NDRG1 EXPRESSION IN INJURED SCIATIC NERVES

Fig. 3. Gray scale image of double immunofluorescent labeling of
NDRG1 and NF in a transverse section of an intact nerve (A) and
grayscale images of NDRG1 (B,D,F) and S-100 (C,E,G), in which each
of the images is separately displayed, in longitudinal sections of an
intact nerve (B,C) and the distal stumps of nerves at 2 days (D,E) and
9 days (F,Q) after crush injury. A~C: In intact nerves the distribution
of NDRG1 (gray in A) and NF immunoreactivity (white in A) is clearly
distinguished, since the former is seen in the periphery (cf. Fig. 2A")

carcinoma BeWo (Xu et al., 1999). The expression of
NDRGI1 protein was upregulated in the macrophage
differentiation of leukemic U937 cells induced by treat-
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of the round profile of each fiber and the latter is in the center. On the
other hand, the NDRG1-ir sites (B) are almost identical to the S-100-ir
sites (C), suggesting that NDRGI is localized in the cytoplasm of
Schwann cells, but not in axons. D-G: At 2 days, the expression of
NDRG1 (D) is maintained in the $-100-ir Schwann cells which have
transformed into myelin-phagocytosing cells (E), but at 9 days, the
expression (F) is hardly detected in S-100-ir Schwann cells with a
irregular profile (G). Scale bar = 10 um.

ment with 1,25-(OH), vitamin D, or retinoic acid
(Piquemal et al., 1999). Furthermore, stable transfec-
tion of a colon cancer cell line with NDRG1 ¢cDNA
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Fig. 4. BrdU immunofluorescent labeling of the nerve at 9 days
after crush injury (A,C) and normal mouse jejunum as a positive
control (B). A: In a longitudinal section of the nerve BrdU-labeled cells
(white) are only distributed in the distal stump and the injury site,
corresponding to the area where a marked depletion of NDRG1 is seen
(cf. Fig. 1C). B: In a transverse section of the gut BrdU-labeled
epithelial cells (white) are only located in the base of the crypts, to

induced morphological and phenotypic changes indica-
tive of differentiation, suggesting its possible role as a
metastatic suppresser gene (Guan et al., 2000). Kurdi-
stani et al. (1998) demonstrated that this gene was a
pb3-responsive gene with anti-proliferative properties,
and that it was regulated in a cell cycle-dependent
manner. These in vitro findings were supported by in
vivo observations using in situ hybridization or immu-
nohistochemical techniques showing that NDRG1 was
expressed in the terminally differentiated cells in some
organs, in which cell renewal is detectable under phys-
jological conditions, such as colon epithelial cells (van
Belzen et al., 1997), and skin keratinocytes (Gomez-
Casero et al., 2001). Our immunohistochemical study
on injured sciatic nerves revealed that the expression
of NDRG1 was depleted in de-differentiated SCs and
recovered in re—differentiated SCs with more immuno-
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which cell proliferation is known to be restricted. Gray indicates
Pl-stained structures. C: In a higher-magnification image of the distal
stump the double immunofluorescent labeling of BrdU (white) and
S-100 (gray) shows that the nucleus of an S-100-ir cell is positive for
BrdU, suggesting the mitotic activity of Schwann cells. Scale bars =
50 pm in A; 10 pm in B,C.

reactivity than that in the SCs of intact nerves. Thus,
our findings suggest a role for NDRG1 in the terminal
differentiation, including myelination, of SCs in nerve
regeneration.

In a patient with HMSNL in whom a premature
termination codon of the NDRG1 gene was found, one
of the main neuropathological features of the disease
was SC dysfunction, such as hypomyelination and de-
myelination/remyelination, failure of compaction of the
innermost myelin lamellae, and poor hypertrophic re-
sponse to the demyelination process (Kalaydjieva et al.,
2000). It seems reasonable to surmise that this may be
a direct effect of NDRG1 dysfunction, because this pro-
tein resides in SCs, especially myelinating ones. Kalay-
djieva et al. (2000) inferred that the putative phospho-
pantetheine-binding domain present in NDRGI1
protein (Kokame et al., 1996) may possibly be involved
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Fig. 5. Immunoblotting analysis of mouse sciatic nerves with a
rabbit pAb to NDRG1. The samples were obtained at 9 days after
crush injury. The amido black-stained sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) profiles (A) and immuno-
blotted samples (B) from the intact side (lane 1), and the proximal
stump (lane 2) and distal stump (lane 3) of the operated side are
shown. The molecular weight markers (kDa) are indicated on the left.

