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The question of whether the synaptic extracellular matrix
undergoes remodeling and how this remodeling is related
to nerve terminal plasticity was examined in living neuro-
muscular junctions of adult frogs. Sartorius muscles were
double stained with a fluorescent nerve terminal dye 4-(4-
diethylamino-styryl)-N-methylpyridinium iodide (4-Di-2-Asp)
and rhodamine-tagged peanut agglutinin (PNA) which rec-
ognizes synaptic extracellular matrix. Both nerve terminals
and synaptic extracellular matrix in 200 identified normal
junctions were visualized in vivo two or three times over a
period of 2.6-6 months. The majority of neuromuscular junc-
tions (NMJs) showed remodeling of both nerve terminals and
synaptic extracellular matrix. Only 2.5% showed no changes
in either synaptic element. The most commonly seen re-
modeling involved correlated changes in both nerve termi-
nals and synaptic extracellular matrix. In this large group,
while some junctions (20%) showed overall proportionate
changes in all branches, most junctions (68 %) showed dis-
proportionate extension and/or retraction of some but not
all individual branches. Another group of NMJs (9.5%)
showed mismatched changes in the nerve terminal and syn-
aptic extracellular matrix. In this group, some NMJs showed
a decrease in the nerve terminal length without a corre-
sponding reduction in synaptic extracellular matrix length.
In other junctions that displayed extension of branches, the
PNA-stained matrix was longer than the distal tip of the nerve
terminal. Morphometric analysis indicated an average in-
crease of 15.6% in total nerve terminal length and 13.6%
in total synaptic extracellular matrix length. Although almost
all NMJs displayed remodeling in at least one branch, about
50% of the 2201 individual branches examined did not show
changes. The average change was 8.9% growth in the length
of individual nerve terminal branches and 8.3% growth in
the length of individual branches of synaptic extracellular
matrix. There was no significant difference in the morphom-
etry between the repeatedly observed junctions and the pre-
viously unobserved control junctions. Furthermore, junctions
in which the synaptic extracellular matrix was longer than
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the nerve terminal also were seen in control as well as in
experimental muscles. Cases where the nerve terminals were
longer than the synaptic extracellular matrix were never ob-
served in newly arising junctional branches. The present
study has shown extensive remodeling in not only the nerve
terminal but also the synaptic extracellular matrix in adult
living frog NMJs. Results suggest that nerve terminals retract
before the synaptic extracellular matrix. A hypothesis that
extension of synaptic extracellular matrix precedes nerve
terminal growth during synaptic remodeling is proposed.

Synaptic connections in the normal adult nervous system are
thought to be undergoing continuous remodeling throughout
the animal’s lifetime (Grinnell and Herrera, 1981; Purves and
Lichtman, 1985; Wernig and Herrera, 1986; Robbins, 1988).
Early work using histological staining of fixed muscle tissues
(Wernig et al., 1980; Anzil et al., 1984) showed nerve endings
unopposed by postsynaptic specializations or vice versa in the
frog neuromuscular junction (NMJ). These structures were in-
terpreted as evidence for synaptic sprouting and retraction, re-
spectively, in normal muscles. More direct evidence showing
synaptic remodeling in normal adult tissues has been obtained
only recently by repeated observations of the same synapses
over a period of time in living animals. This direct approach
has become possible due to several newly developed techniques,
including vital dyes for the nerve terminal (Yoshikami and Okun,
1984; Magrassi et al., 1987), low-light-level video microscopy,
and digital image processing (Inoue, 1986). Using these tech-
niques, Purves and colleagues have shown substantial changes
in the morphology of pre- or postsynaptic elements in the au-
tonomic ganglia of mature mice (Purves et al., 1986, 1987,
Purves and Voyvodic, 1987). However, the arrangement of mo-
tor nerve terminals in mouse fast-twitch muscles was quite sta-
ble, apart from overall proportionate growth, over periods of
several months (Lichtman et al., 1987; Balice-Gordon and
Lichtman, 1990). Small changes involving filopodia and addi-
tions and deletions of branches of NMJs have been observed
in adult mouse slow-twitch muscles (Robbins and Polak, 1988;
Wigston, 1989, 1990). In contrast to mouse NMJs, extensive
remodeling of nerve terminals including deletion and addition
of entire new nerve terminal branches has been shown in adult
living frog NMJs (Herrera and Werle, 1990; Herrera et al., 1990).
These results were similar to those suggested by earlier histo-
logical and ultrastructural studies in frog muscles (Wernig et al.,
1980; Anzil et al., 1984). The extensive remodeling seen in adult
frog NMlJs provides an opportunity to examine further the cel-



lular and molecular bases of synaptic plasticity, especially the
relationship between nerve terminals and the extracellular ma-
trix (ECM) in the synapse.

