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Remodeling of the synaptic extracellular matrix (ECM) and 
its dynamic relationship with nerve terminal plasticity have 
been demonstrated in normal frog neuromuscular junctions 
(NMJs) in viva (Chen et al., 1991). Our previous work has 
led to a hypothesis that extension of synaptic ECM precedes 
nerve terminal growth during synaptic remodeling. To test 
this hypothesis, the present study examined the changes of 
synaptic ECM in frog NMJs that were primarily undergoing 
nerve terminal growth and sprouting. Frog sartorius muscles 
were double stained with a fluorescent nerve terminal dye 
(4-Di-2-Asp) and rhodamine-tagged peanut agglutinin (PNA), 
which recognizes synaptic ECM. The double-labeled NMJs 
were visualized in viva with video-enhanced fluorescence 
microscopy. Nerve sprouting was then induced in the muscle 
by grafting segments of the contralateral sciatic nerve. The 
identified NMJs were restrained and reexamined 2-3 months 
later. Extensive sprouting was observed in 46% of 167 iden- 
tified NMJs. At junctional regions that showed extension or 
formation of new branches, synaptic ECM was commonly 
seen to have the same shape and distribution as the nerve 
terminal. However, extension of synaptic ECM beyond the 
corresponding nerve terminals, often by tens of microns, was 
observed in 29% of these newly formed junctional regions. 
This lack of correlation might be transient, as growth of nerve 
terminals following extended, PNA-stained ECM was seen. 
Examination with histological staining not only confirmed a 
lack of nerve terminal at the extended synaptic ECM region 
but also indicated an absence of AChE and postsynaptic 
junctional folds. The absence of these postsynaptic spe- 
cializations at the extended, PNA-stained ECM region makes 
it unlikely that this region was previously occupied by nerve 
terminals that had retracted. Thus, the present study pro- 
vides further findings consistent with the hypothesis that 
synaptic ECM precedes nerve terminal outgrowth and that 
the extension of synaptic ECM may play a role in synaptic 
remodeling. 
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Structural remodeling of synaptic connections has been ob- 
served in a variety of adult nervous tissues using conventional 
histology (reviewed by Wernig and Herrera, 1986) and, more 
recently, repeated in vivo imaging techniques (reviewed by Purves, 
1989). Due to its accessibility and simplicity, the neuromuscular 
junction (NMJ) has been a particularly useful model system for 
studying the dynamic properties of the synapse. By repeatedly 
viewing the same NMJ at multiple times in living animals, 
varying degrees of synaptic remodeling have been observed in 
muscles with different fiber types and in muscles of different 
species. For example, NMJs in mouse fast-twitch muscle show 
proportionate expansion of existing junctional branches without 
a change in the number or pattern of branches (Lichtman et al., 
1987; Balice-Gordon and Lichtman, 1990), whereas NMJs in 
slow-twitch muscle exhibit small disproportionate changes 
(Wigston, 1989, 1990) and filopodia of l-2 Km in length (Rob- 
bins and Polak, 1988). In comparison, frog NMJs undergo dra- 
matic remodeling, including growth, retraction, formation of 
new branches, and deletion of old ones, in a matter of months 
(Herrera and Werle, 1990; Herrera et al., 1990; Chen et al., 
199 1; Ko, 1991). However, the cellular and molecular mecha- 
nisms of synaptic remodeling remain unknown. 

The extracellular matrix (ECM) is thought to be involved in 
the regulation of neural development, including axonal growth 
and synapse formation (for reviews, see Sanes, 1983, 1989; Rei- 
chardt and Tomaselli, 199 1). In order to learn the possible role 
of synaptic ECM in the remodeling and maintenance of mature 
NMJs, we have previously examined the remodeling of synaptic 
ECM and its dynamic relationship with nerve terminals in living 
adult frog NMJs (Chen et al., 199 1). By double labeling NMJs 
with a fluorescent nerve terminal dye, 4-Di-2-Asp (Magrassi et 
al., 1987) and rhodamine-conjugated peanut agglutinin (PNA) 
for the synaptic ECM (Ko, 1987, 199 l), we have shown exten- 
sive remodeling not only in nerve terminals, but also in synaptic 
ECM. Although the close apposition between the nerve terminal 
and synaptic ECM at NMJs is, in general, actively maintained 
throughout the adult life, a lack of correlation between these 
two synaptic components was also observed. For example, along 
with the elongation or formation of new nerve terminal branch- 
es, synaptic ECM was sometimes seen extending tens of microns 
beyond nerve endings. The results led us to propose a hypothesis 
that the extension of synaptic ECM occurs prior to outgrowth 
of the nerve terminal during synaptic remodeling and may play 
a role in the dynamic feature of synaptic connections (Chen et 
al., 1991; Ko, 1991). 

The present study aimed to test this hypothesis by examining 
the extension of synaptic ECM during nerve terminal sprouting 
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in living frog NMJs. Two approaches, in addition to those used kept the temperature of the plate at 0-4°C. The metal plate was attached 
in our previous work, were applied to this study. First, nerve to the stage of an epifluorescence microscope (Olympus BHZ-RFL), 
terminal sprouting was induced by grafting nerve segments to allowing visualization of the fluorescently stained NMJs. 

the sartorius muscle to enhance nerve terminal growth (Diaz Visualization of NMJs and image processing. The method for visu- 

and Pecot-Dechavassine, 1990). This approach allows us to ex- 
alization of NMJs and image processing has been explained in detail 

amine whether the extension of synaptic ECM precedes nerve 
in the previous report (Chen et al., 1991). The nerve entry position, 
used as a landmark, was first located with a 10 x objective and oblique 

terminal sprouts in the NMJs that are nrimarilv undergoing incident illumination from a fiber optic light. NMJs are commonly 
2 ”  ”  

extension. In our previous study on normal muscles (Chen et distributed along intramuscular nerve bundles found near the nerve 

al., 199 l), only about 10% of NMJs displayed a mismatch be- 
entry forming several junctional regions. By using epifluorescence optics 

tween the nerve terminal and synaptic ECM, and some of these 
for TMR-PNA, the approximate distance of each junctional region to 
the point of nerve entry or the distance between each junctional region 

junctions were undergoing retraction of nerve terminal branch- was auicklv estimated. The individual NMJs in each iunctional region 
I  -  