in the lipid biosynthetic pathways operating in the
myelinating SCs. On the other hand, Lachat et al.
(2002) pointed out that the decompaction of the myelin
sheath in the disease may be due to dysfunction of the
adherens junctions in Schmidt-Lanterman incisures
(Colman et al., 2001) based on their immunohistochem-
ical findings that in all the examined epithelial cell
types membrane labeling was observed predominantly
adjacent to adherens junctions. Another prominent
neuropathological feature of HMSNL is axonal involve-
ment, such as early, severe, and progressive axonal loss
(Kalaydjieva et al., 2000). Kalaydjieva et al. (2000)
interpreted that NDRG1 may also have a role in the
PNS, possibly in the SC signaling necessary for axonal
survival, from their assumption that NDRG1 is possi-
bly involved in SC differentiation, since differentiating
SCs are an important source of signals for the devel-
opment of nerves, in addition to controlling neuronal
survival (Jessen and Mirsky, 1999). Our findings for
NDRG1 expression in the process of nerve regeneration
appear to support their hypothesis. However, further
study is needed to clarify the exact role of NDRG1 in
nerve development, since recent studies have stressed
that the developmental process of the nerves is not
always identical to the regenerative process, especially
regarding the molecular mechanisms regulating SC
proliferation (Kim et al., 2000; Atanasoski et al., 2001).

Besides the involvement of the NDRG1 in cell differ-
entiation, this gene has been reported to be modulated
under conditions of cellular stress that were caused by
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homocysteine (Kokame et al., 1996; Agarwala et al,,
2000), forskolin (Xu et al., 1999), androgen (Segawa et
al., 2002), nickel exposure (Salnikow et al., 2000), and
hypoxia (Salnikow et al., 2000; Lachat et al., 2002). Our
previous studies demonstrated that two different kinds
of heat shock proteins (HSPs), 832 kDa-heat shock pro-
tein (Hirata et al., 2000) and 27 kDa-heat shock protein
(Hirata et al., 2003) were differentially induced in dif-
ferent phases of SCs after axotomy, since the former
was induced.in SCs that transformed into myelin-
phagocytosing cells immediately after the injury, while
the latter was induced in SCs in the next phase that
formed the SC column for axonal guidance. In the
present study, NDRG1 was reexpressed during remy-
elination with more immunoreactivity than the normal
level, suggesting its involvement in myelination, which
is the last phase of SC transformation. No previous
investigators have reported that the NDRG1 belongs to
the HSPs. However, it is likely that, in addition to
HSP32 and HSP27, this protein could be acting as a
molecular base, explaining the inherent ability of SCs
to not only protect themselves from abnormal environ-
ments but also participate actively in the repair pro-
cess, although it may play a role in maintaining tissue
homeostasis in intact nerves.
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The spatiotemporal characterization of endplate
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patterns of the presynaptic elements and the postsynaptic
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Abstract

In this study, an immunohistochemical investigation was carried out to define

spatiotemporal characteristics of superposition patterns of the presynaptic elements and the
postsynaptic acetylcholine receptor (AChR} sites during the period of endplate regeneration
after sciatic nerve crush. The extent of close correspondence of terminal Schwann cell {TSC)-,
or axon terminal-, apposing AChR sites was quantitated with three-dimensional images of
neuromuscular junctions (NMJs) taken under confocal laser-scanning microscopy. After
3-weeks post-crush (wpc), reoccupation of regenerating TSCs and later arriving axon term-
inals proceeded within the scope of previously denervated AChR plaques. During this period,
the areas of presynaptic elements and the areas of postsynaptic elements were highly
correlated. TSCs rapidly reoccupied a greater part of the postsynaptic receptors. In contrast,
there was a slower increase of the contact areas of AChR sites overlapped by the axon
terminals. Reoccupation by the presynaptic elements at 20 wpc was almost completed in a
majority of NMJs, but some anomalous changes still continued to occur in a small proportion
of the NMJs (20-30%). Our results suggest that: {a) with gradual increase of the contact
areas between presynaptic and postsynaptic elements, imperfect reinnervation and regen-
eration, due to spatial mismatching or unbalanced growth between presynaptic and post-
synaptic elements, result in sporadic remodeling; (b) the difference in superposition patterns
between TSCs and axon terminals depends on the ability of making alignment to the endplate
gutters in regenerating NMJs; and (c) a complex set of anatomical relationships among the
three endplate components affects the process of endplate reoccupation synthetically.

