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ABSTRACT Perisynaptic Schwann cells (PSCs) envelop axonal terminals and are
physiologically distinct from the nearby myelinating Schwann cells (MSCs), which
surround the same innervating motor axons. PSCs have special functions at the
neuromuscular synapse, where they detect and can modulate neurotransmitter release.
Although PSCs are similar to non-myelinating Schwann cells in that they do not form
multiple myelin wrappings around nerve terminals, they do wrap around single nerve
terminals. These differences, as well as others, lead us to question whether PSCs are
truly of Schwann cell origin. We thus characterized the expression of molecules,
classically associated with myelin and Schwann cells, in PSCs at the frog neuromuscular
junction. We wondered whether PSCs express the Schwann cell marker protein zero (P0)
and whether their lack of myelination was related to an absence of myelin-associated
glycoprotein (MAG), a protein found in myelinating cells that is considered important in
myelination. Instead, we found that PSCs express both P0 and MAG, and other
myelinating glial markers such as galactocerebroside and 28,38-cyclic nucleotide 38-
phosphodiesterase. In denervated preparations, P0 and MAG expression persisted,
including at newly formed PSC extensions. Because PSCs do not myelinate, it is clear
that expression of these proteins alone is not sufficient for myelin formation. It is possible that
factors present at synapses may prevent myelination, while P0 and MAG may mediate
adhesion between nerve terminals and the surrounding PSCs. The results indicate that
PSCs are of Schwann cell origin. GLIA 27:101–109, 1999. r 1999 Wiley-Liss, Inc.

INTRODUCTION

Schwann cell precursors are derived from the neural
crest, and they subsequently give rise to two mature
Schwann cell forms, the myelin- and non-myelin-
forming Schwann cells (for review see Le Douarin et al.,
1991; Jessen and Mirsky, 1991, 1998). In the adult,
each myelinating Schwann cell (MSC) surrounds a
single axon where it forms layers of myelin sheath. In
contrast, each non-myelin-forming Schwann cell can
accommodate many axons in troughs along its surface.
Another type of non-myelin-forming cell can be found at
the neuromuscular junction (nmj), and this cell is
known as a terminal or perisynaptic Schwann cell
(PSC). Each PSC wraps around portions of a single
nerve terminal, and these cells have specialized func-

tions at the nmj, where they detect synaptic activity
(Jahromi et al., 1992; Reist and Smith, 1992) via
activation of their neurotransmitter receptors (Robi-
taille, 1995; Robitaille et al., 1996, 1997; Bourque and
Robitaille, 1998). The PSCs react to cessation of nerve
activity (Georgiou et al., 1994, 1999) and can be acti-
vated to modulate transmitter release (Robitaille, 1998).
Furthermore, PSCs also have roles in synaptic mainte-
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nance, growth, and repair (for review see Balice-
Gordon, 1995; Son et al., 1996). Thus, PSCs are morpho-
logically and functionally quite distinct from both MSCs
and non-myelin-forming Schwann cells in unmyelin-
ated nerve. Indeed, PSCs have many functions that are
more similar to astrocytes than myelin- or non-myelin-
forming Schwann cells (Georgiou et al., 1994).

During development of the nmj, a neuronal growth
cone contacts a muscle fiber and differentiates into a
specialized presynaptic nerve terminal, which becomes
wrapped by Schwann cell processes (for reviews see
Hall and Sanes, 1993; Burden, 1998). However, the
origin of PSCs is unknown. Immunological approaches
have been used to identify Schwann cells during devel-
opment and also to distinguish between the adult
myelin- and non-myelin-forming types of these glia (for
reviews see Jessen and Mirsky, 1991, 1998; Scherer,
1997). Although the molecular profile of Schwann cells
is distinct from other cell types, it is still unknown
whether PSCs express any proteins that are specially
associated with Schwann cells. For instance, protein
zero (P0) is a Schwann cell glycoprotein constituent,
which is expressed in precursor cells and becomes
up-regulated in MSCs upon myelin formation (Bhat-
tacharyya et al., 1991; Zhang et al., 1995; for reviews
see Martini and Schachner, 1997; Scherer, 1997). We
wondered whether PSCs express Schwann cell markers
such as P0 and whether the absence of myelination in
PSCs is due to the absence of myelin-related proteins
such as myelin-associated glycoprotein (MAG).

We have determined that PSCs express proteins
associated with mature Schwann cells, including P0.
Surprisingly, PSCs also expressed the myelinating cell
markers MAG and 28,38- cyclic nucleotide 38-phosphodi-
esterase (CNPase). PSCs also expressed the major
myelin galactolipid and general Schwann cell marker
galactocerebroside (GalC). After denervation, PSCs and
their newly formed processes still contained P0 and
MAG. Our results indicate that PSCs are of Schwann
cell origin and that expression of these proteins alone is
insufficient for development of a myelin sheath. We
postulate that neurotransmitters and other molecules
found at synapses prevent myelination and lead to
specialization of perisynaptic glial cells. Alternatively,
P0 and MAG may play other roles, such as neuron–glia
adhesion and signaling.