Consistent with our hypothesis, the present study has shown 

es. Thus, by examining synaptic remodeling during enhanced 
growth of nerve terminal sprouting, we expect to find more 

more NMJs (65% compared with 10% in controls) with exten- 

NMJs with synaptic ECM longer than nerve terminals. The 
increase in these types of NMJs would provide more examples 

sion ofsynaptic ECM longer than nerve terminals in the muscles 

to characterize further the nature of synaptic remodeling in adult 
synapses. The second approach was to combine the repeated in 

in which sprouting was induced. Neither the fluorescent dyes 

viva observations with histological methods for staining nerve 
terminals and postsynaptic AChE at the final observations. The 
histological staining would help to confirm the absence of nerve 
terminal at the extended synaptic ECM region as observed by 
the 4-Di-2-Asp staining. In addition, the combined staining for 
nerve terminals and AChE would allow us to further distinguish 
growing synapses from regressing ones, as has been done by 
Wernie. et al. (1980). 

were -then -viewed with a 50 x water-immersion objective (Leitz;-NA 
1 .O) and the image recorded using a low-light video camera (Dage, SIT 
66). Filters (Olympus BP490/EY475, G520) for blue excitation/green 
emission were used to visualize 4-Di-2-Asp-stained nerve terminals 
and green excitation/red emission filters (Olympus BP545/EY550, R6 10) 
were used for TMR-PNA-stained ECM. To avoid excessive illumina- 
tion, a 1.2% transmittance neutral density filter was used to attenuate 
the light source (100 W Hg) and the exposure time for viewing both 
fluorescent labels was kept less than 20 sec. The recorded images through 
SIT camera were further processed using a digital image processor (Im- 
age- 1, Universal Imaging). Images (64 video frames) were averaged and 
then processed to reduce background and enhance contrast. The pro- 
cessed images were then stored on videotape and/or computer diskettes 
and later photographed using 35 mm films or a video printer. 

NMJs were viewed a third time about 10-l 5 d after the second obser- 
vation. Reidentification ofthe NMJ was based on the fluorescent images 
obtained during the initial observation and the location of the NMJ 
from the nerve entry position, as well as the distance from each other. 
The subsequent viewing procedures and image processing were the same 
as described above. 

Two to three months following nerve implantation surgery (see be- 
low), the right sartorius muscle was restained with 4-Di-2-Asp and 
TMR-PNA and identified NMJs were viewed for the second time. Some 

nor the histological staining for nerve terminals revealed any 
nerve endings at the extended synaptic ECM regions. In addi- 
tion, the absence of postsynaptic specializations, such as AChE 
reaction product and junctional folds, at the extended synaptic 
ECM regions suggests that they are newly differentiated regions 
rather than abandoned junctional sites. The results provide fur- 
ther evidence that the synaptic ECM recognized by PNA pre- 
cedes the outgrowth of nerve terminals during the remodeling 
of NMJs. 

A preliminary report ofthese results has been presented (Chen 
and Ko, 1991). 

Nerve segment implantation. To induce axonal sprouting, the tech- 
nique of nerve implantation, similar to that described by Diaz and 
Pecot-Dechavassine (1990), was adopted. Following the initial visual- 
ization of identified NMJs in the right sartorius muscle as described 
above, peripheral nerve segments were implanted under the muscle. 
Two small incisions were made along the medial edge of the right 
sartorius muscle, near the pelvis and nerve entry, respectively, and the 
muscle at these two sites was gently lifted free from the adjacent muscles 
using a glass probe. Two segments of the contralateral sciatic nerve, 2- 
3 mm each, were removed and placed separately at each location in the 
right sartorius muscle. Nerve segments were positioned parallel to the 
long axis of muscle fibers close to the middle of the muscle. The skin 

-- then sutured closed and the frog was returned to its tank for recovery. 

Materials and Methods Histology. After the final in vivo observation, the right sartorius muscle 
was dissected out and fixed with 2% glutaraldehyde (in frog Ringer 

Animal preparation. Adult male and female frogs (Rana pipiens) of solution) for 3-4 min (pH 7.2). The muscle was then stained with ni- 

and staining. The details of the double&taining procedure, using a-flu- 

similar size (7-8 cm, rump-to-nose length) and weight (30-41 gm) were 

orescent dve. 4-(4-diethvlamino-stvrvl)-N-methvlovridinium iodide (4- 

used for all the experiments. These frogs were obtained all year round 

Di-2-Asp;+Molecular Probe), for nt&e’terminals (Magrassi et al., 1987) 
and tetramethylrhodamine isothiocyanate-conjugated peanut aggluti- 

and maintained in the laboratory from several weeks to 2-3 months 

nin (TMR-PNA; Sigma) for the synaptic ECM (Ko, 1987) have been 
described in a previous report (Chen et al., 1991). Briefly, an incision 

before experiments. Animals were anesthetized by immersion in 0.2% 

(2-3 cm length) was made on the right leg to expose sartorius muscle. 
A strip of Kimwipe tissue, moistened with frog Ringer solution (111 

tricaine methanesulfonate (Sigma) for approximately 30 min and then 

mM NaCl, 2 mM KCI, 1.8 mM CaCl,, 5 mM HEPES, pH 7.2), was placed 
on the muscle surface. The 4-Di-2-Asp staining solution (10 LM in 

kept on ice to maintain a low body temperature throughout the surgery 

Ringer solution) was dripped with a pipette onto the strip of Kimwipe 
tissue every 30 set, for a total of 3 min. The sartorius muscle was rinsed 
with frog Ringer and then stained by the same method with TMR-PNA 
(50 fig/ml in Ringer solution) for a total of 30 min, with 3-4 min between 
each application. After staining, the Kimwipe tissue was removed and 
the muscle rinsed several times with frog Ringer solution. The frog was 
then placed on a metal plate connected to a recirculating chiller that 

HRP-PNA staining, muscles were fixed overnight with 2% glutaralde- 

troblue tetrazolium (NBT) for nerve terminals (Letinsky and DeCino, 

hvde at 4°C. After incubation with HRP-PNA (100 ua/rnl in Ringer 
solution; Sigma) at room temperature for 1 hr ‘or at 2°C overnight, 
muscles were rinsed with Ringer solution thoroughly and subjected to 

1980) and Karnovsky’s method for acetylcholinesterase (AChE) (Kar- 

the peroxidase enzyme reaction using a peroxidase substrate kit (Vector). 

novsky, 1964). The histological images of NMJs were compared with 

NMJs double stained withjluorescently labeled PNA and tetanus toxin 
C-fragment. Some sartorius muscles were dissected from normal frogs 

the final fluorescent images of the same junction. Some muscles were 

and double stained with TMR-PNA and fluorescein isothiocyanate- 
tagged tetanus toxin C-fragment (TTC), which has been shown to label 

stained with horseradish peroxidase-conjugated PNA (HRP-PNA) in- 

nerve membrane (Robbins and Polak, 1988). A strip of Kimwipe tissue 
soaked in 1 O-20 ~1 of TTC solution (100 &ml in Ringer; Molecular 

stead of NBT/AChE staining after the final in vivo observation. For 

Probe) was placed on the surface of the muscle. The dish was then 
covered and sealed with paraffin film to prevent evaporation. After 30- 
45 min of staining, the muscle was rinsed thoroughly with Ringer and 
incubated with TMR-PNA (50 Kg/ml in Ringer) for 30 min. After double 
labeling, NMJs were observed with the epifluorescence microscope. 