Key words: acetylcholine receptor, immunohistochemistry, nerve regeneration, neuromus-
cular junction, Schwann cell

Introduction

In our recent study, the reinnervation of individual
muscle fibers was investigated at various time points
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after the sciatic nerve was crushed (Kawabuchi et al.,
1998; 2001). After 3-weeks post-crush {wpc), the rein-
nervating Schwann cells (SCs) reoccupied damaged
endplates by growing through the originai SC tubes.
At the later time, returned axons began to reoccupy
damaged endplates, and over the following weeks,
most endplates become gradually recovered. Terminal
differentiation and endplate reoccupation were in pro-
cess during the first few months of the reinnervation
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period, with a concomitant regenerative growth of
the terminal SCs (TSCs) and the sites of clustered
acetylcholine receptors (AChRs) (Kawabuchi et al., 2001).

Normally, there is a precise spatial alignment
between the presynaptic and postsynaptic elements
in the vertebrate neuromuscular junctions (NMJs),
which alters during remodeling, development, and
regeneration. From the in vivo visualization study of
the mammalian NMJs in living animals, the location
of axon terminals, TSCs, and the distribution of AChR
in the postsynaptic muscle fiber membrane were
investigated during the period of muscle reinnervation
(Rich and Lichtman, 1989; O'Malley et al., 1998} or
muscle fiber growth (Balice-Gordon and Lichtman,
7993). In both regeneration and growth, loss of AChR
from a portion of the synapse precedes a rapid, partial
loss of nerve terminal branches. In regeneration, the
axon terminal precisely reoccupies the receptor
regions in the old endplate site of the adult muscle
(Rich and Lichtman, 1989).

The three cellular components of NMJs, TSCs,
motor axon terminals, and postsynaptic muscle fibers,
are known to perform interaction that affects synapse
formation, maintenance, and repair {Hall and Sanes,
1993; Burden, 1998). The synaptic basal lamina con-
tains a number of signaling proteins that influence
motor nerve terminal differentiation during muscle
reinnervation (Sanes et al, 1978; Glicksman and
Sanes, 1983, Sanes, 2003). The TSCs may regulate
some aspects of differentiation and maintenance of
axon terminals (Jahromi et al., 1992, Rochon et al.,
2001) and synaptic plasticity (Robbins and Polak,
1988). In addition, TSCs play a role in muscle reinner-
vation, and processes extended by TSCs after dener-
vation influence the regrowth of motor axons to the
muscles and their guidance back to denervated NMJs
(Son and Thompson, 1995a; 1995b; Trachtenberg and
Thompson, 1997; O'Malley et al., 1999). At the same
time, motor axon terminals also play a role in post-
synaptic differentiation. Finally, it is generally agreed
that besides providing the trophic support for neurons
(Grinnell and Herrera, 1981; Wernig and Herrers,
1966), feedback mechanisms from the muscle are
important to anatomically or physiologically align neuro-
muscular synapses to their target cells (Nudell and
Grinnel, 1983; Slack et al., 1983; Hopkins et al., 1985;
Crews and Wigston, 1990; Kuno, 1990).

Confocal three-dimensional (3D) images are useful
for visualization and the morphological analysis of
structures in regenerating NMJs. The advantage of
this technigue, compared with that performed by
conventional fluorescence microscopy, is introduced
below. Compared to normal junctions, regenerating
neural elements are initially smaller and show various
structural changes, such as uneven outlines and wide
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variability in size and terminal morphology. For those
structures that originally have curvature and change
with time, the 3D structure is more powerful in repre-
senting the true planar area of the endplate.

