglycan remain morphologi-
cally stable for several days on developing muscle
cells. Over the same period, however, new sites of
proteoglycan accumulation formed that contained pri-
marily those antigenic sites recently exposed at the cell
surface. When muscle cells became innervated by cho-
linergic neurites, new proteoglycan accumulations
were induced at the developing neuromuscular junc-
tions, and these too were composed almost exclusively

of recently deposited antigen.

In older muscle cultures, where many cells pos-
sessed relatively high background concentrations of
antigen over their surfaces, developing neuromuscular
junctions initially showed a markedly reduced proteo-
glycan site-density compared with the adjacent, extra-
junctional muscle surface. Much of this perineural re-
gion eventually became filled with dense, nerve
induced proteoglycan plaques at later stages of syn-
apse development. Motoneurons thus appear to have
two, superficially paradoxical effects on muscle basal
lamina organization. They first cause the removal of
any existing, extrajunctional proteoglycan from the
path of cell contact, and then induce the deposition of
dense plaques of recently synthesized proteoglycan
within the developing junctional basal lamina. This
observation suggests that the proteolytic enzyme sys-
tems that have already been implicated in tissue re-
modeling may also contribute to the inductive interac-
tion between nerve and muscle cells during synaptoge-
nesis.

tion is eventually followed by a period of extensive
differentiation that involves both the biosynthesis of
specialized gene products, and their assembly into the variety
of specialized organelles that characterize different cell lin-
eages. This final process is expressed with particular extrava-
gance during the development of the nervous system, when
growing neurons establish elaborate networks and form syn-
aptic connections with appropriate target cells. At present,
however, we know very little about the molecular basis of the
cellular interactions that regulate etther nerve growth or the
localized differentiation that occurs when developing neurons
eventually make contact with their targets. The vertebrate
neuromuscular junction, by virtue of its size and abundance,
has long been a useful source of information about the struc-
ture and function of chemical synapses, and may also serve
as a useful model for understanding the mechanisms that
regulate synapse development.
The neuromuscular junction is a region of morphological
and chemical specialization for both nerve and muscle cells,
and is known to include components of direct relevance for

DURING embryonic development, early cell prolifera-
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synaptic transmission, such as a high concentration of acetyl-
choline receptors (AChRs)' and acetylcholinesterase (AChE)
(21, 24, 41), as well as other substances whose physiological
roles remain uncertain. These latter substances include anti-
gens unique to synaptic vesicles (14, 18, 32, 60), postsynaptic
elements of the muscle cytoskeleton (13, 15, 28, 31), and a
variety of components concentrated in the junctional basal
lamina (5, 23, 56). While it is clear that the development of
this organelle must depend upon a local exchange of regula-
tory signals during synaptogenesis, little is known about the
molecular basis of neuron-target interaction, or of the cellular
processes responsible for the orderly assembly of synaptic
components. It has been shown, however, that growing cho-
linergic neurons cause a rearrangement of mobile AChRs
within the sarcolemma, leading to their aggregation within
the developing postsynaptic membrane, and to the disappear-

" Abbreviations used in this paper: AChE, acetylcholinesterase; AChR, acetyl-
choline receptor; «aBGT, a-bungarotoxin; DME, Dulbecco’s modified Eagle’s
medium; FITC, fluorescein isothiocyanate; HSPG, heparan sulfate proteogly-
can; TRITC, tetramethylrhodamine isothiocyanate.

863



ance of any existing aggregates of extrajunctional AChRs (3,
4, 7, 26). Likewise, motor neurites also induce the accumu-
lation of both AChE (53) and a heparan sulfate proteoglycan
(HSPG) within a specialized, junctional basal lamina (5, 7).
This inductive process appears to be dependent upon some
action that is unique to cholinergic neurons (20, 35), but
independent of the relatively well-understood electrical and
contractile events associated with synaptic activity (3, 4, 7).

In an effort to understand how the motoneuron induces
the accumulation of synaptic components such as the AChR,
several reports have described the preparation of soluble and
particulate factors which can increase the number of AChR
aggregates on embryonic muscle cells in culture (19, 23, 30,
33, 34, 40, 50, 55, 65), and suggested that the accumulation
of junctional AChR might be induced by specific, AChR
aggregation-promoting factors released by the motor neurite.
Also important has been the discovery that the development
of “junctional” AChR aggregates in regenerating adult muscle
can be induced by contact with the original, synaptic basal
lamina (16). In fact, AChR aggregates consistently appear to
be associated with congruent, localized specializations of mus-
cle basal lamina that are characterized by the presence of a
high concentration of an HSPG (5, 7, 10) as well as other
antigens (10, 22, 42, 54, 56). Furthermore, both junctional
AChR aggregates (13, 15, 28, 31), and those that occur at
ectopic sites on non-innervated muscle (12, 17, 48), appear
also to be associated with corresponding morphological and
biochemical specializations of the sarcolemma and adjacent
cytoskeleton. Taken together, these observations suggest that
the accumulation of AChR at the developing neuromuscular
junction may be dependent upon a nerve-induced assembly
of a transmembrane complex of structural proteins that in-
cludes basal lamina constituents such as HSPG, as well as
elements of the muscle cytoskeleton.

It should be stressed that during development of the neu-
romuscular junction in cell culture, where the time-course of
the relevant physiological events can be observed directly, the
accumulation of AChR in the postsynaptic membrane is
coupled to the disappearance of extrajunctional AChR aggre-
gates, actually leading to a net decrease in the number of
AChR clusters on many cells (see references 3, 4, and 7).
Furthermore, extrajunctional AChR clusters can develop
spontaneously on denervated muscle cells in vivo (37) as well
as in culture (3, 4, 25, 61), and can also be induced by factors
not obviously related to synapse development (46, 47). It is
thus possible that a variety of exogenous agents can either
focally perturb the organization of the transmembrane com-
plex with which AChR aggregates are associated, or change
the biosynthesis and degradation rates of its constitutent
structural proteins, indirectly affecting the number and distri-
bution of AChR clusters. These actions need not be repre-
sentative of the physiological mechanisms through which
motoneurons regulate AChR organization during synapse
development. It is therefore important to directly examine
the mechanisms through which innervation regulates the as-
sembly of the junctional basal lamina, since this organelle (a)
forms part of the transmembrane complex that accompanies
AChHR aggregates, and (b) can itself induce synaptic differen-
tiation in both nerve and muscle.

This study examines the development of the junctional
basal lamina in a number of immunocytochemical experi-
ments, using a monoclonal antibody specific for an HSPG
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that is concentrated both in the specialized junctional basal
lamina, and at other sites often associated with extrajunctional
AChR clusters (5). It has already been shown that cholinergic
motoneurons induce the deposition of this HSPG in a number
of dense postsynaptic plaques that remain virtually congruent
with the developing junctional aggregates of AChRs (5, 7).
During synaptogenesis, AChRs dissociate from stable extra-
junctional deposits containing this HSPG, and aggregate ad-
jacent to the new, organized junctional basal lamina devel-
oping at the site of nerve-muscle contact (7).

These experiments have identified two distinct mechanisms
that contribute to changes in proteoglycan distribution during
synapse development. Existing HSPG deposits on the muscle
cell surface have been found to remain morphologically stable
for extended periods. Over this time, new accumulations of
HSPG form both spontaneously and in response to innerva-
tion, primarily through localized increases in the rate of
deposition at the cell surface of recently synthesized HSPG
molecules. Furthermore, the deposition of newly synthesized
HSPG at the developing neuromuscular junction appears to
be preceded by a nerve-induced elimination of pre-existing
surface HSPG along the path of nerve-muscle contact. These
observations indicate that the developing cholinergic nerve
causes the replacement of extrajunctional basal lamina with
a junctional lamina containing a high HSPG concentration,
a process that has interesting implications for an understand-
ing of the mechanisms that regulate synaptic differentiation.