The ECM has been shown to play important roles in various
aspects of development and differentiation in the nervous sys-
tem (Sanes, 1989; Jessell et al., '1990). At reinnervated NMJs,
the ECM has been shown to direct the differentiation of pre-
and postsynaptic specializations (Sanes et al., 1978; Burden et
al., 1979; reviewed by Sanes, 1989). An ECM molecule, agrin,
has been shown to play a role in aggregation of ACh receptors
at NMJs (Nitkin et al., 1987). Recently, another ECM molecule
called s-laminin has been identified at mammalian NMJs and
shown to be inhibitory to neurite outgrowth (Hunter et al., 1989;
Weis et al., 1989). Thus, remodeling of the ECM in the NMJ
may also play a profound role in the maintenance and plasticity
of motor nerve terminals. However, whether the synaptic ECM
undergoes remodeling and how the synaptic ECM is related to
the nerve terminal during synaptic remodeling in normal adult
animals have not been examined.

Prior to investigating these questions, it was essential to find
a specific probe for the synaptic ECM. Since the ECM is rich
in carbohydrates, lectins have been used to recognize NMIJs
(Sanes and Cheney, 1982; Kelly et al., 1985; Ko, 1987; Scott et
al., 1988). In frog skeletal muscles, we have found that peanut
agglutinin (PNA), which recognizes p-galactose-3-(1-3)N-ace-
tylgalactosamine (Lotan et al., 1975), is the most specific lectin
probe for NMJs (Ko, 1987, 1991). Electron microscopic studies
using HRP-labeled PNA (HRP-PNA) have revealed that PNA-
binding molecules (PNA-BMs) are located in the ECM in the
synaptic cleft and junctional folds and around Schwann cells at
the NMJ (Ko, 1987; Ko and Folsom, 1990; Somasekhar and
Ko, 1991). In addition, fluorescently labeled PNA does not affect
synaptic transmission and may be used as a vital probe for living
frog NMJs (Ko, 1987). Furthermore, fluorescent PNA can be
combined with vital fluorescent dyes for the nerve terminal such
as 3,3’ diethyloxadicarbocyanine iodide (DiOC,) and 4-(4-dieth-
ylamino-styryl)-N-methylpyridium iodide (4-Di-2-Asp) (Yosh-
tkami and Okun, 1984; Magrassi et al., 1987) to visualize in-
dependently the synaptic ECM and nerve terminal in the same
NMJ (Ko, 1987; Chen and Ko, 1988). Thus, double staining
with fluorescent PNA and nerve terminal dye provides a unique
approach to examine not only the remodeling of the synaptic
ECM itself but also the dynamic relationship between the syn-
aptic ECM and the nerve terminal in NMJs of living animals.

In the present study, identified NMJs double stained with
4-Di-2-Asp and rhodamine-conjugated PNA were visualized
two or three times over 2.6—6 months. The results reported here
indicate that the synaptic ECM at frog NMJs undergoes con-
tinuous remodeling during the growth and retraction of nerve
terminals. Although most NMJs show correlated changes be-
tween these two synaptic elements, instances where the synaptic
ECM is longer than the nerve terminal are seen at some NMJs
undergoing retraction as well as at junctions undergoing exten-
sion.

Preliminary reports of these results have been published (Chen
and Ko, 1988; Ko, 1991).

Materials and Methods

Experiments were performed on adult frogs (Rana pipiens) kept in the
laboratory. For viewing NMJs, frogs (22-40 gm) were anesthetized by
immersing in 0.2% tricaine methanesulfonate (Sigma) for 20-30 min
and then cooled with ice. An incision was made in one leg to expose
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the sartorius muscle, which was rinsed frequently with frog Ringer’s
solution (111 mm NaCl, 2 mm KCl, 1.8 mm CaCl,, 5 mm HEPES, pH
7.2). A strip of Kimwipe tissue soaked with frog Ringer’s solution con-
taining 10 um of the fluorescent dye 4-(4-diethylamino-styryl)-N-meth-
ylpyridinium iodide (4-Di-2-Asp; Molecular Probes) was applied to the
muscle for 3 min (Magrassi et al., 1987; Herrera and Banner, 1990).
This was followed by staining with tetramethylrhodamine isothiocyan-
ate-labeled peanut agglutinin (PNA; 50 pg/ml in Ringer’s solution) for
30 min (Ko, 1987). After rinsing the stained muscle with Ringer’s so-
lution, the frog was placed on an aluminum plate designed to keep the
temperature at 0—~1°C by connecting the periphery of the plate to a
recirculating chiller (Herrera and Banner, 1990). This low temperature
reduced the heart beat frequency and movement caused by the heart
beat and prolonged the anesthesia of the frog. The cooling plate was
attached to the stage of a compound microscope equipped for epiflu-
orescence (Olympus BH2-RFL).