Measurements. To quantify the changes following nerve implantation 
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Figure I. An NMJ undergoing sprouting after implantation of sciatic nerve segments to the frog sartorius muscle (see Materials and Methods). 
The end plate was stained with NBT and Karnovsky’s method to reveal the nerve terminal arborization and postsynaptic AChE 76 d after operation. 
The thin nerve fibers (arrowhead) extended past the border of the AChE staining (lower arrow). The upper arrow indicates a ring of AChE staining 
at the end of a sprout. 

in both nerve terminals and synaptic ECM, the fluorescent images of 
4-Di-2-Asp and TMR-PNA staining were traced from a video monitor 
onto acetate film and measurements were then made on a digitizing 
tablet connected to a computer (Chen et al., 199 1). The frequency and 
extent of nerve sprouting were determined based on images of NBT 
and Karnovsky’s staining. A nerve sprout was identified either as a 
“naked” nerve process without accompanying AChE, or with AChE 
ring-like structure (Wemig et al., 1980). The difference in length between 
4-Di-2-Asp staining and TMR-PNA staining at each sprouting branch 
(identified by the NBT/AChE staining) was also calculated. Because 
PNA staining of synaptic ECM is not as sharply defined as nerve ter- 
minal staining, the tracing of PNA staining from the video monitor 
occunied about 3-4 urn in width. Thus, only the difference equal to or 
more than 5 pm between nerve terminal and PNA staining was analyzed. 

Results 
Induction of nerve sprouting in sartorius muscles 
Similar to the previous findings (Diaz and Pecot-Dechavassine, 
1990; Pecot-Dechavassine and Diaz, 199 l), extensive nerve 
sprouting in the sartorius muscle occurred around 2-3 months 
after nerve implantation. Thus, the subsequent observations of 
identified NMJs were usually made around this period. When 
NMJs were stained with the NBT technique for nerve terminals 
and Karnovsky’s method for the postsynaptic AChE, apparently 
the majority of sprouting occurred at terminals (Fig. l), although 
occasionally preterminal and nodal sprouting were also seen 
(results not shown). A sprout was more often elaborated at the 
distal end of a terminal branch than at the rest of the branch. 
The sprouts usually elongated and contacted the same muscle 
fiber, but sometimes they also extended to the neighboring fi- 
bers. Many sprouts lacked AChE reaction product along their 
entire length (Fig. 1, arrowhead) while others showed only a 
small ring of AChE staining (Fig. 1, upper arrow) at the end of 
the nerve process. The number of sprouts per junction varied 
from junction to junction. The length of each sprout ranged 
from a few microns to tens of microns (see Morphometry, be- 
low). 

Changes of synaptic ECM in relation to the nerve terminal 
during NMJ growth and sprouting 
To examine the remodeling of synaptic ECM in relation to the 
motor nerve terminals during axonal growth and sprouting, 
NMJs double labeled with 4-Di-2-Asp and TMR-PNA were 

viewed before and 2-3 months after nerve implantation. During 
the period between observations, elongation ofexisting branches 
and/or addition of new branches occurred at most of the NMJs. 
An example of the extensive change in both nerve terminal and 
synaptic ECM following nerve implantation is shown in Figure 
2. Before nerve implantation, the nerve terminal staining (Fig. 
2a) was accompanied by PNA staining (Fig. 26). When the same 
junction was viewed the second time, 99 d after nerve implan- 
tation, two new terminal branches (20 pm and 55 pm, respec- 
tively) were added at the tip of a branch (arrowhead in Fig. 2~). 
PNA-stained ECM was also seen along these two new branches 
(arrowhead in Fig. 2d). The total length of this junction (sum 
of lengths of individual junctional branches) was increased by 
36%. This example demonstrated the substantial growth and 
remodeling of the NMJ following nerve implantation, with the 
changes of synaptic ECM corresponding to that of nerve ter- 
minals. 

Although correlation between the distribution of PNA stain- 
ing and nerve terminal staining was commonly seen during 
junctional growth or sprouting, lack of correlation between these 
two synaptic labels was also observed. One example is shown 
in Figure 3. Initially, this junction had a compact configuration 
with synaptic ECM (Fig. 3b) accompanying the nerve terminal 
arbor (Fig. 3a) at each branch. The same junction viewed for 
the second time, 77 d after nerve implantation, revealed dra- 
matic elongation of two nerve branches and the corresponding 
PNA-stained ECM (1, 2 in Fig. 3c,d). The growth of this junc- 
tion was so dramatic that the total junctional length increased 
by 115%. One interesting feature of this junction is the elon- 
gation of PNA-stained ECM beyond the terminal by 50 pm at 
one branch (distance between arrow and arrowhead in Fig. 3d). 
However, the length of the nerve terminal at this branch re- 
mained unchanged over time (compare arrowheads in Fig. 3a,c), 
in contrast to the observations for branches 1 and 2. 

PNA-stained ECM was not only seen extending beyond static 
nerve terminals but also seen ahead of nerve terminals that 
elongated during the interval between observations. One ex- 
ample is shown in Figure 4. The junction initially exhibited 
good alignment between nerve endings (Fig. 4a) and synaptic 
ECM (Fig. 46). At the second observation, 67 d after nerve 
implantation, the same junction showed elongation of most of 
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Figure 2. Formation of new nerve terminal branches and corresponding synaptic ECM after nerve implantation. a and b, Before nerve implantation, 
the NMJ was visualized with 4-Di-2-Asp (a) and TMR-PNA (b). Arrowheads indicate the regions that elongated later. c and d, The same junction 
was stained and visualized again, 99 d after nerve implantation. Two nerve terminal branches had emerged (c, arrowhead) and were apposed by 
the synaptic ECM labeled by PNA (d, arrowhead). In this and the following figures (Figs. 2-lo), the leff panels (NT) are images of nerve terminals 
from the initial and subsequent viewing(s) in order (from top to bottom), as revealed by 4-Di-2-Asp staining. The right panels (PNA) are images 
of synaptic ECM from the same fields of double-stained junctions in each viewing, as revealed by TMR-PNA. All images in the same figures have 
the same magnification unless otherwise indicated. 