Materials and Methods

Preparation of Cultures

Procedures for the preparation of primary cultures of Xenopus laevis myotomal
muscle cells, with or without neural tube cells from the same embryos, have
already been described in detail (4, 7, 35). Briefly, the myotomal musculature
and neural tubes of stage 24-26 (44) embryos were isolated by sterile dissection
in the presence of 1 mg/ml collagenase (type I, Worthington Biochemical Corp.,
Freehold, NJ). Muscle was dissociated in trypsin-EDTA (GIBCO Laboratories,
Grand Island, NY) and plated onto collagen-coated glass coverslips in 60%
(vol/vol) Hepes-buffered Dulbecco’s modified Eagle’s medium (DME) (GIBCO
Laboratories) supplemented with 0.5-5% (vol/vol) fetal bovine serum. After
1-3 d at room temperature to allow cell attachment and spreading, the cultures
were maintained at 10°C for periods up to 6 wk before use.

Neural tubes (see above) were dissociated in trypsin-EDTA, and added to
established muscle cultures in medium (see above) supplemented with 10 uM
d-tubocurarine (Sigma Chemical Co., St. Louis, MO) to prevent innervated
cells from contracting, and thereby retracting from the substratum. Nerve
growth was most prolific for the next 2 d (at 22-24°C). Thereafter, some nerve
growth continued, but many of the original neurites gradually retracted or
degenerated.

Preparation of Fluorescent Antibody and
Toxin Probes

a-Bungarotoxin («aBGT) was isolated from the lyophilized venom of Bungarus
multicinctus (Miami Serpentarium, Miami, FL) and conjugated with the fluo-
rescent dye, tetramethylrhodamine isothiocyanate (TRITC, Research Organics
Inc., Cleveland, OH) as described previously (2), and the singly labeled dye-
toxin derivative was isolated by ion-exchange chromatography (51). Fluorescent
toxin was later diluted to 10 ug/ml in DME supplemented with 5% (vol/vol)
fetal bovine serum, and sterilized by passage through 0.2-um pore fluorocarbon
filters (Millipore/Continental Water Systems, Bedford, MA).

The preparation and characterization of monoclonal antibody (2AC2),
specific for a frog basal lamina HSPG, has been described previously (5).
Procedures for the preparation of fluorescent antibody conjugates have also
been described in detail (5). Solutions of fluorescent antibody (5 ug/ml) were
prepared in DME containing 5% (vol/vol) fetal bovine serum, and sterilized
by filtration through 0.2-um pore Millipore membranes (see above).

864



Fluorescent Staining of Cultured Muscle Cells

Cultures were routinely stained by incubation with fluorescent toxin (10 ug/
ml) for 45 min at 22-24°C, and with fluorescent antibody (5 pg/ml) for 60
min. In experiments where old and new proteogiycan molecules were to be
differentially stained with contrasting fluorochromes, antibody labeled with
fluorescein isothiocyanate (FITC) (Molecular Probes Inc., Junction City, OR)
was used in the initial exposure. This was followed by extensive rinsing in
culture medium to achieve at least a billion-fold dilution of the fluorescent
antibody over a period of 30-45 min. The original FITC-antibody stain was
amplified 2-3 d later by a further exposure to FITC-labeled goat anti-mouse
1gG (Cappel Laboratories, Cochranville, PA) that had been diluted 1:100 (vol/
vol) with culture medium, and filtered through 0.2-um pore Millipore mem-
branes. After rinsing, residual anti-mouse IgG binding sites were quenched by
another, similar exposure to 10 ug/ml FITC-labeled mouse IgG from the
MOPC-21 myeloma. New proteoglycan sites were then stained by exposure of
the cultures to TRITC-labeled antibody (see above), and the cultures were
mounted in 60% (vol/vol) L15 medium (GIBCO Laboratories) containing
0.5% (vol/vol) fetal bovine serum. This latter precaution was essential because
of fluorescent (in FITC optics) components present in DME.

Fluorescence Microscopy

Fluorescently stained, living cultures were examined on a Zeiss WL microscope
equipped for incident illumination with narrow-band filter combinations selec-
tive for FITC and TRITC, as described previously (5, 7). Micrographs were
prepared on Ilford HP5 film developed for 18 min at 20°C in Ilford Microphen
developer. Exposure times for fluorescence micrographs ranged from 15-30's.

In some experiments individual, stained muscle cells were examined at
intervals of 2-3 d to determine whether reorganization of the antibody-labeled
proteoglycan had occurred. Such cells were relocated on the basis of microscope
stage coordinates and sketches of the adjacent muscle cells.

Video Densitometry of Fluorescence Micrographs

To estimate the local variation in antigen site density on the muscle cell surface
more objectively, some fluorescence micrographs were analyzed by digital video
densitometry. For this analysis, the original negative images of fluorescence
micrographs were illuminated by diffuse light, and recorded by a Bosch video
camera. The video signal was then digitized and stored in the frame memory
of an IBAS interactive image analysis computer (Carl Zeiss Canada Ltd.,
Toronto, Ontario). The digitized image consisted of a 512 X 512 pixel matrix,
with the signal intensity in each pixel assigned one of 256 possible binary gray
levels. These gray values were then converted into their corresponding optical
density equivalents. Densitometric data was recovered by converting the signal
from each pixel into different colors, corresponding to different ranges of
optical density. Such a representation permits the distribution of the fluores-
cence signal recorded in the original micrograph to be displayed as a false-color
map (see Fig. 7), substantially increasing the ability to discriminate and measure
subtle changes in image intensity. An even more precise representation of local
differences in antigen site density could also be obtained by plotting portions
of the digitized images stored in frame-memory as densitometric scans through
relevant regions of the micrographs (see Fig. 8).

Results

Immunocytochemical experiments with muscle cells devel-
oping in culture have already shown that motor neurites
induce a gradual appearance and growth of specialized post-
synaptic sites on the muscle surface near the path of nerve
contact (3, 4, 6, 7, 26, 35). These sites include dense deposits
of a basal lamina HSPG and adjacent aggregates of AChRs
(5, 7). The junctional AChR accumulations have been shown
to form, at least in part, through an aggregation of mobile
AChRs which were dispersed throughout the sarcolemma
prior to the establishment of nerve-muscle contact (3, 4, 7).
Since AChR aggregates are invariably associated with dense
accumulations of HSPG (5), it is possible that junctional
HSPG deposits also form through similar processes of migra-
tion and aggregation on the cell surface. Alternatively, HSPG
molecules could be restricted in their mobility by adhesive
interactions with one another, or with other immobile ele-

ments of the extracellular matrix or plasma membrane. This

would indicate that quite different mechanisms are involved
in the regulation of proteoglycan and AChR organization.

This question has been examined in two ways. In some
experiments, muscle surface HSPG was pulse-labeled with a
specific monoclonal antibody (2AC2) that had been conju-
gated with the fluorescent dye, tetramethylrhodamine isothio-
cyanate (TRITC). The pattern of fluorescent staining on
individual muscle cells was then examined as a function of
time. In other experiments, HSPG molecules that became
exposed on the muscle cell surface at different times were
differentially stained with monoclonal antibody that had been
labeled with contrasting fluorochromes® (see Materials and
Methods).

Stability of Proteoglycan Organization on Aneural
Muscle Cells

In a previous report, fluorescent monoclonal antibody (2AC2)
was used to determine time-dependent changes in the distri-
bution of muscle surface HSPG at developing neuromuscular
junctions in cell culture (7). Skeletal muscle cells were shown
to undergo a gradual change in HSPG organization, which
involved the development of new HSPG deposits along the
path of nerve-muscle contact. The same experiments also
revealed the appearance and growth of new extrajunctional
HSPG deposits on both innervated and aneural muscle cells.
In these earlier experiments, the cultures were maintained in
the presence of a low concentration (~100 ng/ml) of fluores-
cent antibody to ensure that recently synthesized HSPG
would become labeled upon its exposure at the cell surface.