For viewing rhodamine-PNA stained NMJs, the standard green ex-
citation/red emission unit, (BP-545)/(EY-550), supplemented with a
barrier filter, (R-610), was used. For 4-Di-2-Asp-stained nerve termi-
nals, the standard blue excitation/green emission, (BP-490)/(EY-475),
supplemented with a barrier filter, (G-520), was used. Although 4-Di-
2-Asp staining “‘bleeds™ through the fluorescence filters for rhodamine,
the nerve terminals were not apparent when rhodamine-PNA was viewed.
This is due to extremely bright fluorescence of rhodamine-PNA staining
relative to the weak crossover fluorescence of 4-Di-2-Asp staining. The
method to locate NMJs is as follows. The nerve entry (the point where
the nerve enters the sartorius muscle) was first located with a 10x
objective and oblique incident illumination from a fiber optics light.
The general arrangement of the end-plate region was then quickly scanned
for a few seconds using the epifluorescent optics for rhodamine-PNA,
which revealed bright staining of NMJs even at this low magnification.
The positions of these junctional areas were noted by coordinates on
the microscope stage micrometer relative to the position of the nerve
entry. Individual NMJs were viewed with a 50 x water-immersion ob-
jective lens (Leitz; NA = 1.0) and recorded by a silicon-intensified target
(SIT) video camera (Dage SIT 66). To prevent possible damage caused
by excessive illumination, a 1.2% transmittance neutral density filter
and a minimum aperture were used, and the exposure time for both
PNA and 4-Di-2-Asp was Kkept to less than a total of 20 sec per NMJ
(Magrassi et al., 1987; Herrera and Banner, 1990). The output of the
SIT camera was connected to a digital image processor (Image-1, Uni-
versal Imaging). Live images were frame averaged and then processed
to reduce background and enhance contrast. The processed images were
stored on videotape or in digital form on computer diskettes. After 10—
20 NMJs were recorded, the incision was closed with sutures and the
frog was returned to its cage. Stored images were photographed from a
video monitor.

After 2.6—-6 months, frogs were reanesthetized and the muscles were
restained with 4-Di-2-Asp and rhodamine-PNA as described above.
NMJs were relocated using the x—y coordinate information, sketch maps
of junctional areas, and pictures taken at the initial observations. Most
of the identified junctions were viewed twice in vivo; a few were viewed
three times. To perform morphometry, nerve terminal staining and
PNA staining from initial and final viewings were traced from the mon-
itor screen onto acetate films. Measurements of traced nerve terminals
and synaptic ECM were made separately on a digitizing tablet connected
to a microcomputer. We measured each branch segment, which is the
portion between a distal tip and branch point or between two branch
points. We also determined the total junctional length, which is the sum
of all individual branches. The percentages of increase or decrease in
both nerve terminals and synaptic ECM at subsequent observations of
the same junctions were calculated. We define correlation of individual
branches as when the difference between the nerve terminal length and
the synaptic ECM length of the branch is less than or equal to 3 um.
When we state that overall changes in both matrix and terminal are
correlated over time, we imply that whatever the change in the fotal
synaptic ECM length (increase or decrease), the nerve terminal length
changed likewise (or vice versa). Thus, an entire junction may show a
correlated increase in size, meaning both the nerve terminal and the
synaptic ECM increased in length overall, yet an individual branch of
that same NMJ may show lack of correlation, with the synaptic ECM
exceeding the length of the nerve terminal by more than 3 um.,

There were several factors in the experimental procedure that may
have influenced NMJ remodeling. In order to exclude the potential
effects of 4-Di-2-Asp staining and illumination on morphological changes
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Figure 1. An NMJ was doubly stained with rhodamine-e-bungaro-
toxin (a) and FITC-PNA (b). PNA stains only the NMJ, not the my-
elinated axon that is indicated by the arrow in c¢. In addition, PNA
staining delineates the Schwann cell nucleus (arrowhead in b) that is
seen with bright-field optics of the same region (arrowhead in c).

of nerve terminals, procedures with precautions to minimize the ex-
posure intensity and duration as used by Herrera et al. (1990) were
adopted. In addition, the repeatedly observed junctions in experimental
animals were compared with unobserved but repeatedly stained junc-
tions in the same muscle and with junctions in contralateral, previously
unobserved muscles to test whether the surgical operation and repeated
observations caused remodeling.

Results

To demonstrate the specific staining of PNA at the NM]J, a frog
muscle was double stained with rhodamine-a-bungarotoxin (Fig.
1a) and fluorescein isothiocyanate-PNA (FITC-PNA) (Fig. 15).
As previously shown (Ko, 1987), PNA staining outlined the
ACh receptor clusters at the NMJ. PNA did not stain myelinated
nerve fibers that could be seen with bright-field optics (arrow
in Fig. 1¢). PNA staining also delineated the enlarged portion
of the Schwann cell body containing the nucleus (arrowheads
in Fig. 1b,c). Thus, the migration of Schwann cell nuclei can be
revealed with PNA staining.

By repeatedly viewing the same end-plates double stained
with 4-Di-2-Asp and rhodamine-PNA over 2.6-6 months, re-
modeling of both nerve terminals and synaptic ECM was ap-
parent. Several kinds of changes including extension, retraction,
de novo formation of branches, and even a combination of these
changes were seen within the same NMJ. During the growth
and retraction of NMJs, sometimes the nerve terminal and the
synaptic ECM both changed correspondingly, and sometimes
there was incomplete correlation. Although remodeling was
common, not all branches or all NMJs observed showed changes
in the nerve terminal and synaptic ECM. In the following sec-
tions, junctions are grouped according to the morphological
changes they underwent. The terms “synaptic ECM” and *syn-
aptic matrix” used in this report refer to the ECM recognized
by PNA.