Knowledge of how TSCs or axons respond to
nerve injury, particularly when reoccupation takes
place on the once denervated postsynaptic receptor
region, is important for understanding the formation
and maintenance of regenerating NMJs. ‘Following
regeneration after nerve crush, the superimposed
images of the TSC or axon terminal and AChR sites
within the endplate of rat muscle were measured
utilizing a dual-color confocal imaging technique
(Kawabuchi et al., 2001). In this study, we extend our
previous observations by demonstrating some particu-
lar features of superposition of the presynaptic elem-
ents in relation to the postsynaptic elements in
the spatiotemporal course of endplate reoccupation.
In addition, the close correspondence (CC) between
the pre- (TSC- or axon terminal-occupied region) and
postsynaptic region was investigated quantitatively to
define the difference in superposition patterns
between the TSCs and axon terminals. Motor end-
plates were visualized by labeling the AChR sites
with fluorescein isothiocyanate (FITC)-conjugated o-
bungarotoxin («-BT). Cryosections of the rat skeletal
muscle were double-labeled with SC marker (S100)
and «-BT, or with axonal marker (PGP9.5) and «-BT,
and then observed using confocal laser-scanning
microscopy. PGP9.5 is a suitable marker for detection
of regenerating axons reinnervating in different tar-
get organs and is helpful for locating the major nerve
pathways through target tissue (e.g., skin and muscle)
(Hirata et al., 1997; Navarro et al., 1997; Verdd and
Navarro, 1997; Kawabuchi et al., 2001).

Despite return of motor nerve processes within
weeks to months after peripheral nerve lesions, recov-
ery of motor function is delayed for years (Bowe et al.,
1989). To evaluate the magnitude of restoration of
the original motor function following peripheral nerve
injury, long-term observations on the process of
incomplete regeneration and reinnervation in NMJs
need to be presented. In the present study, long-
term alterations in the spatiotemporal course of end-
plate reoccupation, which persisted after regenerating
axons grow into NMJs, were examined fori up to 20
weeks. ‘

Materials and Methods

Animals

All procedures were approved by the Committee
of Ethics on Animal Experiments in the Faculty of
Medicine, Kyushu University. Fifty adult male rats



Wang et al.

{4 months old; body weight 3154199, Wistar/Ms)
were used for the experiments.

Surgery and tissue preparation

The procedures for nerve crush were the same
as previously reported (Kawabuchi et al., 1998). Under
deep ether anesthesia followed by pentobarbital
sodium (60 mg/kg body weight, subcutaneous injec-
tion), the right sciatic nerve was exposed and crushed
for 20s with microforceps. After nerve crush was
achieved at the maximum pressure, the wound was
sutured and animals were allowed to recover. At the
time of perfusion, the operated leg muscles were
found to become smaller than those of the control
side in all cases in this study. A 15-25% reduction in
muscle weights at 4 wpc was noted.

The animals were divided into several groups and
allowed to survive for 1, 3, 4, 6, 8, 12, and 20 weeks
post nerve crush. The soleus muscles from four to six
rats were examined in each group; the muscles from
control side served as control. In addition, 12 animals
were divided equally into four groups, which were
allowed to survive without operation for 4, 8, 12, and
20 weeks, to serve as negative controls. Three adult
rats were used as sham operated (n=3) controls,
where the nerve was exposed but not damaged.
Following ether anesthesia and pentobarbital sodium,
the animals were perfused through the aorta with
phosphate-buffered saline (PBS) (pH 7.6) followed by
300-500mL of fixative composed of 4% paraformal-
dehyde in 0.1 M phosphate buffer at pH 7.4. The mus-
cles were dissected out and were then immersed in
graded sucrose solution {up to 20% in 0.1 M phos-
phate buffer) for cryo-protection. A series of 50-um-
thick longitudinal serial sections were cut on a cryostat
microtome (Frigocut, Germany) at —20°C and were
collected in PBS.