MATERIALS AND METHODS
Animals and Experimental Treatment

Rana pipiens frogs (4–6 cm body length; Ward’s
Scientific, St. Catherines, ON, Canada or Connecticut
Valley Biological Supply, Southampton, MA) were
housed at 15°C in running water. Frogs were double-
pithed and cutaneous pectoris muscles (Dreyer and
Peper, 1974) were excised and pinned down on petri
dishes coated with Sylgard (Dow Corning, Midland,
MI). Preparations were maintained in normal frog
Ringer’s solution (FRS) containing 120 mM NaCl, 2 mM

KCl, 1 mM NaHCO3, 1.8 mM CaCl2, 5 mM HEPES (pH
adjusted to 7.2 using NaOH).

Denervation of muscles was performed in a manner
similar to the method of Robitaille et al. (1996, 1997).
We injected 0.3 mg/g frog body weight of MS-222
(3-aminobenzoic acid ethyl ester, methane sulfonate
salt; Sigma Chemical, St. Louis, MO) dissolved in FRS
into a dorsal lymphatic sac to anaesthetize frogs. Two 1
cm skin incisions were made over the cutaneous pecto-
ris muscle. A 0.5 cm portion of the motor nerve was
removed at one muscle, without damaging the vascula-
ture. The skin was sutured using silk thread and sealed
with Histoacryl blue (B. Braun Melsungen AG, Melsun-
gen, Germany, D-3508). Frogs were maintained in
individual cages for 14 days. Contralateral muscles
served as controls. In this preparation, nerve terminals
degenerate within several days and are phagocytosed
by the PSCs (Birks et al., 1960b; Ko, 1981).

Staining and Immunohistochemistry

To identify endplates, muscles were stained with
peanut agglutinin (PNA) lectin conjugated to tetrameth-
ylrhodamine isothiocyanate (PNA-TRITC; Sigma; 10
mg/ml in FRS), applied for 10 min. Protein zero (P0) was
detected with 1E8 monoclonal antibody (courtesy of Dr.
Robert Brackenbury and Dr. Nancy Ratner, University
of Cincinnati). This antibody is specific for myelin-and
non-myelin-forming Schwann cells in mature chickens
(Bhattacharyya et al., 1991) and reacts with the polypep-
tide portion of chicken P0 (Zhang et al., 1995). Prepara-
tions were incubated in FRS containing 20 µg/ml 1E8
for 12–16 h (this step at 15°C), washed for 1 h in FRS,
then incubated in FRS containing 10 µg/ml goat anti-
mouse IgG secondary antibody conjugated to fluores-
cein isothiocyanate (FITC, Sigma) for 2 h, and finally
rinsed for 1 h in FRS. Muscles were imaged live. No
fluorescence signal was observed when the primary
antibody was omitted.

Preparations processed for either MAG or GalC
expression were fixed in FRS containing 3% paraformal-
dehyde (5°C) for 10 min and rinsed in FRS for 60 min.
Monoclonal antibody (mAb) 513, originally raised
against chicken brain glycoproteins (Poltorak et al.,
1987) was provided by Dr. John Roder (Samuel Lunen-
feld Research Institute, Mt. Sinai Hospital, Toronto,
Canada). Anti-MAG (clone 3E4, ascites) was provided
by Dr. Samuel David (Centre for Research in Neurosci-
ence, Montréal General Hospital Research Institute,
Montréal, Canada). GalC was detected using polyclonal
antiserum from Sigma (#G-9152), or Ranscht mAb
(R-mAb; Ranscht et al., 1982) from Dr. Barbara Ranscht
(The Burnham Institute, La Jolla Cancer Research
Center, La Jolla, CA), or mAb O1 (Sommer and
Schachner, 1981) courtesy of Dr. Roder. CNPase was
detected using clone 11–5B mAb (Boehringer Mann-
heim Canada, Laval, Québec, Canada). During the
staining procedure, muscles were incubated in pairs
and moved between five well plates, each containing a
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solution of 10% bovine serum albumin (BSA; Sigma)
and 0.3% Triton X-100 (Boehringer Mannheim) in FRS.
The procedure followed these steps: (1) Preparations
were ‘‘blocked’’ in this solution for 30 min, (2) followed
by 60 min incubation with either antibody 513 (1:50) or
3E4 (1:50) or G-9152 (1:50) or O1 (1:50) or R-mAb (1:20)
or 11–5B (20 µg/ml) and (3) rinsed twice for 60 min.
Tissue was next (4) incubated in 10 µg/ml goat anti-
mouse IgG secondary antibody conjugated to FITC, or
IgM secondary (Sigma) for O-1 detection, and (5) rinsed
twice for 30 min. Preparations were mounted onto glass
slides in a drop of Slowfade antifade reagent (Molecular
Probes, Eugene, OR) to reduce photo-bleaching. Fluores-
cence signal was not observed when the primary anti-
bodies were omitted.