the terminal branches and even formation of a small. nerve 
terminal branch (Fig. 4c, arrowhead). PNA-stained ECM also Elongation of the nerve sprouts along the extended synaptic 
increased in length and correlated with the terminals, except at ECM 
one branch where the synaptic ECM is about 40 pm longer than The extended synaptic ECM shown above may provide a path- 
the nerve terminal (between arrow and arrowhead in Fig. 4d). way for the growing nerve terminal to follow. If  this is the case, 
In contrast to the junction shown in Figure 2, the above two one would expect to observe junctions with nerve terminals 
junctions (Figs. 3, 4) exhibited noncorrelated changes between growing along the extended synaptic ECM. An example of this 
synaptic ECM and the nerve terminal during the induction of type ofjunctional dynamic is shown in Figure 5. Initially, PNA- 
nerve sprouting. PNA-stained ECM often stretched tens of mi- stained ECM was aligned with the nerve terminal arbor, except 
crons beyond the nerve terminal. 

NT 

at one branch where PNA staining (arrowhead in Fig. 5b) had 

PNA 

Figure 3. A lack of correlation between nerve terminal and synaptic ECM following nerve terminal sprouting. a and b, Views of the nerve terminal 
and corresponding synaptic ECM before nerve implantation. Markers (I, 2) indicate the branches that later changed. c and d, Views of the same 
junction, 77 d after nerve implantation. Branches I and 2 elongated dramatically with nerve terminals (c) corresponding to synaptic ECM (d). 
However, another branch (arrowheads) showed no changes in the nerve terminal length (compare arrowheads in a and c) but had an increase in 
the length of PNA-stained ECM (arrow in d). 
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NT PNA 

Figure 4. Extension of synaptic ECM beyond a newly formed nerve sprout. a and h, Initial view of the nerve terminal arborization and corresponding 
synaptic ECM. Arrowheads point to the tip of one branch from which a new nerve sprout later emerged. c and d, The second view, 67 d after nerve 
implantation. The formation of a small nerve branch (c, arrow/z&d) was evident but it was stained lightly by 4-Di-2-Asp. The region between 
arrow and arrowhead in d was devoid of nerve terminal. 

already extended at least 20 Km beyond the terminal (arrowhead 
in Fig. 5~). At the second observation, 79 d after nerve im- 
plantation, the nerve terminal at the noncorrelated branch had 
grown into the extended ECM region (arrowhead in Fig. 5~). 
Along with the growth ofthe nerve terminal, PNA-stained ECM 
elongated even farther and bifurcated in front of the terminal 
ending (arrowheads in Fig. 5d). The elongated ECM was not 
caused by the experimental procedure since it was also observed 
at the beginning of the experiments (Fig. 5b). This result is 
similar to our previous finding on normal frog muscles that 
synaptic ECM longer than nerve terminals was seen in some 
NMJs without prior in vivo observations (Chen et al., 1991). 

To examine further the dynamics ofjunctional growth, some 
junctions were viewed one more time after the second obser- 
vation. As shown in Figure 6, before nerve implantation, the 
junction displayed nearly equal alignment between the nerve 
terminal (Fig. 6~) and synaptic ECM (Fig. 6b) at each branch. 
At the subsequent viewing, 64 d after induced sprouting, the 
PNA-stained ECM at one branch had elongated horizontally 
(arrowhead in Fig. 6d indicates the elongation point) and then 
bifurcated vertically. The nerve terminal branch did not show 
any changes (arrowhead in Fig. 6~). At the final viewing, 16 d 
later, the nerve terminal elongated horizontally by 10 pm (ar- 
rowhead in Fig. 6e indicates the elongation point). In addition, 

NT PNA 

Figure 5. Nerve terminal growth along the extended synaptic ECM at an end plate viewed twice. a and b, The initial viewing of the nerve terminal 
and synaptic ECM, respectively. Arrowheads indicate PNA staining (b) longer than the terminal staining (a). c and d, The same junction at the 
second viewing, 79 d following nerve implantation. The nerve terminal elongated during this period of time (c, arrowhead). The synaptic ECM 
extended farther to new areas (arrowheads). 
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F&WY 6. Nerve terminal growth along the extended synaptic ECM at an end plate viewed three times. a and b, The initial images of the nerve 
terminal and corresponding synaptic ECM. Arrowheads indicate the points from which the elongation of a branch later occurred. c and d, The 
second viewing, 64 d after nerve implantation. The nerve terminal remained unchanged (arrowhead in c) while synaptic ECM elongated dramatically 
(arrows in d). e andf; The final viewing, another 16 d later. The nerve terminal also elongated (e, arrows) to keep pace with synaptic ECM U; 
arrows). The arrowheads in c-findicate the same locations as those in a and b. 

the bifurcating portion of PNA-stained region now also showed ECM is a transient phenomenon. It appears likely that the nerve 
4-Di-2-Asp staining (arrows in Fig. 6e). The crossing nerve fiber terminal would eventually grow into the region previously oc- 
shown in this example could be a process from other types of cupied only by the extended synaptic ECM. 
neurons, such as autonomic or sensory neurons. If so, the above 
result would suggest that differentiation of PNA-stained ECM Absence of postsynaptic AChE at the extended synaptic ECA4 
advances prior not only to motor nerve terminal but also to region 
other neuronal processes. The above results also suggest that As was noted in the previous study (Chen et al., 199 I), the lack 
the lack of correlation between nerve terminal and synaptic of correlation between PNA-stained ECM and the nerve ter- 
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Figure 7. Absence of AChE at the extended synaptic ECM. a and b, The initial observation of a junction. The synaptic ECM was not overlain 
by nerve terminal at one region (arrowhead in 6). c and d, The second viewing, 57 d after nerve implantation. A new nerve terminal branch 
(arrowhead in c) had grown into the previously existing ECM (arrowhead in d). e and f; The final viewing, 14 d after the second observation. 
Correlation between the nerve terminal and synaptic ECM was still maintained at this branch (arrowheads), while synaptic ECM was longer than 
the nerve terminal at the other branch (arrows). g, Histological staining delineated the nerve terminal and AChE. h and i, Higher magnification of 
two regions of g. The absence of AChE along the nerve process (arrowheads in g, h) indicates it is likely a newly formed sprout. AChE reaction 
product outlined the nerve terminal at the other branch (arrows in g, i), but no AChE was seen at the extended ECM region indicated by an arrow 
in f:  Scale bar in g also applies to u-f 

minal seen above could be indicative of synaptic ECM preceding 
the outgrowth of the terminal, or alternatively due to the re- 
traction of the nerve terminal leaving the synaptic ECM behind. 
To differentiate between these two possibilities, sartorius mus- 
cles were stained with NBT for nerve terminals and Karnovsky’s 
method for postsynaptic AChE (see Materials and Methods) 
immediately after the final in vivo observations. As shown in 