Immunohistochemistry

Sections were rinsed twice in PBS and once in
0.4% Triton-X 100 in PBS for 10min, respectively,
and then incubated in 1% bovine serum albumin
{BSA) in PBS supplemented with 0.05% NaNg for 1 h.
The following primary antibodies were applied to the
sections for 24-48h at room temperature: polyclonal
anti-PGP9.5 (Ultraclone) diluted at 1:1,600-2,000 and
polyclonal anti-S100 (Nichirei) diluted at 1:40. For
detection of bound antibodies, the following proced-
ures were used: sections were incubated with bio-
tinylated secondary antisera (goat anti-rabbit I1gG)
diluted at 1:200 (Vector Laboratories, Burlingame,
CA, USA) for 3h, followed by streptavidin labeled
with Texas red diluted at 1:200 (Vector Laboratories)
for 2h. Between each step, sections were washed
three times in PBS for 15-30min. All procedures
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were performed at room temperature (about 20°C).
The sections were placed on a slide pretreated with
0.1% Poly-L-Lysine (Sigma). Following immuno-
staining, the area of the postsynaptic AChR site was
defined by FITC-conjugated o-BT staining for 1h at
37°C {dilution 1:200, Molecular Probes, Eugene, OR).
Then sections were washed several times in PBS for
30 min and mounted with Vectashield (Vector, USA).

Confocal laser-scanning microscopy

Counterstained materials were observed with a
confocal laser-scanning microscopy system (CLSM-
GB 200 Olympus, Japan) equipped with an argon/kryp-
ton ion laser, allowing simultaneous scanning of two
fluorescent dyes. In order to avoid any nonspecific
cross-talk, observations of staining for either FITC or
Texas red were made as the following: the wave
length of the excitation laser light was restricted to
488nm (argon laser) for FITC or to 568nm (krypton
laser) for Texas red separately by switching the
dichroic mirrors. For simultaneous observations of the
materials double-stained by FITC and Texas red, the
serial images were taken under 488nm and 568 nm
laser lights separately on the same scope. Optical
sections at intervals of 0.5-1um were projected on
a single plane extending in 10-40 um thickness. The
series of optical sections were reconstructed to show
superimposed images of the TSC and AChR site or
axon terminal and AChR site. Using a 40x or 60x
water immersion objective lens, the 3D structure of
the motor endplate can be shown by reconstructing
the series of images. It was noted that the areas of
endplates on the adult muscle in 3D image are signifi-
cantly larger than that in 2D image.

Morphometric analysis

For quantitative analysis of each of the three-
dimensionally reconstructed junctional components,
several sections in 50 pm thickness with the necessary
number of NMJs were selected from each animal. To
combine the data from different animals, all the sec-
tions from three to six animals in each group were
processed for morphometry. In addition, it was deter-
mined that at least 15 NMJs per section and five sec-
tions per animal were required for statistical reliability
to ensure that inter-animal variability was not signifi-
cant. Only the motor endplates cut at the tangential
plane were selected and images in which the entire
motor endplate was parallel to the long axis of the
muscle fiber were rejected. The area of motor end-
plate was defined as where the preterminal SCs or
axons terminate on the AChR sites outlined by «-BT
staining. One motor endplate was often organized into
two or more groups, each of which contained a collec-
tion of terminal SCs or nerve terminal branches. To
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avoid errors in statistical refiability, the motor endplates
with undefined borders, due to distant neighboring
groups of TSCs or axon terminals, were not counted.
The area of an axon terminal included the projection
area of the axon terminal and its branches at the AChR
site, and the point of origin was defined as the first
branch point of the axon terminal.