A goal of the present experiments, however, was to deter-
mine whether existing deposits of HSPG on the muscle surface
could undergo time-dependent changes in organization as is
known to occur with AChR (3, 7). Eight nerve-free muscle
cultures were therefore pulse labeled with TRITC-labeled
antibody, and then washed extensively (see Materials and
Methods) to remove residual traces of antibody that might
bind to proteoglycan molecules subsequently deposited on
the muscle cell surface. In two additional cultures, unlabeled
antibody (5 ug/ml) was included in the medium to block new
antigen sites, thus ensuring that residual traces of the fluores-
cent antibody would not artifactually contribute to any
changes in the original pattern of the stain. Fifty individual
muscle cells were then selected, and photographed in both
fluorescence and phase-contrast optics. 2 or 3 d later, the
same muscle cells were relocated (see Materials and Methods)
and the pattern of the fluorescent stain again recorded. En-
larged fluorescence micrographs were compared to determine
which changes, if any, had occurred in the distribution of the
original, stained HSPG molecules. An example of the results
of such an experiment are presented in Fig. 1.

Obvious morphological changes occurred on most of the
cells examined between the second and fifth day after plating
of dissociated muscle cells. The most conspicuous changes

% As a homogenous molecular preparation specific for a single species-specific
immunological determinant on the HSPG core protein (5), the monoclonal
antibody can be expected to bind in stoichiometric amounts to its macromo-
lecular antigen, and to sterically hinder further antibody binding at the samg
sites. The antibody (2AC2) used for these experiments has already been shown
(a) to be specific for a frog basal lamina HSPG (5), and () not to inhibit the
nerve-induced accumulation of HSPG during synaptogenesis (7).
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were found in the shape of the cell perimeter, usually as a
result of the formation and growth of new pseudopodal exten-
sions (compare Fig. 1, b and d). In addition, there were also
changes in the number and distribution of cytoplasmic organ-
elles visible in phase-contrast optics. These included the dis-
appearance or shrinkage of cytoplasmic yolk platelets, the
development of striations, and appearance of scattered cyto-
plasmic granules.

In spite of these obvious changes, there were few detectable
changes in the distribution of the fluorescent stain on the cell
surface. Essentially all the sites of fluorescent staining recorded
at the initial observation were still present 3 d later, and
appeared virtually identical in shape and size. When minor
changes did occur in the shape or dimensions of individual
antigen plaques, they were invariably restricted to the edges
of the cell (see Fig. 1), and presumably reflected the exposure
of stained HSPG deposits that were already present at the
initial observation, but had remained outside the original
plane of focus. Therefore, even though this monolonal anti-
body (2AC2) has been shown not to prevent the appearance
and growth of new HSPG deposits on the developing muscle
cells in this preparation (7), new HSPG deposits did not
become stained under these experimental conditions. It is
therefore unlikely that new HSPG deposits appeared through
the rearrangement of HSPG molecules that were previously
dispersed over the cell surface. This can be contrasted with
essentially identical experiments using TRITC-labeled oBGT,
which have revealed that new extrajunctional AChR accu-
mulations form through the aggregation of AChR units within
the sarcolemma (3, 7).

Differential Staining of New and Old Proteoglycan
Deposits on Aneural Muscle Cells

As described above, successive observations of antibody-
labeled HSPG on the muscle surface revealed that little or no
change occurred in the morphology of individual, stained
proteoglycan deposits over a 3-d period in culture. These
experiments did not exclude the possibility that new HSPG
deposits had formed in the interval between observations, but
were composed of recently synthesized HSPG molecules that
would have remained invisible under these experimental con-
ditions.

To test this possibility, 10 3-d-old muscle cultures were
exposed to fluorescent monoclonal antibody (2AC2), this time
labeled with FITC. The cultures were rinsed extensively (see
Materials and Methods) and allowed to develop for 2 more
d. They were then further stained with FITC-conjugated goat
anti-mouse IgG, followed by exposure to FITC-labeled IgG
from the MOPC-21 myeloma (see Materials and Methods).
This last step was carried out to block residual anti-mouse
IgG binding sites remaining on the cells after exposure to the
goat antibody. Finally, new HSPG antigenic sites that had
become exposed on the cell surface since the initial incubation

with monoclonal anti-HSPG were stained with TRITC-la-
beled monoclonal antibody (2AC2). These procedures en-
sured that the original antibody remaining on cell surfaces
would be intensely stained with two additional layers of FITC-
conjugated antibody, while new HSPG would be labeled with
the contrasting fluorochrome TRITC.?

When the living muscle cultures were examined in the
fluorescence microscope with optics selective for each fluo-
rochrome, it was thus possible to compare the distributions
of new and old HSPG molecules on the same muscle cells
(Fig. 2). In many cases these observations indicated that
individual HSPG deposits on the muscle surface were al-
most uniformly labeled with both fluorochromes (data not
shown). However, numerous examples were also found in
which HSPG plaques were intensely labeled with TRITC, but
not with FITC? (Fig. 2). This was most conspicuous at the
tips of individual pseudopodal extensions, which were com-
monly labeled only with TRITC (compare Fig. 2, a-c). Such
examples, in which stained HSPG deposits were visible only
in TRITC optics, cannot be explained either by the presence
of a residue of FITC-labeled antibody in the culture medium
after the initial antibody exposure, or by redistribution of the
original FITC-labeled antibody. To explain this observation
as a methodological artifact, it would be necessary to postulate
that conspicuous local differences exist in the dissociation rate
of adjacent HSPG-antibody complexes on the same cell
surface. However, such localized losses of fluorescent antibody
would have been detected by experiments in which the pattern
of antibody staining was examined over time on individual
cells (see above). It is therefore reasonable to conclude that
existing proteoglycan deposits on the muscle cell surface
remained morphologically stable, and that new proteoglycan
deposits were composed almost exclusively of antigenic sites
that had recently become exposed at the cell surface.

Differential Staining of Proteoglycan on Innervated
Muscle Cells

These experiments have demonstrated that existing surface
deposits of basal lamina HSPG remain morphologically stable
for several days, even during obvious changes in cell size and
shape. During this period, however, new proteoglycan depos-
its form; these are composed primarily of molecules only
recently exposed at the cell surface. Together, these observa-
tions strongly suggest that the complex surface organization
of muscle basal lamina proteoglycan, which consists of dense
plaques and fibrils separated by expanses of much lower
antigen site-density, is the result of a locally targeted deposi-
tion of newly synthesized material.

? Different sets of cultures varied in the relative abundance of FITC and TRITC
staining, suggesting that the rate of HSPG deposition was variable between
individual cells, and separate sets of cultures. In all cases, however, there were
striking examples where TRITC-labeled HSPG plaques and fibrils were devoid
of FITC staining, and less frequent examples where FITC label predominated.

Figure 1. Stability of existing basal lamina HSPG deposits on a muscle cell developing in a nerve-free culture. The 2-d-old culture was pulse
labeled with fluorescent monoclonal antibody, then examined immediately (4 and B) and after 2 more d of differentiation in vitro (C and D).
Note the absence of change in the distribution of the fluorescent stain (compare 4 and C) despite notable changes in cell morphology, including
the growth of new pseudopodal extensions (see arrows in D) and the disappearance of autofluorescent perinuclear yolk platelets (see arrows in
B). Note, however, that stained regions occasionally appeared at cell edges due to exposure of antibody-labeled proteoglycan deposits that were

originally outside the plane of focus. Bar, 30 um.
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Figure 2. Differential distribution of old and new proteoglycan deposits on the muscle surface. Nerve-free muscle cultures were pulse labeled
with FITC-conjugated monoclonal antibody, and then allowed to differentiate for an additional 2 d (see also Fig. 1). The cultures were then
counterstained with TRITC-labeled antibody (see Materials and Methods) and examined alive in the fluorescence microscope. (4) FITC
staining associated with older proteoglycan deposits. (B) TRITC staining of recently deposited HSPG on the surface of the muscle cell, shown
in phase-contrast optics (C). Note the striking preponderance of new proteoglycan deposits (B) in regions of growth at the cell perimeter, and
their scarcity at the older proteoglycan deposits seen in 4. Bar, 20 um.
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Previous studies in this system have already shown that
developing cholinergic nerve fibers can induce the formation
of new HSPG deposits along paths of nerve-muscle contact
(7), and that these deposits are associated with virtually con-
gruent aggregates of junctional AChR (5). To determine
whether this also reflected a preferential deposition of newly
synthesized proteoglycan at sites of nerve-muscle contact,
experiments were carried out in which HSPG molecules pres-
ent on the cell surface before and after innervation were
stained with contrasting fluorochromes. The procedure was
similar to that described above, except that dissociated neural
tube cells from Xenopus embryos were added to 15 muscle
cultures immediately after an initial exposure to FITC-labeled
antibody (2AC2). 2 d later, the intensity of the initial stain
was again augmented with further FITC-antibody (see above),
and the cultures were then exposed to either TRITC-labeled
aBGT or TRITC-labeled antibody (2AC2).