Figure 7, the nerve terminal was initially correlated with the 
synaptic ECM at each individual branch except at one where 
the ECM was unopposed by the nerve terminal (arrowhead in 
Fig. 7b and corresponding region in Fig. 7~). The PNA staining 
at this branch was evident although it was less intense than at 
the other branches. Fifty-seven days after nerve implantation, 
a nerve terminal (arrowhead in Fig. 7c) occupied the extended 



NT 

The Journal of Neuroscience, February 1994, 14(2) 803 

PNA 

Figure 8. Absence of postsynaptic junctional folds at the region with extended synaptic ECM. a and b, Initial images of the nerve terminal and 
synaptic ECM. c and d, Images of the same junction, 68 d after nerve implantation. The junction elongated horizontally, but one nerve terminal 
branch remained unchanged (compare arrowheads in a, c). Note that the PNA staining was longer than the nerve terminal staining at this branch 
(distance between arrowhead and arrow in d). e, The same junction stained with HRP-PNA. f; Higher magnification of e, showing the right part 
of the junction. No distinctive junctional folds were seen at the region between arrow and arrowhead, which was unoccupied by the nerve terminal. 
The region innervated by the nerve terminal shows extensive junctional folds (double arrowhead in f). Scale bar in e also applies to a-d. 

PNA-stained ECM region (arrowhead in Fig. 7d). This result, 
similar to Figure 6, also indicated that the lack of correlation 
between synaptic ECM and the nerve terminal was transient. 
At the final observation, 14 d later, the nerve terminal and 
synaptic ECM remained in good alignment at this branch (ar- 
rowheads in Fig. 7ef). However, during this period, the ECM 
at another branch (arrow in Fig. 7f) elongated about 20 Km 
beyond the accompanying nerve terminal (arrow in Fig. 7e), 
which remained unchanged throughout the three observations. 

Histological staining of this junction after the final in viva 
observation revealed several interesting features. First, the shape 
of the nerve terminal, including the sprout, delineated by NBT 
staining was identical to that revealed by 4-Di-2-Asp, suggesting 
that the fluorescent nerve terminal dye labels all nerve terminal 
branches. Second, unlike the rest ofthe nerve terminal branches, 
the new nerve branch (arrowhead in Fig. 7g,h) lacked AChE 
staining. Such a “naked” terminal without accompanying AChE 
is thought to be a newly developed nerve sprout that has not 
yet induced formation of the postsynaptic AChE (Wernig et al., 

1980). Finally, AChE was also missing from the region that 
contains only PNA-stained ECM without an overlying nerve 
terminal (arrow in Fig. 7J;g). A higher-magnification view of 
this branch (arrow in Fig. 7i) clearly showed nerve terminals 
outlined by AChE staining. However, at the extended, PNA- 
stained region (distal to the arrow in Fig. 7i), neither the nerve 
terminal nor AChE was seen. The lack of AChE implies that 
this extended ECM region was not previously occupied by a 
nerve that had later withdrawn. Otherwise, AChE remnants 
would be expected at the abandoned synaptic site (Wernig et 
al., 1980, 198 1 b). Therefore, the presence of the synaptic ECM 
beyond the nerve terminal is unlikely due to the retraction of 
the terminal. Instead, it may represent a growing junction with 
the differentiation of PNA-stained ECM occurring first. 

Absence of junctional folds at the extended synaptic ECM 
region 

In addition to the lack of AChE in the extended PNA-stained 
ECM regions, the regions are devoid of junctional folds, a mor- 
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Figure 9. Remnants of AChE and junctional folds at the region with the retracting nerve terminal branch. a and b, The initial viewing of an end 
plate. Note the close correspondence between the nerve terminal and synaptic ECM (arrowheads in a and b). c and d, The second viewing, 55 d 
later. The nerve terminal underwent retraction and the arrowheads point to one shortened branch (compare arrowheads in a, c). However, PNA 
staining of the same branch was unchanged (compare arrowheads in b, d). e and f; The image of histological stains for the nerve terminal and 
AChE (e), also shown at higher magnification (f). Arrowheads point to the tip of the regressing nerve terminal. AChE reaction product and junctional 
folds were present at the abandoned gutter (arrows). Scale bar in e also applies to a-a’. 

phological marker for mature junctions. For example, a close 
correspondence of the nerve terminal staining with PNA stain- 
ing was seen at the initial observation of the junction shown in 
Figure 8, a and b, although the terminal staining at one branch 
(arrowhead in Fig. 8~) was fainter near the tip than elsewhere. 
Sixty-eight days after nerve implantation, the nerve terminal at 
the same branch remained unchanged (arrowhead in Fig. 8c) 
while PNA-stained ECM increased in length, projecting 16 pm 
beyond the terminal (the distance between arrowhead and arrow 
in Fig. 8d). The same junction stained with HRP-PNA following 
the final observation is shown in Figure 8e. The extended ECM 
region displays a different staining pattern from the region that 
is occupied by the nerve terminal as depicted in the higher- 
magnification view (Fig. 8f). Specifically, the portion of the 
branch occupied by the nerve terminal has the appearance of 
parallel tracks crossed by small vertical bars. The vertical bars 
represent the junctional folds filled with HRP reaction product 
(double arrowhead in Fig. 8f). However, at the region containing 
the PNA-stained ECM without the overlying nerve terminal 
(region between arrow and arrowhead in Fig. 8e,f), no distinc- 
tive junctional folds as those seen in the innervated region were 
observed. It has been shown that junctional folds persist long 
after the retraction of the nerve terminal (Wernig et al., 1980). 
In contrast, junctional folds are missing or less developed at the 
newly formed sprout region (Wernig et al., 1980, 1981a; Anzil 
et al., 1984). The absence of distinctive junctional folds at the 
extended ECM region further suggests that this junction is most 
likely undergoing growth with PNA-stained ECM extending first. 