The time course of changes in sizes of S100-like
immunoreactive TSCs, PGP9.5-like immunoreactive
axon terminals, and o-BT-stained AChR sites was
documented in our previous study (Kawabuchi et al.,
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2001). In the present study, individual sizes during
regenerative growth at 4, 8, 12, and 20 wpc, estimated
from the extent of the longitudinal-sectional areas,
were combined in a scatter diagram, and the distribu-
tion of individual value pairs for the area of presynaptic
elements (TSCs or axon terminals) and AChR sites is
shown (Fig. 1). The anatomical relationship between
these parameters was analyzed by single-variance
linear regression analysis. Single Texas red-stained
S100- or PGP9.5-like immunoreactivity was normally
red, but it would become yellow when structures
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Figure1. Scatter diagrams of the relationship between area (um?) of acetylcholine receptor (AchR) sites (horizontal axis) and
area of terminal Schwann cell (TSCs) (A-C) or area of axon terminals (D-F) in neuromuscular junctions (NMJs) (vertical axis).
Measurements were performed on 90-150 samples from control (A and D), 4-weeks post-crush (wpc) (B and E) and 12 wpc (C
and F) separately. The unit values are indicated by a square. The regression line is calculated from the pooled values of the two
data sets. (A) The increase in area of the AChR sites in control correlates with that of the TSCs Ir (correlation efficient) = 0.94,
p<0.001, two-tailed ttest, n=971. (B, C) The shift of individual value pairs at 4 and 12 wpc indicates that nerve crush induced a
decrease in areas of AChR-rich sites and correlated changes in areas of TSCs (r=0.42 at 4 wpc, p <0.001, two-tailed ttest,
n=62; r=0.33 at 12 wpc, p <0.01, n=145). The distribution of points at 12 wpc seems to be more dispersed than at 4 wpc.
(D) A significant linear relationship is obtained between the two parameters in the control [r {correlation efficient) =0.93,
p<0.001, two-tailed ttest, n=97]. (E, F} At 4 and 12 wpc, there is the similar linear relationship between area of axon
terminals and area of AChR sites in NMJs (r=0.86 at 4 wpc, p < 0.001, two-tailed #test, n=62; r=0.75 at 12 wpg, p < 0.01,
n=145). The shift of individual value pairs at 4 wpc indicates that nerve crush induced a coincidental decrease between TSCs
and AChR plaques. (F) Note considerable correlated recovery in the 12-week muscles.
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were identified by both Texas red staining and green
FITC fluorescence, where superimposition of pre-
synaptic elements and postsynaptic receptor regions
existed. A schematic representation of the analysis for
superimposed images from the region of CC, esti-
mated by the programs Adobe Photoshop and NIH, is
shown in Fig.2. In order to make an easy morpho-
metric analysis, the double-color images (see boxed
regions in Fig.3C,l) were converted to single-color
image at first, by switching the multiple color channels
to only one channel with Photoshop (green for FITC or
red for Texas red). Then the single-color images were
converted to gray (black and white) images by grays-
cale mode, which can show the areas of TSCs, axon

S100/0-BT

1. Neuromuscular
junction

2. Terminal Schwann
cell/axon terminal

3. Acetylcholine
receptor

4. Close
correspondence
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terminals, or AChR sites separately (Fig. 2). In addition,
for analysis of the superimposed vyellow areas
between TSC/AChR site or axon terminal/AChR site
in double-color images (see boxed areas in Fig. 3), the
double-color images were converted to gray images
with Photoshop (Fig. 2). Then the gray images were
processed by threshold mode, and the threshold inten-
sity on the grayscale image was adjusted by density-
slice filtering. With appropriate adjustment, the non-
overlapped areas from presynaptic and postsynaptic
elements were then taken away from the NMJ by
digitally subtracting the binary image and the accurate
superimposed areas were displayed (Fig. 2). Selected
superimposed areas corresponding to the CC were