NMJs showing correlated changes in the nerve terminal and
synaptic ECM

Among 200 repeatedly observed junctions, 176 (90.5%) showed
correlated extension or retraction between the nerve terminal
and the synaptic ECM over a period of several months. Some
of the simplest changes were uniform expansions (12.5% of all
junctions) or shrinkages (7.5% of all junctions) of all branches
ina junction. As shown in Figure 2, a and b, both nerve terminals

Figure 2. The proportionate enlargement of preexisting branches in both nerve terminal and synaptic matrix. a and b, First observation; ¢ and
d, second observation made 78 d later. All branches, including the distal tips of the junction and the proximal segments between branch points,
are increased in length over time (compare branch lengths in @ and b with those in ¢ and d, respectively). Asterisks in a and ¢ indicate the end of
the myelinated portion of the incoming nerve that was stained with 4-Di-2-Asp but not with PNA. In this and subsequent figures (Figs. 2-7), the
left panels (NT) are images of nerve terminals from initial and subsequent viewing(s) in order (from top to bottom), as revealed by 4-Di-2-Asp
staining. Right panels (PNA) are images of synaptic ECM from the same fields of double stained muscle in each viewing, as revealed by rhodamine-

PNA. All images in the same figures have the same magnification.
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Figure 3. An NM]J with elongation or shortening of some branches, but not others. The initial observations showed nerve terminal (@) matched
with synaptic matrix (b). Precise alignment was also seen at the second observation (c and 4) 99 d later. It was noted that one branch increased in
both nerve terminal length (arrowhead in c) and synaptic matrix length (arrowhead in d), while another branch decreased in both elements (compare
arrows in a and ¢ as well as in b and d). However, the intercalary branches were not changed over time.

and synaptic matrix matched precisely at the first observation.
At the second observation 78 d later, nerve terminals and syn-
aptic matrix still matched, but both showed proportionate in-
creases in length of preexisting branches without any alteration
in the overall branching pattern (Fig. 2¢,d). Such enlargement
occurred not only at the ends of branches, but also at most
proximal segments between branch points. In Figure 2, the total
nerve terminal length and synaptic ECM length were both in-
creased by 14% at the second observation.

Aside from the uniform changes in the size of the NMJ as
described above, the most prevalent changes seen in frog NMJs

(70.5%) were nonuniform elongation or retraction of individual
branches in both nerve terminal and synaptic matrix. Some
NMJs had both extension and retraction at different branches
in the same junction as shown in Figure 3. At the first obser-
vation, nerve terminal staining (Fig. 3a) was correlated with
PNA staining (Fig. 3b). Over a 99 d interval, the left branch of
the nerve terminal grew out by 38 um along an angle of about
45 degrees relative to the original branch (arrowhead in Fig. 3¢),
while the right branch in the same junction retracted 20 um
toward the center (arrow in Fig. 3¢). In contrast, the medial
branches showed little or no changes over time. Meanwhile, the

Figure 4. An NMJ underwent an addition of branches over time and showed migration of Schwann cell nuclei. @ and b, The first viewing of
nerve terminal and synaptic matrix, respectively. s, Location of Schwann cell nuclei. ¢ and d, The second viewing of the same junction, 119 d later.
Note two small terminal branches were formed (c, branch 1); meanwhile, the corresponding synaptic matrix was also expressed, although PNA
staining appeared as a large cluster (d, branch I). In addition, the position of one Schwann cell nucleus was changed over time along branch 2
(compare arrowheads in b and d).
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Figure 5. Lack of correlation between nerve terminal and synaptic matrix associated with the retraction of an NMJ. a and b, The terminal arbor
and corresponding matrix at the initial observation (arrowheads); ¢ and d, at the second observation made 184 d later. One nerve terminal branch
indicated by an arrowhead in a was totally deleted; however, the synaptic matrix was still visible at the original site (arrowhead in d), although the

PNA staining became fainter.

synaptic matrix underwent the same kinds of changes as the
nerve terminal (arrowhead and arrow in Fig. 3d) and maintained
good correlation with the nerve ending during extension and
retraction.

NMJs showing not only extension and even the creation of
individual branches, but also a change in the position of an
associated Schwann cell body, were seen. As shown in Figure
4, the initial images displayed good correlation between nerve
terminal and synaptic ECM (Fig. 4a,b), and Schwann cell nuclei
were seen (s in Fig. 4b). A second observation made 119 d later
showed the extension of three preexisting branches and the birth
of two nerve terminal branches (at the end of branch | in Fig.
4c). Synaptic ECM also appeared at all new junctional sites, but
PNA staining was seen as a large, diffuse mass at the tip of
branch 1 (Fig. 4d). We often saw such diffuse PNA staining at
newly formed junctional areas (also see Fig. 6d). In Figure 4, a
change over time in the location of the Schwann cell nucleus
along branch 2 (compare arrowheads in Fig. 4b,d) was noted,
but the nucleus along branch 1 remained in place (s in Fig. 44).