In comparison with the junction shown above, a few NMJs 
that had undergone nerve retraction while between observations 
showed extensive junctional folds as well as AChE at the aban- 
doned sites. An example is illustrated in Figure 9. The junction 
initially showed a good correlation between the nerve terminal 

(Fig. 9~) and the synaptic ECM (Fig. 9b). Over a period of 55 
d, the nerve terminals withdrew from some regions (arrowhead 
in Fig. SC). However, the synaptic ECM showed little change in 
length (arrowhead in Fig. 9~‘). As a result of nerve retraction, 
the PNA-stained ECM was about 10 km longer than the terminal 
(compare the distance between arrowhead and asterisk in Fig. 
9c,d). Histological examination of this region (between arrow 
and arrowhead in Fig. 9e) confirmed the absence of the nerve 
terminal. In addition, as shown in the higher-magnification view 
of this region, the “empty” gutter contained junctional folds and 
AChE reaction products (arrow in Fig. 9f). In contrast to the 
junction shown in Figure 8, the presence of AChE and the junc- 
tional folds suggests that this “empty” synaptic ECM region is 
probably the result of nerve terminal retraction rather than syn- 
aptic ECM leading nerve terminal growth (see Discussion). 

Continual elongation of synaptic EC&f over time 

Additional evidence supporting the hypothesis that extension 
of synaptic ECM precedes neurite outgrowth during remodeling 
was obtained by the observations that dramatic changes in the 
synaptic ECM but not in nerve terminals occur following the 
nerve implantation. For example, a triple observation of an 
NMJ during a total of 77 d of nerve implantation revealed only 
slight elongation at one nerve terminal branch (Fig. lOa,c,e). 
PNA-stained ECM at the same branch began to elongate (al- 
though slightly) by the time of the second observation (arrow- 
head in Fig. 10d) and continued to grow. Within the next 10 d, 
the PNA-stained region extended more than 60 pm beyond the 
nerve terminal (compare the arrowheads in Fig. lOe,f). This 
example demonstrated the dramatic elongation of PNA-stained 
ECM ahead of the nerve terminal even in a relatively short 
period of time. 
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Figure 10. A triple observation of an end plate showing a drastic growth of synaptic ECM but only a slight change in the nerve terminal. a and 
6, The initial images. c and d, The subsequent images of 67 d later. e andf; The final images, another 10 d later. Arrowheads in a, c, and e indicate 
the end of a nerve terminal branch, which slightly increased in length over time. Arrowheads in b, d, andfindicate the changes of synaptic ECM 
at that branch. The change is especially significant after the second observation. 

Synaptic ECM longer than the nerve terminal visualized by 
TTC 
Fine nerve processes, such as lamellipodia and filopodia, can 
be visualized by fluorescent-labeled TTC (Robbins and Polak, 
1988). This dye stains the nerve terminal membrane and is 
nontoxic when used under low intensity of illumination and 
short light exposure time (Hill and Robbins, 199 1). Therefore, 
FITC-conjugated TTC was used along with TMR-PNA to ex- 
clude the possibility that the lack of correlation between the 
nerve terminal and synaptic ECM was an artifact produced by 
the inability of 4-Di-2-Asp to stain fine nerve processes. As 
shown in Figure 11, the noncorrespondence between FITC-TTC 
and TMR-PNA was also apparent (compare arrowheads in Fig. 
1 la with arrows in b). PNA-stained ECM is about 14 pm (dis- 
tance between arrows and arrowheads in Fig. 1 lb) longer than 
the corresponding terminals. Using FITC-TTC, we have ex- 
amined more than 100 NMJs in five normal sartorius muscles 
and found 18 of them exhibiting PNA-stained ECM longer than 
nerve terminals. Thus, the noncorrelation between the synaptic 
ECM and nerve terminals is not unique to 4-Di-2-Asp staining. 

Morphometry 

To determine quantitatively the efficiency of the nerve implan- 
tation in inducing nerve sprouting, we examined the frequency 
and extent of nerve sprouting in frog NMJs after nerve im- 
plantation. For a total of 167 junctions (in 10 frogs) that were 
stained with the histological methods after the repeated in vivo 
observations, signs of sprouting (see Material and Methods for 
definition) were found in 46% ofNMJs (77 of 167). The number 
of sprouts varied from 0 to 10 sprouts at each NMJ with an 
avcragc of 1.06 sprouts per junction. Some of the junctions 
showed dramatic growth and sprouting. The length of sprouts 
ranged from 3 wrn to 97 pm, with the mean value of 17 pm. 
These results indicate that nerve implantation was very effective 

in inducing axonal sprouting in frog muscles as shown previ- 
ously (Diaz and Pecot-Dechavassine, 1990). 

The distribution of synaptic ECM in relation to the nerve 
terminal was examined in 167 NMJs. Of these junctions, 65% 
(108 of 167) showed at least one junctional branch extending 
with PNA-stained ECM longer than the nerve terminal. All 

Figure II. Noncorrespondence between the nerve terminal and syn- 
aptic ECM at a normal frog NMJ revealed by double staining with 
FITC-TTC and TMR-PNA. a, The nerve terminal visualized by FITC- 
TTC. b, The synaptic ECM visualized by TMR-PNA. The lack of cor- 
relation between these two synaptic elements is apparent at the regions 
indicated between arrowheads and arrows. 
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Scott, 1985). The results indicate that nerve implantation is a 
simple and yet powerful method to induce nerve terminal 
sprouting in frog skeletal muscles without the use of toxins. This 
approach allowed us to examine the dynamic changes of syn- 
aptic ECM recognized by PNA during the active growth of the 
nerve terminal. 

The dynamic relationship between synaptic ECM and the 
nerve terminal outgrowth 

In our previous study on remodeling of synaptic ECM in normal 
frog NMJs, synaptic ECM longer than nerve terminals was seen 
in junctional branches that elongated as well as in those that 
retracted during the observation intervals (Chen et al., 1991; 
Ko, 199 1). Thus, questions regarding the origin of the elongated 
synaptic ECM were raised. Was this region of synaptic ECM 
once occupied by a nerve terminal that had retracted, or did it 
represent a newly differentiated region that would be followed 
by nerve terminal outgrowth? To distinguish between these two 
alternatives, fluorescent staining was combined with NBT/AChE 
histological staining. In the previous study, we saw two different 
types of extended, PNA-stained regions in normal NMJs: one 
showed AChE remnants, likely indicating abandoned synaptic 
sites, whereas the other type was devoid of AChE deposits, 
probably representing newly developed regions prior to nerve 
outgrowth. However, these NMJs were not observed repeatedly 
using the in vivo imaging method prior to NBT/AChE staining; 
therefore, their histories of dynamic changes were not clear and 
the results could not distinguish the association of extended 
synaptic ECM with growing nerve terminals versus regressing 
ones. 