Previous experiments have shown that the junctional ac-
cumulations of AChR that develop in this system are invari-
ably associated with almost congruent HSPG deposits (5).
Under the present experimental conditions, however, in-
tensely stained junctional AChR aggregates were visible along
many paths of nerve-muscle contact, but were devoid of
visible FITC-antibody staining (see below). When TRITC-
labeled antibody (2AC2) was used instead of fluorescent toxin,
it became clear that new HSPG deposits had in fact formed
along the paths of nerve-muscle contact (Fig. 3), but were
composed almost exclusively of antigen which had become
exposed at the cell surface after the addition of neural tissue.*
These observations indicate that the developing cholinergic
nerve fibers had induced a localized deposition of recently
synthesized HSPG adjacent to the site of cell contact.

Proteoglycan Deposition at Synapses in Older
Muscle Cultures

The observations described so far have indicated that cholin-
ergic nerve fibers can induce a localized deposition of recently
synthesized HSPG at the developing neuromuscular junction.
However, this result raised an unexpected question. As de-
scribed above, the non-innervated muscle cells present in
these cultures already had surface deposits of HSPG before
the establishment of nerve-muscle contact, and these deposits
remained morphologically stable for periods of several days.
This initially led to an expectation that junctional HSPG
plaques would consist primarily of recently deposited HSPG,
with occasional contributions from older HSPG accumula-
tions that were fortuitously present in the path of the growing
nerve fibers. However, staining of this latter form was not
observed* (data not shown).

Previous studies of this preparation (5, 7) have shown that
the developing muscle surface has a complex proteoglycan
organization that is composed of dense HSPG plaques and
fibrils, separated by expanses of cell surface with little or no
detectable staining (see also Figs. 1-3). As the cells mature in
culture, there is a gradual increase in the size and number of
dense HSPG deposits, and a corresponding increase in the

* In preliminary experiments, occasional examples were found where the HSPG
plaques at sites of nerve-muscle contact were stained by both fluorochromes.
This was not observed in later experiments in which more extensive rinsing
was carried out after the original exposure to FITC-labeled antibody (see
Materials and Methods).

background level of diffuse HSPG stain (5, 7). The organiza-
tion of basal lamina HSPG on older muscle cells in culture
thus approaches that observed on adult muscle fibers, where
the diffuse extrajunctional HSPG site density is ~19% of that
at the neuromuscular junction (5). To determine whether this
greater abundance of surface HSPG might affect the devel-

Figure 3. Preferential deposition of new proteoglycan at a neuromus-
cular junction developing in culture. Experimental conditions were
similar to those in Fig. 2, except that dissociated neural tube cells
were added to the muscle cultures immediately after pulse-labeling
with FITC-conjugated monoclonal antibody. New proteoglycan de-
posits were counterstained with TRITC-labeled antibody 2 d later.
Note that the junctional proteoglycan deposits (4) present along the
nerve fiber (see arrowheads in C) were labeled only with TRITC and
not with FITC (B), indicating that the nerve had induced a local
deposition of new HSPG along the path of cell contact. Bar, 20 um.
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opment of junctional proteoglycan deposits, dissociated
neural tube cells were added to 10 older muscle cultures that
had been maintained for 4-5 wk at 10°C (see Materials and
Methods). The resulting cultures, which again had nerve-
muscle contacts visible in phase-contrast optics, were stained
with FITC-labeled antibody and TRITC-labeled aBGT after
1-3 d of nerve growth. As expected (see reference 5), charac-
teristic junctional aggregates of AChRs could be observed
along many paths of nerve-muscle contact, and were invari-
ably associated with almost congruent, densely stained
plauges of HSPG. This was true both for the small AChR
accumulations characteristic of early stages of synapse devel-
opment, and for the larger patches and bands of AChR at
more mature neuromuscular junctions (see also references 6,
7, 35). However, an unexpected difference was evident on
some of the older muscle cells which showed high background
levels of extrajunctional HSPG staining. On these cells there
was an abrupt drop in fluorescence intensity near the region
of nerve-muscle contact (Fig. 4, @ and b). This appeared as
dark band of relatively low antigen site density, cutting
through the more brightly stained HSPG deposits present
over the extrasynaptic cell surface.® This pattern of antigen
staining was most conspicuous on those muscle cells that had
only rudimentary evidence of junctional AChR staining (Fig.
4), but was also common on cells with more elaborate patches
of junctional AChR (Fig. 5). In these latter cases, however,
the perineural region of reduced antigen density was inter-
spersed with intensely stained antigen plaques, usually asso-
ciated with corresponding junctional AChR aggregates. At
advanced stages of junctional AChR accumulation (see ref-
erences 7 and 35), the zone of low antigen density was difficult
to discern, and remained visible only in the occasional gaps
which separated adjacent bands of intensely stained junctional
basal lamina (data not shown).

To obtain a more objective view of antigen organization at
these developing sites of nerve-muscle contact, the negative
images of some fluorescence micrographs were also analyzed
by video densitometry. Portions of fluorescence micrographs
containing sites of nerve-muscle contact were recorded with
a video camera coupled to an IBAS interactive image analysis
computer (see Materials and Methods). The system had pre-
viously been calibrated with filters of known optical density.
This allowed the data recorded in the fluorescence micro-

3 Similar results were also observed with monoclonal antibodies 2BDS, 2AA3,
and 2BAS (5), which recognize at least two further epitopes on the HSPG core
protein (data not shown).

Figure 4. Removal of muscle surface HSPG from paths of nerve-
muscle contact during synapse development. Older muscle cells that
showed relatively high background levels of HSPG staining (com-
pared to those in Figs. 1-3) were stained with FITC-labeled antibody
(4) and TRITC-labeled «BGT (B) after 1 d of culture with dissociated
neural tube cells. Note the reduced intensity of proteoglycan staining
(A4) along the path of nerve-muscle contact shown in phase-contrast
optics (see arrowheads in C). At these early stages of synapse devel-
opment, littie AChR accumulation (B) can be detected near the site
of cell contact, and AChRs remain associated with dense extrajunc-
tional plaques of HSPG (compare A and B). This phenomenon is
analyzed more quantitatively in Fig. 7. Densitometric scans of the
images in 4 and B (along the broken line in C) are shown in Fig. 8.
Bar, 30 um.
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Figure 5. Proteoglycan organization at a later stage of synapse devel-
opment. The culture of old muscle cells was stained as in Fig. 4, after
2 d of nerve growth. Note that intensely stained HSPG plaques (4)
have become associated with each of the junctional AChR aggregates
(B) along the path of nerve-muscle contact visible in phase-contrast
optics (see arrowheads in C), leaving only short expanses of cell
contact with a reduced HSPG site density similar to that shown in
Fig. 4 4. Bar, 30 um.

graphs to be presented as false-color maps that more quanti-
tatively reflect the local differences in antigen (or toxin) site-
density. The results of such an analysis of the cell in Fig. 4
are shown in Fig. 6, using a color look-up-table in which
increasing image intensity corresponds to increasing color-
temperature. Using this method of analysis, it became evident
that the path of nerve-muscle contact was associated with a
region of reduced antigen site-density (Fig. 6 4), and that there
was no corresponding drop in the density of «BGT sites along
the same paths of nerve-muscle contact (Fig. 6B).5 This
comparison is illustrated more quantitatively in Fig. 7, which
shows densitometric scans across the path of nerve-muscle
contact obtained from the images shown in Fig. 6, 4 and B.
Taken together, these observations confirm that the paths of
nerve-muscle contact were associated with localized regions
of muscle surface containing a reduced antigen site-density.