NMJs showing lack of correlation between nerve terminal and
synaptic ECM associated with retraction

In addition to frequently seen examples of close correspondence
of the synaptic ECM with the nerve terminal during growth or
retraction of NMJs, we also found some junctions (9.5% of all
Jjunctions examined) in which the nerve terminal and synaptic
ECM did not always change correspondingly. Figure 5 illustrates
the disparity between nerve terminal and synaptic ECM during
junctional retraction. In the first viewing, PNA staining was
correlated with the nerve terminal (Fig. 5a,b). During an interval
of 184 d, this junction underwent a small enlargement of both
nerve terminal and synaptic matrix that was followed by the
deletion of one terminal branch (Fig. 5¢; refer to the branch
indicated by arrowhead in Fig. 5a). PNA staining at the aban-
doned junctional site is still visible (arrowhead in Fig. 5d), al-
though the intensity is much fainter than that in the previous
viewing (arrowhead in Fig. 5b). This example suggests that dur-
ing retraction of the NMJ, the nerve terminal was lost first and
the synaptic ECM at the corresponding junctional site was left

behind. In the absence of nerve terminal branches, PNA binding
was diminished and eventually depleted. The correlation be-
tween terminal and synaptic matrix was again attained (see also
Fig. 3, arrows).

NMJs showing lack of correlation beiween nerve terminal and
synaptic ECM associated with extension

Lack of correlation between the nerve terminal and the synaptic
ECM was also found during the growth of NMJs. One example
is shown in Figure 6. At the initial observation, the synaptic
matrix at one branch (arrowhead, Fig. 6b) was 12 um longer
than the nerve terminal (arrowhead, Fig. 64). At the second
observation made 119 d later, both nerve terminal and synaptic
matrix had extended and even developed new branches (Fig.
6¢,d, arrowheads). Similar to Figure 44, the PNA staining ap-
peared to be a large diffuse mass around the newly arising ter-
minal branches and more expanded than the terminal branches
(compare arrowheads in Fig. 6¢,d). In the final observation (after
another 176 d), the nerve terminal length stayed the same as in
the previous viewing (compare arrowheads in Fig. 6c,e). The
diffuse PNA-stained area now became more strictly confined to
the junctional site at one branch (arrowhead in Fig. 6/); however,
at another branch, the PNA staining was beyond the distal tip
of the nerve terminal branch (Fig. 6/, arrow).

Another example of synaptic ECM longer than the nerve ter-
minal at junctional branches undergoing extension is shown in
Figure 7. In the initial viewing of this junction, the synaptic
ECM colocalized with the nerve terminal (arrowheads in Fig.
7a.b). Similar to the third observation shown in Figure 6, the
second viewing (89 d later) of this junction showed synaptic
ECM at one of the branches (arrowhead in Fig. 7d) longer than
the nerve terminal, while the nerve terminal length stayed the
same as in the first observation (Fig. 7¢; compare arrowheads
in a with c). However, after another 173 d, this extended syn-
aptic ECM (Fig. 7f) was now partly occupied by a 30 um bi-
furcating nerve terminal branch (arrowhead in Fig. 7¢). We
found that in 323 branches that displayed synaptic ECM longer
than the nerve terminal by at least 10 um at the first observation,
63% showed subsequent extension with the synaptic ECM still
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Figure 6. Lack of correlation between nerve terminal and synaptic matrix associated with the growth of NMJ. ¢ and b, Original appearance of
nerve terminal and synaptic matrix. Arrowheads indicate the tips of a branch undergoing extension. The synaptic matrix was 12 pm longer than
the nerve terminal at this branch. c and 4, Same junction, 119 d later. New terminal branch and corresponding synaptic matrix were seen (arrowheads).
e and f, Same junction, 176 d after the previous viewing. Nerve terminal (arrowhead in ) stayed the same shape and length as in ¢; however, one
segment of synaptic matrix (arrow in f) elongated beyond the nerve terminal while the other segment (arrowhead in ) was correlated with the

nerve terminal.

longer or equal to the terminal at the second observation. No
cases were observed where the nerve terminal was longer than
the synaptic matrix during the extension of existing branches.
One possible interpretation of the result is that synaptic ECM
may precede the nerve terminal outgrowth during the extension
of junctional branches. However, alternative explanations can-
not be ruled out (see Discussion).

NMJs showing lack of correlation between nerve terminal and
synaptic ECM in previously unobserved muscles

The lack of correlation between nerve terminal and synaptic
ECM did not occur only in NMJs that were observed repeatedly.
It has also been seen in muscles that were not stained nor viewed
previously. Figure 8 shows an example of this type of NMJ with
4-Di-2-Asp staining (solid arrowheads in a) shorter than PNA
staining (open arrowheads in b). Histological staining with the
nitroblue tetrazolium method for nerve terminals (Letinsky and
DeCino, 1980) and Karnovsky’s (1964) cholinesterase tech-
nique confirmed the nerve terminal length revealed by 4-Di-2-
Asp staining and also showed that the nerve terminal (solid
arrowheads in Fig. 8c) was shorter than the AChE-labeled region
(open arrowheads, ¢). The presence of cholinesterase remnants
(cholinesterase-stained areas without nerve terminals) shown by
the histological staining suggests a retraction of the nerve ter-
minal in this NMJ (Wernig et al., 1980). This result is consistent
with the repeated in vivo observations that suggest that the re-
traction of the nerve terminal occurred before that of the PNA-
stained matrix.