To address the above concern, we have combined repeated 
in vivo observations with histological staining in the present 
study. AChE and junctional folds revealed by histological stain- 
ing have long been used as markers for mature NMJs. These 
postsynaptic specializations can persist for a long time (even 
years in frog muscle) at denervated synaptic sites (Krause and 
Wernig, 1985; Anzil and Wernig, 1989). Thus, “empty” synaptic 
gutters with the presence ofAChE remnants and junctional folds 
seen in some frog NMJs are thought to be due to nerve retraction 
(Wernig et al., 1980, 198 lb; Anzil et al., 1984). In contrast, 
nerve terminal branches without accompanying AChE staining 
or with only a few small ring-like arrangements ofAChE staining 
found in some NMJs are interpreted as sprouts (Wernig et al., 
1980, 198 la; Anzil et al., 1984). In concert with these inter- 
pretations of static images shown by histological staining, the 
present study has provided dynamic images of junctional plas- 
ticity in living NMJs. We found junctional folds revealed by 
AChE staining(Fig. 9ef) in the region ofthe branch that showed 
retraction, but neither AChE nor distinctive junctional folds 
were seen in the region of the branch that displayed extension 
with synaptic ECM longer than the growing nerve terminal (Figs. 
7, 8). Although we cannot exclude the possibility of less devel- 
oped junctional folds at the light microscopic level, no distinc- 
tive junctional folds like those found in the innervated regions 
or retracted regions were seen in the elongated PNA-stained 
region. Thus, the absence of AChE and distinctive junctional 
folds from the extended synaptic ECM regions makes it unlikely 
that these regions were occupied previously by a nerve terminal 
that had retracted. Otherwise, one should observe AChE rem- 
nant and junctional folds at these regions. However, one could 
argue that, during the interval of observations, nerve terminals 
may have extended and rapidly induced the expression of PNA- 

these elongated regions were lacking postsynaptic AChE and 
junctional folds. The frequency of the noncorrespondence be- 
tween nerve terminals and PNA-stained ECM following nerve 
implantation is much higher than that in normal frog NMJs 
(9.5% of normal junctions show mismatch) (Chen et al., 1991). 

We have also examined the distribution of synaptic ECM in 
relation to the nerve terminal at individual junctional branches 
that showed nerve terminal sprouting. For a total of 187 newly 
formed sprouting branches at 167 junctions, 71% of sprouts 
(132 of 187) are correlated with the PNA-stained ECM. Twenty- 
nine percent of sprouts (54 of 187) had PNA-stained ECM ex- 
tending beyond the end of the nerve terminal by at least 5 pm. 
Postsynaptic AChE and junctional folds were missing at the 
extended ECM regions of all synaptic regions examined. Out of 
187 sprouts, only one sprout (0.5%) extended 5 pm past the 
confines of the corresponding ECM. 

Discussion 

The present study has demonstrated the remodeling of synaptic 
ECM in relation to nerve terminal sprouts in adult living NMJs 
with repeated in vivo observations. This work has provided new 
findings consistent with our previous hypothesis that extension 
of synaptic ECM precedes nerve terminal growth during syn- 
aptic remodeling. In the previous study, we found synaptic ECM 
longer than nerve terminals in approximately 10% of normal 
adult NMJs (Chen et al., 1991). In contrast, 65% of NMJs in 
the present study had at least one branch with synaptic ECM 
longer than the nerve terminal following the induced sprouting. 
At the extended synaptic ECM region, the absence of nerve 
terminals was confirmed by NBT histological staining and TTC 
fluorescent staining. In addition, the postsynaptic specializa- 
tions such as AChE staining and junctional folds were not de- 
tected with light microscopy at the extended synaptic ECM 
region. Thus, this region is not likely a junctional remnant re- 
sulting from nerve terminal retraction. Instead, it is more likely 
a region with synaptic ECM leading the nerve terminal. This is 
further supported by the finding of continual extension of syn- 
aptic ECM with little change in the nerve terminal length in 
some junctions. In addition, we have seen nerve terminals that 
eventually colocalized with previously extended synaptic ECM. 
These results suggest that the synaptic ECM molecules recog- 
nized by PNA are expressed before, and may play a role in, the 
extension of nerve terminals during synaptic remodeling. 

Induction of axonal sprouting in frog sartorius muscle 
In addition to the demonstration of synaptic remodeling in liv- 
ing NMJs, the present study has further confirmed that nerve 
implantation is an effective method to induce nerve terminal 
sprouting in the frog NMJ. Motor nerve terminal sprouting 
occurs in mammalian and frog skeletal muscles following partial 
denervation or exposure to neurotoxins like TTX, botulinum 
toxin, a-bungarotoxin, formamide, or curare (Wemig et al., 1980; 
Brown et al., 198 1; Wines and Letinsky, 1988; Diaz and Pecot- 
Dechavassine, 1989; Diaz et al., 1989). Sprouting of the nerve 
terminal can also be induced simply by placing a segment of 
the sciatic nerve on the surface of frog cutaneous pectoris muscle 
(Diaz and Pecot-Dechavassine, 1990). We used the same meth- 
od and also found extensive nerve sprouting in frog sartorius 
muscles within 2-3 months of implantation of nerve segments. 
Signs of sprouting were found in 46% of NMJs examined. The 
occurrence of sprouting after nerve implantation is higher than 
in normal unoperated frog muscles (20-28%; see Herrera and 
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binding molecules, but retracted before AChE and junctional 
folds were formed. If this were the case, it would be difficult to 
explain the findings of multiple examples showing extension of 
synaptic ECM with little change in the nerve terminal length in 
successive observations (e.g., Figs. 3a,c; 6a,c; 7a,c,e,g; 8a,c; 
lOa,c,e). It seems highly unlikely that nerve terminals would 
extend tens or even hundreds of microns and induce only PNA- 
stained ECM, then retract to exactly the same points at various 
times of observation, as seen in so many examples (also see 
Figs. 6c,e; 7a,c in Chen et al., 1991; Fig. 5a,c in Ko, 1991). 
Instead, it is more likely that the PNA-stained ECM differen- 
tiates before the nerve terminal outgrowth, as proposed previ- 
ously. This is further supported by the present results showing 
elongation of nerve terminals along the preceding synaptic ECM 
(Figs. 5, 6, 7; see also Fig. 7 in Chen et al., 1991). 

Our results also showed that 65% of NMJs had at least one 
branch with synaptic ECM longer than the nerve terminal, in 
contrast to 9.5% of NMJs in normal muscles (Chen et al., 199 1). 
Thus, nerve implantation has not only induced nerve terminal 
sprouting but also increased the chance of finding mismatch 
during the active nerve terminal extension, as predicted from 
our hypothesis. Among all newly formed junctional branches, 
29% of them exhibited elongated synaptic ECM. The rest of the 
branches showed correlated changes between nerve terminals 
and PNA-stained ECM. These results imply that the lack of 
correlation between these two synaptic components may be a 
transient event. As predicted, the nerve terminal would later 
follow the pathways of PNA-stained ECM to match the change 
of synaptic ECM (Figs. 6, 7). Thus, depending on the timing of 
observation, match of both nerve terminal and synaptic ECM 
is anticipated in many of the NMJs that have undergone ex- 
tension. The results are not contradictory to our hypothesis. 