The presence of a reduced antigen concentration at sites of
nerve-muscle contact suggested that some developing nerve
fibers might have eliminated existing surface deposits of basal
lamina HSPG adjacent to the path of cell contact. This
possibility was confirmed in further experiments where extra-
junctional HSPG present on the anecural muscle cells was
again selectively stained with FITC-labeled antibody imme-
diately before plating ncural tube cells (see above). 2 d later,
after the development of neuromuscular junctions, the cul-
tures were counterstained with TRITC-labeled antibody or
TRITC-aBGT to reveal junctional aggregates of HSPG and
AChR. A total of seven cultures was used in each of these
experiments. Under these conditions local regions of reduced
HSPG staining were associated with virtually all paths of
nerve-muscle contact that showed both extensive staining of
junctional AChR, and significant levels of extrajunctional
HSPG (Fig. 8). In those cultures counterstained with TRITC-
labeled antibody to selectively reveal newly deposited HSPG,
it was clear that the plaques of dense, HSPG-containing
junctional basal lamina were also associated with paths of
reduced FITC staining similar to those shown in Figs. 4 and
8 (data not shown).

These discrete bands of reduced antigen site density were
not seen in control, nerve-free muscle cultures (data not
shown), indicating that developing nerve fibers had caused
the elimination of existing HSPG deposits. In fact, since these
bands of reduced antigen density were seen even at early
stages of synapse development, before the appearance of
extensive AChR aggregates and their associated deposits of
HSPG (Figs. 4 and 6), these observations indicate that the
nerve-induced removal of extrajunctional HSPG precedes the
subsequent formation of junctional HSPG plaques in the
region of cell contact. This removal presumably explains the
unexpected absence of older HSPG accumulations at the
developing neuromuscular junctions in this system (see
above).

Though further study will be required to characterize this
nerve-induced elimination of muscle surface HSPG more
systematically,” the present experiments have provided an-
other significant observation. It has already been shown that

¢ This observation also indicates that the apparent decrease in HSPG site density
shown in Figs. 64 and 7.4 was unlikely to have been an artifact caused by the
more complex membrane geometry along the path of nerve-muscle contact.

7 The inability of noncholinergic neurons to cause HSPG elimination will be
examined in a subsequent, more detailed study.
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Figure 6. Quantitative analysis of fluorescence
micrographs (shown in Fig. 4) by digital video
densitometry. Portions of the original negatives
used in the preparation of Fig. 4, 4 and B, were
analyzed with a densitometric video camera con-
nected to an IBAS image analysis computer (see
Materials and Methods). The digital image was
stored as a 512 X 512 pixel matrix, and has here
been presented as a false-color map where in-
creases in the absorbance of the photographic
emulsion are represented by increases in color-
temperature. Note the reduced image density, cor-
responding to a reduced antigen site density, along
the path of nerve contact (marked by arrowheads
in Fig. 4C) in A, and the absence of a correspond-
ing reduction in AChR staining in B. The color
values assigned to each range of optical density
(absorbance) are shown below the image in B.
Bars, 20 um.
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Figure 7. Densitometric scans through the path of nerve-muscle
contact shown in Figs. 4, 4 and B, and 7, 4 and B. Densitometric
values stored in video frame-memory have been plotted along the
dotted scan-line shown in Fig. 4 C. Vertical bars represent the absor-
bance (optical density) values associated with every third pixel. Note
that a reduced image density is associated with the path of nerve-
muscle contact in staining for HSPG (4), but not in the corresponding
view of AChR distribution (B).6

a substantial fraction (~40%) of the nerve-muscle contacts in
these cultures show no detectable spontaneous synaptic activ-
ity, and do not induce AChR accumulation (35). These
properties are shared by neurites derived from noncholinergic
neurons of dorsal root and sympathetic ganglia (35), indicat-
ing that the ability to induce AChR accumulation is probably
limited to cholinergic neurons. In view of such observations,
it is significant that most of the paths of nerve-muscle contact,
which showed no AChR accumulation after 2 d in culture,
were not associated with detectable bands of reduced antigen
site density, even when adjacent regions of the muscle surface
had high levels of background staining (data not shown).
Furthermore, regions of nerve growth over the extracellular
matrix deposited on the substratum by occasional islands of
epithelial cells, which also contain HSPG, did not reveal
similar evidence of localized antigen degradation (Fig. 9). This
indicates that the nerve-induced elimination of basal lamina
HSPG occurs at the developing neuromuscular junction (Figs.
4, 5, and 8), but is not simply a consequence of nerve growth,
or even the establishment of nerve-muscle contact. It is
therefore more likely to reflect a nerve-induced remodeling
of the muscle cell surface during synaptogenesis.

Discussion

This study has used fluorescent derivatives of «BGT and a
monoclonal antibody (2AC2) to analyze the mechanisms

responsible for the elaboration of a chemically specialized
basal lamina at the developing neuromuscular junction. Pre-
vious experiments have already demonstrated that neither of
these probes prevents the accumulation of AChR or HSPG
at developing neuromuscular junctions in this system (3, 7).
The results of this study indicate that quite different cellular
mechanisms are responsible for changes in the organization
of AChR and HSPG, even though their distributions show a
striking degree of congruence on both aneural and innervated
muscle cells (5). New accumulations of AChR have been
found to develop via a reorganization of mobile AChR units
within the plasma membrane (3, 4, 7). In contrast, new
accumulations of basal lamina HSPG consist of antigenic sites
only recently exposed at the cell surface, while older HSPG
deposits remain relatively stable in size and morphology. The
appearance of a dense junctional accumulation of HSPG is
also associated with the formation and growth of discrete
plaques of a new, organized basal lamina adjacent to the path
of nerve-muscle contact (7, 66). Based upon these results, it
is reasonable to conclude that the motoneuron induces a
localized deposition of recently synthesized HSPG at the
region of nerve-muscle contact. However, the ability to target
the site of deposition of new HSPG is clearly a property that
is endogenous to the developing muscle cell, and is not itself
dependent upon innervation. This indicates that an appropri-
ate, developing nerve fiber either (a) is able to specify new
sites of deposition for HSPG molecules synthesized by the
muscle cell, or (b) itself secretes HSPG that becomes incor-
porated in the developing junctional basal lamina. This ability
of muscle cells to generate great differences in their local rates
of HSPG deposition at the cell surface is remarkable, but
difficult to explain in mechanistic terms since the processes
that regulate the transport of recently synthesized products to
the cell surface still remain poorly understood.

It has already been shown in this system that innervation
by cholinergic motoneurons induces the aggregation of mobile
AChHR in a perineural region adjacent to the site of nerve-
muscle contact, and a corresponding disappearance of extra-
junctional AChR accumulations (3, 4, 7). A number of inves-
tigations have subsequently identified both soluble and insol-
uble factors which can stimulate the formation of new AChR
aggregates on non-innervated muscle cells in culture, suggest-
ing that the developing motor nerve might release analogous
AChR aggregation-promoting factors during synaptogenesis.
In keeping with this line of reasoning, it would be possible to
propose that the developing nerve either releases HSPG, or
other factors which selectively cause recently synthesized mus-
cle HSPG to become deposited at the site of innervation.

It is worth noting in this regard that the list of exogenous
factors that promote AChR aggregate formation on aneural
muscle cells is already substantial, including various proteins
of M, ~1,700 (33), M, ~75,000 (23, 30), M, 86,400 (sciatin)
(40), M, 200,000 (8), and M, ~1,000,000 (laminin) (65),
together with ascorbate (M, 176) (34), particulate matrix
extract (31), polylysine-coated latex beads (47), and strong
electric fields (46). It is not yet known whether these factors
all represent novel molecular entities, or include proteolytic
fragments of the large structural proteins that are already well-
established components of extracellular matrices. Additional
studies will be required to determine whether any of these
substances act as neurotrophic AChR-aggregating factors dur-
ing synapse formation.
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Figure 8. Removal of extrajunctional HSPG deposits at a developing neuromuscular junction. Extrajunctional HSPG deposits on old muscle
cells were pulse stained with FITC-antibody immediately before plating neural tube cells (as in Fig. 3). 2 d later developing neuromuscular
junctions were again revealed by staining with TRITC-aBGT. Note that, under these experimental conditions, junctional AChR aggregates
(B) were not associated with stained HSPG plaques in 4 (compare with Fig. 5), and that old HSPG deposits () appear to have been removed
along the path of nerve-muscle contact visible in phase-contrast optics (see arrowheads in C). Bar, 30 um.