A lack of correlation between nerve terminal and PNA stain-
ing has also been seen in NMJs that might be undergoing ex-
tension. Figure 9 shows a branch of an NMJ in which the tip
of the PNA-stained matrix (open arrowhead in b) extended 33
um beyond the tip of the nerve terminal (solid arrowhead in a).
At the extended, PNA-stained region, neither nerve terminal
nor cholinesterase were seen with histological staining (Fig. 9¢).
In contrast to Figure 8, the absence of cholinesterase at the
extended, PNA-stained region suggests that this region was not
previously occupied by the nerve terminal and that the NMJ
was not undergoing retraction. Furthermore, there were regions
with nerve terminal staining (arrow in Fig. 9¢) but without cho-
linesterase staining that appeared in other regions (arrowhead)
of the junction. This type of NMJ is believed to be associated
with sprouting (Wernig et al., 1980). Although direct evidence
is lacking, this NMJ could be undergoing growth, and this result
would be consistent with the hypothesis that PNA-stained ECM
extends in advance of nerve terminal outgrowth.

Morphometry

We have examined 200 NMJs from 14 frogs for morphological
changes in synaptic ECM and nerve terminals; 71 of these junc-
tions were observed three times. Of the NMJs examined be-
tween the first and second observations, 72% showed an increase
in the total lengths of nerve terminals and synaptic ECM; 25.5%
showed a decrease in the total length of nerve terminals and
synaptic matrix. Only 2.5% of the NMJs showed no changes in
nerve terminal and synaptic ECM. Although changes in the total
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Figure 7. Triple observation of an NMJ showing the growth of a nerve terminal branch following the path of synaptic matrix formed ahead. a
and b, At the initial viewing, there was close correspondence between nerve terminal and synaptic matrix (arrowheads). ¢ and d, The second viewing,
89 d later. One branch of the synaptic matrix increased in length (arrowhead in d), while the nerve terminal branch remained unchanged (arrowhead
in¢). eand f, The final viewing, 173 d after the second viewing. Note that the nerve terminal (arrowhead in €) grew into the already formed synaptic

matrix region (arrowhead in f).

junctional sizes were seen in almost all (97.5%) of the NMJs
examined twice, not all of the individual branches of the NM]Js
showed changes. In these 200 identified NMJs, 50% of the 2201
branches did not change in nerve terminal branch length, and
46.8% of synaptic ECM branches also were unchanged between
the first and the second observations. Changes of less than or
equal to 3 um were considered to be within the margin of error
in the measurement procedure so that branches with such changes
were considered as remaining unchanged. Of the remainder of
the branches, about twice as many showed extension in nerve
terminals and synaptic ECM as retraction. The extent of changes
in the total lengths of nerve terminals and synaptic ECM was
quite variable. This was expressed by the percentage change of
increase (positive) or decrease (negative) of the total length of
anerve terminal between first and second observations as shown
in a histogram in Figure 10a; the percentage changes in total
length of synaptic ECM are shown in Figure 10b. The mean
change in the total nerve terminal length is 15.6%, with a range
from —70% to +150%. In the total length of synaptic ECM,
the mean percentage change is 13.6% with a range from —20%
to +150% (Fig. 10b).

To gain insight into changes in individual branches, each
branch was measured and the percentage changes between first
and second observations were calculated. Excluding new sprouts
and totally disappearing branches (both give 100% changes re-

gardless of the actual magnitude of loss or gain), the distributions
of the percentage changes in 1878 preexisting branches of nerve
terminal and synaptic matrix in 200 identified NM]Js are de-
picted in Figure 11, a and b, respectively. The mean change in
the length of individual nerve terminal branches is 8.9%, and
the mean change in the length of individual branches of synaptic
ECM is 8.3%. About 50% of branches did not show change in
the length of nerve terminal or synaptic ECM during the 2.6-6
month interval between observations. The rest of the branches
showed changes ranging from —60% to more than 100% in nerve
terminal or synaptic ECM.

In addition to the data shown in Figure 11, newly arising
branches were considered. Of 226 branches that arose de novo
during the interval between the first and second observations,
74 (33%) branches showed PNA staining at least 3 ym longer
than 4-Di-2-Asp staining at the second observation. In all other
branches, PNA and 4-Di-2-Asp staining were equal (<3 um
difference). No cases were seen where the nerve terminal ex-
ceeded the length of synaptic matrix in newly arising branch.
Only 14 junctional branches out of 1878 preexisting branches
(0.7%) examined had nerve terminal length in excess of synaptic
ECM, with a 6 um difference being the greatest.