Finally, our results indicated that the extension of nerve ter- 
minal followed by synaptic ECM seems unlikely, even during 
active nerve growth (e.g., sprouting). If this were the case, we 
would have observed more cases showing nerve terminal stain- 
ing longer than the synaptic ECM. However, nerve terminal 
extending beyond the confines of synaptic ECM was seen in only 
1 of 187 sprouts examined (0.5%). Even in this case, the nerve 
terminal was only 5 Frn longer than the PNA staining. This 
minor difference can probably be explained by the more diffuse 
distribution of synaptic ECM sometimes seen at the tip of a 
growing junctional branch (e.g., Fig. 4d in Chen et al., 199 1). It 
is possible that, in this junction, synaptic ECM was present but 
was distributed too diffusely to be seen with PNA staining. 
Regardless ofwhat the explanation may be for this one junction, 
the rest of the NMJs examined did not show nerve terminal 
longer than synaptic ECM, a result similar to our previous find- 
ing in normal frog NMJs (Chen et al., 199 1). These results are 
consistent with the suggestion that the extension of synaptic 
ECM precedes nerve terminal outgrowth during synapse re- 
modeling. 

The reliability of 4-Di-2-Asp staining. 

In both our previous and present studies, 4-Di-2-Asp was used 
in combination with fluorescent PNA to reveal, respectively, 
the presynaptic nerve terminal and synaptic ECM components 
at frog NMJs. Since 4-Di-2-Asp stains intracellular mitochon- 
dria (Magrassi et al., 1987) a concern is that 4-Di-2-Asp may 
not label very fine nerve processes because there may be few or 
no mitochondria. On the other hand, some studies have dem- 
onstrated the general reliability of this mitochondrial dye for 

the normal nerve terminal as well as for the branches that are 
undergoing growth and sprouting (Lichtman et al., 1987; Her- 
rera and Banner, 1990). In order to ensure that noncorrespond- 
ence between the nerve terminal and synaptic ECM seen in our 
experiments was not due to the inability of 4-Di-2-Asp to stain 
thin nerve processes, NBT staining was performed following the 
final in vivo observation to confirm the 4-Di-2-Asp staining. In 
comparison with fluorescent dyes, NBT staining is believed to 
stain the entire length of the nerve terminal processes, including 
the filopodia of growing terminals as well as nerve terminals at 
the early stage of regeneration (Letinsky and DeCino, 1980; 
DeCino, 198 1; Herrera et al., 1985; Herrera and Banner, 1990). 
We observed a close correspondence between these two types 
of nerve terminal stains in all of the junctions examined, in- 
cluding those undergoing sprouting (Fig. 7). The results, there- 
fore, suggest that the extension of the synaptic ECM beyond the 
nerve terminal seen in vivo is unlikely due to the inability of 
4-Di-2-Asp to stain thin nerve processes. This notion is further 
strengthened by a study using electron microscopy that showed 
the absence of nerve terminals at the extended PNA-stained 
region (Ko et al., 1992). Additional evidence showing noncor- 
respondence between nerve terminals and synaptic ECM is de- 
rived from combined application of fluorescent TTC and PNA. 
Fluorescent TTC, a probe that labels nerve terminal mem- 
branes, has been shown to stain very fine nerve processes such 
as filopodia and lamellipodia (Robbins and Polak, 1988). Ex- 
tended PNA-stained regions without nerve terminals were also 
apparent when end plates were stained with fluorescently labeled 
TTC and PNA (Fig. 1 1). Thus, the lack of correlation between 
synaptic ECM and nerve terminals in this region is not due 
simply to an inability of 4-Di-2-Asp to stain fine nerve pro- 
cesses. 

Possible mechanisms qf synaptic remodeling 
The concept that extension of synaptic ECM precedes the nerve 
terminal growth during synaptic remodeling suggests that the 
ECM molecules recognized by PNA may play a role in the 
extension ofnerve terminals. This suggestion is compatible with 
studies of the roles of the other ECM molecules in axonal out- 
growth (Sanes, 1989). However, how synaptic ECM extends 
ahead of the nerve terminal growth is unknown. In our previous 
study, the possibility of the involvement of Schwann cells in 
this process was raised (Chen et al., 199 1). Such a speculation 
was based mainly on the fact that PNA staining was distributed 
primarily around Schwann cells at frog NMJs (Ko, 1987). One 
idea was that the extended PNA-stained region may be indic- 
ative of Schwann cell processes projecting out beyond the nerve 
terminal. This idea is supported by a previous study using elec- 
tron microscopy. Anzil et al. (1984) showed that Schwann cell 
processes extended several microns ahead ofthe nerve terminals 
thought to be undergoing growth based on the histology ofJixed 
muscle. Using repeated in viva observations combined with elec- 
tron microscopy, we have also shown recently that Schwann 
cell processes are longer than the nerve terminal at the extended, 
PNA-stained region (Ko et al., 1992). The idea that Schwann 
cells lead the nerve outgrowth is also agreeable to the finding 
that glial cells appear before the first nerve growth cones and 
may provide guidance cues during embryonic development in 
Drosophila (Jacobs and Goodman, 1989). Schwann cells have 
been shown to synthesize and secrete ECM molecules (Bunge 
et al., 1986; Chiu et al., 1991). Thus, it is possible that during 
the growth or sprouting of terminal branches, a Schwann cell 
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sends out its processes and releases PNA-binding molecules vation of frog neuromuscular iunctions: remodeling involves con- 
(PNA-BMs), which may subsequently influence neurite out- 
growth. We have recently identified a 30 kDa PNA-BM from 
synapse-rich electric organs of Torpedo (Xiao et al., 1993). An- 
tibodies against this PNA-BM also recognize the synaptic ECM 
in the frog NMJ. However, the function of this PNA-BM in 
synaptic formation and remodeling, and whether PNA-BMs are 
indeed released by Schwann cells remain to be examined. 

In conclusion, the present work has provided direct evidence 
of the remodeling of synaptic ECM and its dynamic relationship 
with sprouting nerve terminals in Go. The results are consistent 
with the concept that synaptic ECM precedes nerve terminal 
outgrowth and may play a role in nerve terminal plasticity. This 
new concept may lead to further insights into the mechanisms 
of synaptic remodeling. 
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