Figure 9. Failure of developing neurites to remove antigenic sites
from HSPG-containing extracellular matrix deposited on the collagen
substratum by nonmuscle cells. (4) HSPG staining associated with
matrix deposited by epithelial cells that contaminate cultures of
Xenopus myotomal muscle. These had degenerated prior to the
addition of neural tube cells. (B) Phase-contrast view of the field seen
in 4, showing the paths of nerve growth over the substratum. Note
the absence of etched regions (4) associated with sites of nerve-
substrate contact in B. Bar, 30 um.

It is already established, however, that AChR aggregates are
consistently associated with corresponding surface specializa-
tions of both the basal lamina and cytoskeleton (5, 10, 12,
13,15, 17, 22, 23, 28, 31, 48, 56), and can be induced by the
specialized, junctional basal lamina during muscle regenera-
tion (16). The production of a specialized basal lamina that
could be evoked by a variety of physiological and nonphysi-
ological stimuli may therefore be a necessary precursor for
AChR aggregation.

The results of this study show that at least one other process
contributes to the nerve-induced formation of the junctional
basal lamina during synapse development. Before inducing
the formation of new HSPG deposits along the path of cell
contact (see above), the nerve first causes the elimination of
existing HSPG from the adjacent portion of the muscle sur-
face. This elimination can be detected at very early stages of
synapse formation, before the accumulation of junctional
HSPG plaques and their associated aggregates of AChR (see
Figs. 4 and 5). Since new HSPG plaques and AChR aggregates
can also form spontaneously on aneural muscle cells (3, 5, 7,
10, 25, 37, 61), this nerve-induced elimination of muscle
surface HSPG is the earliest detectable change in muscle
surface organization during synaptogenesis, and represents
the only such change that is unique to cells with nerve
contacts. This suggests that the nerve-induced elimination of
muscle basal lamina HSPG may represent a particularly
revealing phenomenon.

It may initially seem paradoxical that the developing nerve
fiber causes the elimination of HSPG from the muscle surface,
since the junctional basal lamina is later characterized by an
unusually high local concentration of this proteoglycan (5, 7).
However, it should be noted that the junctional basal lamina
appears to be specialized, relative to the extrajunctional lam-
ina present over the remainder of the muscle fiber, in a variety
of substances other than HSPG. Immunobhistochemical tech-
niques have, in fact, suggested that some antigens may even
be unique to the extrajunctional basal lamina (54). Also, like
other basement membranes that are stabilized by covalent
cross-linkages (see reference 36), the muscle basal lamina
shows a remarkable degree of structural stability, and will
survive for extended periods after the degeneration of the
muscle fiber (57). To assemble a chemically unique junctional
basal lamina, it may therefore be essential to first eliminate
HSPG, along with any existing extrajunctional lamina com-
ponents. The nerve-induced removal of extrajunctional basal
lamina HSPG may thus reflect an appropriate initial phase,
prior to the development of a junctional basal lamina. Indeed,
inability to eliminate a stable, extrajunctional basal lamina
could inhibit the development of ectopic synapses in adult
muscle, resulting in a preferential reinnervation of the existing
junctional basal lamina (see reference 57).

In addition to this obvious role of clearing the muscle
surface of any inappropriate extrajunctional basal lamina
components, the initial nerve-induced elimination of muscle
HSPG has other interesting implications for an understanding
of the molecular mechanisms that mediate synapse develop-
ment. These derive from the fact that there are well-estab-
lished precedents for interpreting the biochemical mecha-
nisms responsible for a localized elimination of basal lamina
components by an invasive cell. The elimination or modifi-
cation of organized complexes of extracellular matrix proteins
is commonly mediated by localized processes of proteolytic
degradation (for reviews see 11, 39, 43, 44, 52, 58, 62). The
archetype of such processes is found in the lysis of the fibrin
clot by the proteinase plasmin. In fact, the enzyme systems
which regulate the formation and lysis of fibrin also contribute
to processes of tissue remodeling (39, 43, 52). Based upon
these precedents, it is reasonable to suggest that the nerve-
induced elimination of muscle surface HSPG is also brought
about by a localized release or activation of proteinases at the
site of innervation. It has already been shown that both
sensory and sympathetic neurites secrete proteinases in cul-
ture (38, 49), primarily in the vicinity of the growth cone (38),
and that one of the proteinases released by growing nerve
fibers (49) has a pattern of substrate selectivity very similar to
a gelatinase, also secreted by cultured fibroblasts (1, 29, 59,
63, 64, 67), that has been shown to have proteoglycanase
activity (27, 29, 67). Developing nerve fibers are thus able to
secrete enzymes that could account for the nerve-induced
elimination of muscle HSPG observed in this study.

Even more interesting implications may be drawn from the
observations that HSPG elimination occurred as an initial
phase in the development of the neuromuscular junction, but
could not be detected at other sites of nerve—muscle contact
or nerve-substrate contact, where the intensity of HSPG
staining should have permitted its visualization. This latter
observation, which will require confirmation in further de-
tailed studies, is presumably related to the fact that ~40% of
the nerve-muscle contacts in this preparation also do not
form cholinergic synapses with muscle, or induce the aggre-
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gation of AChRs (20, 35). This apparent coupling of HSPG
elimination with its subsequent deposition into dense plaques
of junctional basal lamina may indicate that the proteolytic
enzyme systems responsible for HSPG elimination also con-
tribute to the formation of the junctional basal lamina. A
localized proteolysis at the site of cell contact, either by its
direct action on cell surface components, or indirectly by the
generation of active proteolytic fragments, could regulate a
variety of cytoplasmic mechanisms such as the reorganization
of cytoskeletal proteins and the vectoring of secretory products
from the Golgi apparatus, resulting in localized chemical
differentiation at the cell surface. It has also been shown that
a calcium-dependent metalloproteinase (or gelatinase, see
above) similar to that released by developing neurites in cell
culture (49), can both degrade proteoglycans and activate the
procollagenases required for the deposition of soluble, secreted
procollagens into the insoluble supramolecular complexes
that exist in extracellular matrix (64). In fact, for an orderly
removal and reassembly of the muscle basement membrane,
there must be a precisely regulated activation and inhibition
of several specific proteinases, required to degrade both HSPG
and the other structural proteins of basal lamina (such as
laminin and type IV collagen), and perhaps to activate pro-
collagen proteinases that could contribute to the assembly of
a new type IV collagen matrix in the developing junctional
basal lamina.® Since the junctional basal lamina appears to
function as a local regulatory signal, inducing focal synaptic
differentiation in both nerve and muscle cells (16, 57), this
would imply that the inductive interaction between neurons
and their target cells could ultimately be mediated by protein-
ase-cascade reactions reminiscent of those already implicated
in blood clotting and tissue remodeling.

A useful characteristic of these types of enzymatic cascade
reactions is their ability to use an array of proteinases, acti-
vators, and inhibitors to produce a common activating signal
that is initiated only under specific conditions (for a more
detailed discussion of these issues, see references 43, 44, 52,
and 58). It is thus conceivable that highly specific molecular
mechanisms of cell-cell recognition could regulate a localized
activation of a proteinase—cascade reaction common to a wide
range of neuron-target cell systems, leading in each case to
localized synaptic differentiation. Furthermore, if the protein-
ases involved in synaptic transmission (9), or other compo-
nents of such a system, were also released locally by the nerve
terminal, analogous inductive mechanisms could also couple
the level of synaptic differentiation to the amount of synaptic
activity throughout the life of the organism.

References

1. Aggelar, J., S. M. Frisch, and Z. Werb. 1984, Collagenase is a major gene
product of induced rabbit synovial fibroblasts. J. Cell Biol. 98:1656-1661.