In order to exclude the possibility that remodeling described
in this study is caused by the experimental procedures such as
application of fluorescent dyes or epi-illumination, two groups
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Figure 8. Lack of correlation between nerve terminal and synaptic
matrix in an NMJ that was not observed previously. This NMJ was
stained with 4-Di-2-Asp (a) and PNA (b), followed by nitroblue tetra-
zolium staining of the nerve terminal and Karnovsky’s cholinesterase
staining (c). Lengths of PNA-stained matrix (open arrowheads in b) at
the upper and lower branches are 10 and 13 um longer, respectively,
than corresponding nerve terminals (solid arrowheads in a). These regions
were abandoned junctional sites with cholinesterase remnants (open
arrowheads in ¢) but without nerve terminals. The nitroblue tetrazo-
lium-stained nerve terminals ended at sites shown by solid arrowheads
inc

of control experiments were performed. In one group of 10 frogs,
as the final observations of the identified NMJs were performed,
161 previously unidentified NMJs located in the same muscles
were also examined. The distributions of the total nerve ter-
minal length, the total synaptic ECM length, and the total num-
ber of individual branches in the identified NMJs at the final
observation were compared with those of the control uniden-
tified NMJs. Results show no significant difference between these
two distributions (p < 0.005, Kolmogorov-Smirnov two-sam-
ple test); thus, influence of the illumination procedure on syn-
aptic remodeling is unlikely. In another control, 192 NMJs from
11 contralateral sartorius muscles were examined. These control
NMJs were not previously stained, illuminated, or observed.
The distributions of the total nerve terminal length, the total
synaptic ECM length, and the total number of individual branches
between the identified NMJs and the unidentified NMIJs in the
contralateral muscles are also not significantly different (p <
0.005, Kolmogorov-Smirnov two-sample test). In addition,
branches where the synaptic ECM was longer than the nerve
terminal by at least 10 pum were seen in 15% (323 out of 2201)
of junctional branches without previous staining and observa-
tions. This was similar to 16% of junctional branches seen at
NMJs after repeated observations.

Discussion

The present study has demonstrated for the first time the re-
modeling of synaptic ECM in adult living NMJs with repeated,

Figure 9. An NM)J stained with the same methods as shown in Figure
8 in a muscle that was not observed previously. The PNA-stained matrix
(open arrowhead in b) is also longer than the 4-Di-2-Asp-stained nerve
terminal (solid arrowhead in a). In contrast to Figure 8, no cholinesterase
staining was seen at the region where PNA staining appears longer than
4-Di-2-Asp staining (c). The arrowhead in ¢ points to the end of the
cholinesterase- and nitroblue tetrazolium-stained junctional branch that
is correlated with the 4-Di-2-Asp staining of nerve terminals as shown
with an arrowhead in a. In this junction, the thin nerve terminal cannot
be easily differentiated from the dense cholinesterase staining in the
black-and-white print, except in the region where cholinesterase staining
is absent. The arrow in ¢ indicates a nerve terminal region without
accompanying cholinesterase, a sign of sprouting.

in vivo observations. In addition, the dynamic relationship be-
tween the motor nerve terminal and the synaptic ECM has been
revealed. While precise matching between nerve terminal and
synaptic ECM during growth and retraction was commonly seen,
mismatching between these two synaptic elements was observed
in 16% of junctional branches viewed repeatedly. This lack of
correlation is not caused by the experimental procedure, as sim-
ilar incongruities also are seen in 15% of branches when they
are examined for the first time. In almost all of these mismatched
branches, synaptic matrix is longer than nerve terminal. In ad-
dition, control experiments of previously unobserved NMJs,
which were located in the same muscles as the identified NMJs
or located in the contralateral muscles, showed distributions of
total nerve terminal length and total synaptic matrix length
similar to those found in the identified NMJs. The results suggest
that the synaptic remodeling seen in this study was not caused
by the fluorescent staining, illumination, and viewing proce-
dures.

The extensive and widespread remodeling shown in this study
is in agreement with and has provided direct evidence to support
previous suggestions inferred from studies using histology and
electron microscopy of fixed muscles (Wernig et al., 1980; Anzil
et al., 1984; Jans et al.,, 1986). For example, synaptic gutters
with cholinesterase reaction product unopposed by nerve ter-
minals have been observed often at the distal tips of NMJs in
normal frog muscle. These so-called cholinesterase remnants
were interpreted as abandoned parts of the synaptic gutter that
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Figure 10. Histograms of percentage change in total nerve terminal length (a) and in total synaptic ECM length (b) for 200 NMJs, observed twice
over a period of 2.6-6 months. The average change was 15.6% growth for the terminal and 13.6% growth for synaptic ECM.

were previously occupied by a nerve terminal. The present study
using repeated observations of the same junctions has revealed
the dynamic process of the withdrawal and deletion of junctional
branches (also see Herrera et al., 1990). In addition, the present
result has indicated that the nerve terminal retracts prior to the
synaptic matrix (also see Ko, 1991). With time, the synaptic
matrix without overlying terminal gradually diminishes and
eventually disappears. The result suggests that the nerve ter-
minal is essential for long-term maintenance of PNA-BMs. In
support of this finding, it has been shown that short-term de-
nervation (less than 2 months) of frog NMJs does not affect
PNA staining, whereas long-term denervation (2-7.5 months)
results in diminution or total loss of PNA binding at NMJs
(Somasekhar and Ko, 1991).