PGP9.5/a-BT

Figure 2. Diagrammatic procedure for estimating extent of close correspondence (CC) between pre- and postsynaptic
elements of neuromuscular junctions (NMJs). The dual-color images of the original double-labeled fluorescent NMJs are from
the boxed regions in Fig. 3(C,1). Terminal Schwann cells (TSCs) or axon terminals are shown in red, receptor regions in green,
and the superimposed regions [CC with the postsynaptic acetylcholine receptor (AchR) sites] in yellow. (1) The original color
images are converted to Gray images. (2}, (3), and {4) grayscale images are converted to binary images, using an intensity
threshold based on the mean background level. (2} The binary image of the TSC or axon terminal is digitally subtracted from the
binary image of the NMJ. (3} The receptor regions demonstrate branches associated with disparate clusters of AChRs. (4) The
area of CC is obtained by digitally subtracting the area of non-correspondence from the total area of the receptor region. In
addition, the binary subtraction images in {(4) are independently verified by referring to the original yellow-colored images in
boxed areas of Fig. 3(C,1}.
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Figure 3. {A-E) Double-fluorescence labeling for S100 (red) and «-BT (green) in longitudinal sections of neuromuscular junctions
(NMJs) at unoperated control {A), 1 (B}, 3 (C}, 4 (D), and 20 (E) weeks post-crush (wpc}, and (F-J) double fluorescence labeling for
PGP9.5 (red) and «-BT (green) at control (F), 1 (G), 3 (H), 4 (), and 20 {J) wpc show the sequence of endplate reoccupation by
$100-positive terminal Schwann cells (TSCs) and PGP9.5-positive axon terminals. The superimposed red and green images show
superposition areas that appear yellow between SCs/axons and postsynaptic acetylcholine receptor {(AchR) plagues. Note in all
figures that TSCs or axon terminals invariably regenerate within the territory of AChR geometry. (A, F) NMJs (arrows) in
unoperated controls. Note almost complete and accurate spatial occupation between nerve terminals [TSCs (A), axon terminals
{F)] and postsynaptic receptor regions. (B) Loosely aligned TSCs with profuse robust extensions (arrowheads) overlie AChR sites
with degeneration figures (shrinkage, fragmentation). (C-E) In most NMJs, TSCs are well organized and aligned with regular
contours, indicating ongoing regeneration. (C, D) From early in reinnervation, the yellow-colored superposition predominates,
indicating that the major area of the TSC profile closely contacts over the area of the AChR plague. (E) At 20 wpc, some NMJs
show almost complete superposition (arrows), while in others (arrowheads), less developed TSCs are coupled with poorly formed
AChR plaques. (G} At 1 wpc, axon terminals are disorganized and disintegrated in a majority of NMJs, with AChR plaques being
left unoccupied (arrows). (H-J) With advancement of endplate reoccupation, the terminal arborizations expand into a series of
boutons and cover the entire NMJ area. {H, 1) Early in reinnervation, superposition of the axon terminals and AChR sites (arrows) is
seen. {J) At 20 wpc, despite advancement in superposition, poorly formed terminals, partially occupying an AChR plague, still can
be seen (arrow). The boxed regions in (C) and (l) were processed in Fig. 2. Scale bar =20 um.
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measured. To minimize the subjective bias in delinea-

tion of the borders of the structure, the scope of the
gray image was always referenced to that of the origi-
nal color image (green, red, or yellow). Following mea-
surement of the superimposed yellow area, the ratio of
CC at 4, 8, 12, and 20 wpc was estimated by the
quotient of the mean area of the yellow image divided
by the green-colored AChR sites. Morphometric ana-
lyses of characters and relationship among three com-
ponents of NMJ during muscle reinnervation were
always referenced to the normal controls and were
performed independently by two investigators on ori-
ginal images. Their results were compared to evaluate
accuracy.

Statistics

The incidence of anomalous changes in TSCs and
axon terminals, as expressed by a percent, were com-
pared with the chi-square test at a level of significance
of 99%. For the superposition areas delimited by TSCs
or axon terminals, mean and standard deviations were
calculated. Differences in the means of each para-
meter at 4, 8, and/or 12 wpc were compared with a
two-tailed Student's ttest. Differences between the
two values were considered significant if the probabil-
ity value (p) was found to be less than 0.05.

Results

Correlation in size between presynaptic and
postsynaptic elements

Nerve crush induced long-lasting atrophy of AChR
sites in which their area, perimeter, and diameter sig-
nificantly reduced from normal levels, and the degree
of reduction in the area of the AChR site was promin-
ent at 4 wpc, with subsequent resteration at 12 wpc
(Kawabuchi et al., 2001).

The distribution of individual value pairs of the
areas of TSCs and AChR sites is shown by the scatter
diagrams (Fig. 1A-C). A positive relation was most
evident in controls, and sizes of AChR sites were sig-
nificantly correlated with those of TSCs in controls {the
correlation efficient (1 for endplate area and TSC
size=0.94, p<0.001] (Fig.1A). Across all the time
points (4, 8, and 12 wpc), significant correlation was
maintained during reinnervation foflowing nerve crush
(r=0.42 at 4 wpc, p<0.001; r=0.85 at 8 wpc,
p<0.001; and r=033 at 12 wpc, p<0.01)
{Fig. 1B,C). The area of most AChR sites decreased at
4 wpc and gradually recovered to the normal level.
Compared with the decrease in the area of AChR
sites, some areas of TSCs increased and the others
decreased at 4 wp