2. Anderson, M. J., and M. W. Cohen. 1974. Fluorescent staining of
acetylcholine receptors in vertebrate skeletal muscle. J. Physiol. (Lond.).
237:385-400.

3. Anderson, M. J,, and M. W, Cohen. 1977. Nerve-induced and sponta-
neous redistribution of acetylcholine receptors on cultured muscle cells. J.
Physiol. (Lond.). 268:757-773.

4. Anderson, M. J.,, M. W. Cohen, and E. Zorychta. 1977. Effects of
innervation on the distribution of acetylcholine receptors on cultured amphib-

1t is not clearly established whether procollagen type IV also undergoes
proteolytic processing during its deposition into basement membranes, as is
known to occur with other collagen species (see reference 36).

The Journal of Cell Biology, Volume 102, 1986

ian muscle cells. J. Physiol. (Lond.). 268:731-756.

5. Anderson, M. J., and D. M. Fambrough, 1983. Aggregates of acetylcho-
line receptors are associated with plaques of a basal lamina heparan sulfate
proteoglycan on the surface of skeletal muscle fibers. J. Cell Biol. 97:1396-
1411.

6. Anderson, M. J., Y. Kidokoro, and R. Gruener. 1979. Correlation
between acetylcholine receptor localization and spontaneous synaptic potentials
in cultures of nerve and muscle. Brain Res. 166:185-190.

7. Anderson, M. J., F. G. Klier, and K. E. Tanguay. 1984. Acetylcholine
receptor aggregation parallels the deposition of a basal lamina proteoglycan
during development of the neuromuscular junction. J. Cell Biol. 99:1769-
1784.

8. Bauer, H. C,, M. P. Daniels, P. A. Pudimat, L. Jacques, H. Sugiyama,
and C. N. Christian. 1981. Characterization and partial purification of a
neuronal factor which increases acetylcholine receptor aggregation on cultured
muscle cells. Brain Res. 209:395-405.

9. Baxter, D. A., D. Johnston, and W. J. Strittmatter. 1983. Protease
inhibitors implicate metalloendoprotease in synaptic transmission at the mam-
malian neuromuscular junction. Proc. Natl. Acad. Sci. USA. 80:4174-4178.

10. Bayne, E. K., M. J. Anderson, and D. M. Fambrough. 1984, Extracellular
matrix organization in developing muscle: correlation with acetylcholine recep-
tor aggregates. J. Cell Biol. 99:1486-1501.

1. Bernfield, M., S. D. Banerjee, J. E. Koda, and A. C. Rapraeger. 1984.
Remodeling of the basement membrane: morphogenesis and maturation. Ciba
Found. Symp. 108:179-191.

12. Bloch, R. J., and B. Geiger. 1980. The localization of acetylcholine
receptor clusters in areas of cell-substrate contact in cultures of rat myotubes.
Cell. 21:25-35.

13. Bloch, R. J.,, and Z. W. Hall. 1983. Cytoskeletal components of the
vertebrate neuromuscular junction: vinculin, e-actinin, and filamin. J. Cell
Biol. 97:217-223.

14. Buckley, K. M., E. S. Schweitzer, G. P. Miljanich, L. Clift-O’Grady, P.
D. Kushner, L. F. Reichardt, and R. B. Kelley. 1983. A synaptic vesicle antigen
is restricted to the junctional region of the presynaptic plasma membrane. Proc.
Natl. Acad. Sci. USA. 80:7342-7346.

15. Burden, S. 1982. Identification of an intraceilular postsynaptic antigen
at the frog neuromuscular junction. J. Cell Biol. 94:521-530.

16. Burden, S. J., P. B. Sargent, and U. J. McMahan. 1979. Acetylcholine
receptors in regenerating muscle accumulate at original synaptic sites in the
absence of nerve. J. Cell Biol. 82:412-425.

17. Burrage, T., and T. Lentz. 1981. Ultrastructural characterization of
surface specializations containing high density acetylcholine receptors on em-
bryonic chick muscle in vivo and in vitro. Dev. Biol. 85:267-286.

18. Carlson, S. S., and R. B. Kelly. 1983. A highly antigenic proteoglycan-
like component of cholinergic synapic vesicles. J. Biol. Chem. 258:11082-
11091.

19. Christian, C. N., M. P. Daniels, H. Sugiyama, Z. Vogel, L. Jacques, and
P. G. Nelson. 1978. A factor from neurons increases the number of acetylcho-
line receptor aggregates on cultured muscle cells. Proc. Natl. Acad. Sci. USA.
75:4011-4015.

20. Cohen, M. W., and P. R. Weldon. 1980. Localization of acetylcholine
receptors and synaptic ultrastructure at nerve-muscle contacts in culture: de-
pendence on nerve type. J, Cell Biol. 86:388-401.

21. Couteaux, R. 1955. Localization of cholinesterases at neuromuscular
junctions. Int. Rev. Cytol. 4:335-375.

22. Daniels, M. P., M. Vigny, P. Sonderegger, H.-C. Bauer, and Z. Vogel.
1984. Association of laminin and other basement membrane components with
regions of high acetylcholine receptor density on cultured myotubes. Interna-
tional Journal of Developmental Neuroscience. 2:87-99.

23. Fallon, J. R., R. M. Nitkin, N. E. Reist, B. G. Wallace, and U. J.
McMahan. 1985, Acetylcholine receptor-aggregating factor is similar to mole-
cules concentrated at neuromuscular junctions. Nature (Lond.). 315:571-574.

24. Fertuck, H. C., and M. M. Salpeter. 1976. Quantitation of junctional
and extrajunctional acetylcholine receptors by electron microscope autoradiog-
raphy after '**I-a-bungarotoxin binding at mouse neuromuscular junctions. J.
Cell Biol. 69:144-158.

25. Fischbach, G. D., and S. A. Cohen. 1973. The distribution of acetylcho-
line sensitivity over uninnervated and innervated muscle fibers grown in cell
culture. Dev. Biol. 31:147-162.

26. Frank, E. L., and G. D. Fischbach. 1979. Early events in neuromuscular
junction formation in vitro. Induction of acetylcholine receptor clusters in the
postsynaptic membrane and morphology of newly formed synapses. J. Cell
Biol. 83:143-158.

27. Frisch, S. M., J. R. Chin, and Z. Werb. 1983. Molecular cloning of a
cDNA encoding a secreted connective tissue-degrading metalloproteinase in-
duced by changes in cytoskeletal structure. J. Cell Biol. 97(5, Pt. 2):403a.
(Abstr.)

28. Froehner, S. C., V. Gulbrandsen, C. Hyman, A. Y. Yeng, R. R, Neubig,
and J. B. Cohen. 1981. Immunofluorescence localization at the mammalian
neuromuscular junction of the M, 43,000 protein of Torpedo synaptic mem-
branes. Proc. Natl. Acad. Sci. USA. 78:5230-5234.

29. Galloway, W. A., G. Murphy, J. D. Sandy, J. Gavrilovic, T. E. Cawoton,
and J. J. Reynolds. 1983. Purification and characterization of a rabbit bone
mellalloproteinase that degrades proteoglycan and other connective tissue com-
ponents. Biochem. J. 209:741-752.

876



30. Godfrey, E. W., R. M. Nitkin, B. G. Wallace, L. L. Rubin, and U. J.
McMabhan. 1984. Components of Torpedo electric organ and muscle that cause
aggregation of acetylcholine receptors on cultured muscle cells. J. Cell Biol.
99:615-627.

31. Hall, Z. W., B. W. Lubit, and J. H. Schwartz. 1981. Cytoplasmic actin
in postsynaptic structures at the neuromuscular junction. J. Cell Biol. 90:789-
792.

32. Hooper, J. E., S. S. Carlson, and R. B. Kelly. 1980. Antibodies to
synaptic vesicles purified from murine electric organ bind a subclass of mam-
malian nerve terminals. J. Cell Biol. 87:104-113.