The present study has also shown synaptic ECM longer than
the nerve terminal at junctions undergoing extension or forming
new branches (Figs. 6, 7). There are several possible interpre-
tations of these results. One possibility is that in between ob-
servations the nerve terminal may have extended, inducing PNA-
BMs at the new site, and then retracted to the starting position,
leaving synaptic ECM behind. In this case, one would expect
to find cholinesterase remnants because of the retraction of nerve
terminals (Wernig et al., 1980) as discussed above at all of the
extended PNA-stained branches. However, as shown in Figure
9, absence of cholinesterase at the region where PNA staining
is longer than the nerve terminal has been seen. This result is
inconsistent with the above interpretation, unless one also as-
sumes that nerve terminals extend and retract so rapidly that

only PNA-BMs, but not cholinesterase, are induced by the grow-
ing nerve terminals. This possibility cannot be ruled out with
the time resolution provided by the present approach.
Another explanation for the lack of correlation between nerve
terminals and synaptic ECM in extending junctional branches.
is that small filopodia may be present, as seen at living mouse
NM]Js (Robbins and Polak, 1988), but may not be detectable
with 4-Di-2-Asp or other histological staining at the light mi-
croscopic level. It is interesting to note that, in the frog NMJs,
the extended PNA-stained region is often tens of microns longer
than the nerve terminal staining. It is not clear whether all of
this region could be occupied by small filopodia. Further study
using electron microscopy would help to resolve this question.
After considering the above possibilities, we propose another
interpretation: the synaptic matrix may extend in advance of
the nerve terminal that would follow later. Anzil et al. (1984)
have shown with electron microscopy a Schwann cell process
longer than the tip of a thin nerve terminal branch that was
thought to be newly formed in an adult NMJ. Since PNA stains
predominantly the ECM around Schwann cells at the NMJ (Ko,
1987), the extended PNA staining seen in the present study may
be indicative of Schwann cell processes preceding the nerve
terminal growth. Schwann cells have been shown to synthesize
NGF and other trophic molecules to which growing axons re-
spond (Riopelle et al., 1981; Heumann et al., 1987; Villegas-
Perez et al., 1988). The question of whether Schwann cells lead
axonal outgrowth during development and regeneration has also
been raised (Keynes, 1987). Thus, it is possible that during
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synaptic remodeling Schwann cells precede and influence the
nerve terminal outgrowth by releasing some kinds of trophic
factors or by providing Schwann cell ECM molecules. Pomeroy
and Purves (1988) have found changes in the location and the
number of glial nuclei associated with each neuron in the para-
sympathetic ganglion and have suggested that glial cells are ac-
tive participarits in the process of synaptic rearrangement. The
present study has shown migration of Schwann cell nuclei along
the nerve terminal (also see Herrera et al., 1990). However, it
is not known whether this change in the location of Schwann
cell nuclei plays any role in synaptic remodeling at the NMJ.
Whether the extended distribution of PNA-BMs is indeed in-
dicative of Schwann cell processes preceding nerve terminal
outgrowth during synaptic remodeling is also not known. Elec-
tron microscopy of identified NMJs showing extensions of PNA
staining longer than the nerve terminal following repeated, in
vivo observations may provide a way to test this hypothesis. In
addition, studies of NMJs that are primarily in active growth,
for example, during nerve terminal sprouting, may reveal more
junctional branches with extended PNA staining and may pro-
vide further support to the hypothesis.

One interesting feature often associated with the growth of
NMJs is the presence of a diffuse pattern of synaptic matrix
staining in the region of a newly arising terminal. This dispersed
distribution of PNA-BMs may be in response to diffusible fac-
tors released by forerunning Schwann cells, or it may be asso-

ciated with Schwann cell processes that are spreading and ex-
ploring new but not yet well-defined territory. The diffuse, PNA-
stained ECM may gradually become more restricted when
Schwann cells are more localized; this may occur even prior to
the arrival of nerve terminals. However, without any direct
evidence, the above explanation for the diffused PNA staining
should be considered merely speculative at this time.

The hypothesis that synaptic ECM precedes nerve terminal
outgrowth is compatible with studies of the roles of the ECM
in axonal growth and synapse formation. Some ECM compo-
nents, such as laminin and proteoglycan, have been proven to
promote neurite outgrowth (Lander et al., 1982, 1985; Gun-
dersen, 1987; Hantaz-Ambroise et al., 1987). In contrast,
s-laminin identified at mammalian NMIJs is thought to inhibit
neurite extension promoted by laminin (Hunter et al., 1989;
Weis et al., 1989). Both adhesion and repulsion may be involved
in axonal guidance (Keynes and Cook, 1990). Interestingly, PNA
also recognizes a glycoprotein isolated from chick somites, which
is capable of causing the collapse of growth cones (Davies et al.,
1990). However, it is not known whether the PNA-BM in the
frog NMJ is similar to the PNA-binding glycoprotein in the
chick somite and is inhibitory to neurite outgrowth. If this were
the case, expression of PNA-BMs preceding nerve terminal out-
growth may play an important role by setting an outer boundary
that restricts nerve terminals from growing beyond their correct
destination. Further studies on biochemical identification and
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characterization of PNA-BMs (Ko et al., 1990) may provide
insights into the function of PNA-BMs in synaptic remodeling
and maintenance of the NMJ.
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