33. Jessel, T. M., R. E. Siegel, and G. D. Fischbach. 1979. Induction of
acetylcholine receptors on cultured skeletal muscle by a factor extracted from
brain and spinal cord. Proc. Natl. Acad. Sci. USA. 76:5397-5401.

34. Kaleheim, C., Z. Vogel, and D. Duksin. 1982, Embryonic brain extract
induces collagen biosynthesis in cultured muscle cells: involvement in acetyl-
choline receptor aggregation. Proc. Natl. Acad. Sci. USA. 79:3077-3081.

35. Kidokoro, Y., M. J. Anderson, and R. Gruener. 1980. Changes in
synaptic potential properties during acetylcholine receptor accumulation and
neurospecific interactions in Xenopus nerve-muscle cell culture. Dev. Biol.
78:464-483.

36. Kleinman, H. K., M. L. Garvey, L. A. Liotta, P. G. Robey, K. Tryggva-
son, and G. R. Martin. 1982. Isolation and characterization of type IV procol-
lagen, laminin and heparan sulfate proteoglycan from the EHS sarcoma.
Biochemistry. 21:6188-6193.

37. Ko, P. K., M. J. Anderson, and M. W. Cohen. 1977. Denervated skeletal
muscle fibers develop patches of high acetylcholine receptor density. Science
(Wash. DC). 196:540-542.

38. Krystocek, A., and W. W. Seeds. 1984. Peripheral neurons and Schwann
cells secrete plasminogen activator. J. Cell Biol. 98:773-776.

39. Liotta, L. A, N. C. Rao, S. H. Barsky, and G. Bryant. 1984. The laminin
receptor and basement membrane dissolution: role in tumor metastasis. Ciba
Found. Symp. 108:146-153.

40. Markelonis, G. J., T. H. Oh, M. E. Eldefrawi, and L. Guth. 1982, Sciatin,
a myotrophic protein increases the number of acetylcholine receptors and
receptor clusters in cultured skeletal muscle. Dev. Biol. 89:353-361.

41. McMahan, U. J,, J. R. Sanes, and L. M. Marshall. 1978. Cholinesterase
is associated with the basal lamina at the neuromuscular junction. Nature
(Lond.). 193:281-282.

42. Moody-Corbett, F., and M. W. Cohen. 1981. Localization of cholines-
terase at sites of high acetylcholine receptor density on embryonic amphibian
muscle cells cultured without nerve. J. Neurosci. 1:596-605.

43. Mullins, D. E., and S. T. Rohrlich. 1983. The role of proteinases in
cellular invasiveness. Biochem. Biophys. Acta. 695:177-214,

44. Neurath, H. and K. A. Walsh. 1976. The role of proteases in biological
regulation. /n Proteolysis and Physiological Regulation. Miami Winter Sym-
posia Vol. 11. D. N. Ribbons and K. Brew, editors. Academic Press, Inc. New
York. 29-41,

45. Nieuwkoop, P. D., and J. Faber. 1956. Normal table of Xenopus laevis.
2nd edition. Amsterdam/North Holland. 162-188.

46. Orida, N., and M. M. Poo. 1978. Electrophoretic movement and local-
ization of acetylcholine receptors in the embryonic muscle cell membrane.
Nature (Lond.). 275:31-35.

47. Peng, H. B., P. C. Cheng, and P. W. Luther. 1981. Formation of ACh
receptor clusters induced by positively charged latex beads. Nature (Lond.).
292:831-834.

48. Peng, H. B, and S. C. Froehner. 1985. Association of the postsynaptic
43K protein with newly formed acetylcholine receptor clusters in cultured
muscle cells. J. Cell Biol. 100:1698-1705.

49. Pittman, R. N. 1985. Release of plasminogen activator and a calcium-
dependent metalloprotease from cultured sympathetic and sensory neurons.

Dev. Biol. 110:91-101.

50. Podleski, T. R., D. Axelrod, P. Ravdin, 1. Greenberg, M. M. Johnson,
and M. M. Salpeter. 1978. Nerve extract induces increase and redistribution of
acetylcholine receptors on cloned muscle cells. Proc. Natl. Acad. Sci. USA.
75:2035-2039.

51. Ravdin, P,, and D. Axelrod. 1977. Fluorescent tetramethylrhodamine
derivatives of a-bungarotoxin: preparation, separation and characterization.
Anal. Biochem. 80:585-592.

52. Reich, E. 1978. Activation of plasminogen: a general mechanism for
producing localized extracellular proteolysis. /n Molecular Basis of Biological
Degradation Processes. R. D. Berlin, H, Herrmann, 1. H. Lepow, and J. M.
Tanzer, editors. Academic Press, Inc. New York. 155-169.

53. Rubin, L. L., S. M. Schuetze, and G. D. Fischbach. 1979. Accumulation
of acetylcholinesterase at newly formed nerve-muscle synapses. Dev. Biol.
69:46-58.

54. Sanes, J. R. 1982. Laminin, fibronectin and collagen in synaptic and
extrasynaptic portions of muscle fiber basement membrane. J. Cell Biol.
93:442-451.

55. Sanes, J. R., D. H. Feldman, J. M. Cheney, and J. C. Lawrence. 1984.
Brain extract induces synaptic characteristics in the basal lamina of cultured
myotubes. J. Neurosci. 4:464-473.

56. Sanes, J. R, and Z. W. Hall. 1979. Antibodies that bind specifically to
synaptic sites on muscle fiber basal lamina. J. Cell Biol. 83:357-370.

57. Sanes, J. R., L. M. Marshall, and U. J. McMahan. 1978. Reinnervation
of muscle fiber basal lamina after removal of myofibers. Differentiation of
regenerating axons at original synaptic sites. J. Cell Biol. 78:176-198.

58. Sellers, A., and G. Murphy. 1981. Collagenolytic enzymes and their
naturally occurring inhibitors. Int. Rev. Connect. Tissue Res. 9:151-190.

59. Sellers, A., J. J. Reynolds, and M. C. Meikle. 1978. Neutral metallopro-
teinases of rabbit bone. Separation in latent form of distinct enzymes that,
when activated, degrade collagen, gelatin and proteoglycan. Biochem. J.
171:493-496.

60. Stadler, H., and G. H. C. Dowe. 1982. Identification of a heparan
sulfate-containing proteoglycan as a specific core component of cholinergic
synaptic vesicles from Torpedo marmorata. EMBO (Eur. Mol. Biol. Organ.) J.
1:1381-1384.

61. Sytkowski, A. J., Z. Vogel, and M. W. Nirenberg. 1973. Development
of acetylcholine receptor clusters on cultured muscle cells. Proc. Natl. Acad.
Sci. USA. 70:270-274.

62. Tryggvason, K., T. Pihlajaniemi, and T. Salo. 1984, Studies on the
molecular composition and degradation of type IV collagen. Ciba Found.
Symp. 108:117-123.

63. Vaes, G., T. Eeckhout, G. Lenaers-Claeys, C. Francois-Gillet, and J. A.
Druetz. 1978. The simultaneous release by bone explants in culture and the
parallel activation of procollagenase and of a latent neutral proteinase that
degrades cartilage proteoglycans and denatured collagen. Biochem. J. 172:261-
274,

64. Vater, C. A., H. Nagase, and E. D. Harris. 1983. Purification of an
endogenous activator of procollagenase from rabbit synovial fibroblast culture
medium, J. Biol. Chem. 258:9374-9382.

65. Vogel, Z., C. N. Christian, M. Vigny, H. C. Bauer, P. Sonderegger, and
M. P. Daniels. 1983. Laminin induces acetylcholine receptor aggregation on
cultured myotubes and enhances the receptor aggregation activity of a neuronal
factor. J. Neurosci. 3:1058-1068.

66. Weldon, P. R., and M. W. Cohen. 1979. Development of synaptic
ultrastructure at neuromuscular contacts in an amphibian cell culture system.
J. Neurocytol. 8:239-259.

67. Werb, Z., J. T. Dingle, J. J. Reynolds, and A. J. Barrett. 1978. Proteo-
glycan-degrading enzymes of rabbit fibroblasts and granulocytes. Biochem. J.
173:949-958.

877 Anderson Remodeling of Muscle Basal Lamina