Muscles were imaged using a Bio-Rad 600 confocal
laser scanning microscope attenuated to 1% of the full
laser power. For live preparations, images were col-
lected using a 403 water immersion lens (Nikon 0.55
NA). Fixed muscles were imaged with a 403 oil immer-
sion lens (Nikon 1.30 NA). The dual wavelength mode
of the confocal microscope allowed acquisition of green
and red fluorescence simultaneously. This provided
co-localization of each protein probed in double-labeled
samples; in this configuration, the excitation wave-
length is 514 nm and one photomultiplier tube detects
green emitted light (selected using 514–550 nm band
pass filter) while the other detects red light (low pass
filter with 590 nm cutoff).

Immunoblots

Rat brain, frog brain, and frog peripheral nerve
tissue were dissected and suspended in ice cold phos-
phate buffered saline containing 1% (v/v) Triton X-100
and protease inhibitors (cocktail kit from ICN Pharma-
ceuticals Canada Ltd, Montréal, QC, H4M 1V1) AEBSF
(200 µg/ml), EDTA-Na2 (2.5 mg/ml), leupeptin (1 µg/
ml), and pepstatin A (1 µg/ml). Tissue was homogenized
(Polytron) and frozen in aliquots. Protein concentra-
tions were determined by dotMETRIC 1µl Protein
Assay (Geno Technology Inc., St. Louis, MO, 63108).

Proteins were fractionated in polyacrylamide gels
(bis:acrylamide of 1:37.5), which were cast and run
using the Mini-PROTEAN II electrophoresis cell sys-
tem (Bio-Rad Laboratories, Hercules, CA). Tissue
samples were diluted with stock buffer to contain 31.25
mM Tris-HCl (pH 6.8), 1% sodium dodecyl sulfate
(SDS), 5% glycerol, and 0.05% bromophenol blue. In
some experiments, samples were reduced with 50 mM
DTT and boiled for 10 min. Pre-stained molecular
weight standards (Low Range and/or Kaleidoscope
Markers; Bio-Rad) were fractionated simultaneously.
Proteins were transferred onto immuno-blot polyvinyl-
idene difluoride (PDVF) membrane (Bio-Rad) using the
Bio-Rad Trans-Blot semi-dry transfer cell apparatus.

Membranes were blocked for 2 h in Tris-buffered
saline/Tween-20 (TBS/T: 50 mM Tris-HCl, 150 mM
NaCl, 0.1% Tween-20, pH 7.4) containing 5% (w/v)

nonfat dry milk (Bio-Rad). Membranes were washed in
TBS/T and then incubated with primary antibody over-
night (this step at 5°C) in TBS/T solution containing 5%
(w/v) BSA. Antibody solution volume was 20 ml and
contained either 1E8 (6 µl), 513 (10 µl), or 3E4 (10 µl).
After washing in TBS/T, PVDF membranes were incu-
bated for 2 h in 20 ml of TBS/T milk blocking buffer
containing 4 µl of horseradish peroxidase-conjugated
rabbit anti-mouse IgG secondary antibodies (Sigma).
Membranes were subsequently washed in TBS/T and
immunoreactive bands were detected by chemilumines-
cence (SuperSignal chemiluminescent substrate; Pierce,
Rockford, IL) and exposed to Biomax ML light film
(Eastman Kodak, Rochester, NY).

RESULTS
Protein Zero Expression

The major protein in PNS myelin is P0, a glycoprotein
believed to be essential in compaction of myelin (Doyle
and Colman, 1993; Quarles, 1997; Sommer and Suter,
1998). To evaluate whether P0 is expressed in PSCs, we
immunostained live, excised neuromuscular prepara-
tions using monoclonal antibody 1E8 (Bhattacharyya et
al., 1991; Zhang et al., 1995).

We detected P0 immunoreactivity on the MSCs sur-
rounding the motor axons and also on PSCs. Staining
on the MSCs located at the last myelinated segments
was typically brighter than staining on PSCs (not
shown). However, the larger surface area of MSCs may
account for this difference in immunoreactivity, and we
thus did not attempt to quantitate P0 expression.
However, the expression of P0 by both MSCs and PSCs
suggests some common role for this molecule, but one
which may not necessarily relate to myelination.

The pattern of P0 expression on PSCs predominantly
formed an outline similar to that seen with fluorescent
peanut agglutinin (PNA), a lectin which binds to extra-
cellular glycosylated residues at neuromuscular syn-
apses (Ko, 1987) and forms an outline around PSC
nuclei (Georgiou et al., 1994). We examined 62 sites
from 5 muscles labeled with PNA and observed a
uniform, a dotted, and also a ‘‘banded’’ pattern of P0
expression. Bands of P0 staining, oriented perpendicu-
larly to the long axis of the PSC processes, were spaced
1–2 µm apart. The PSC imaged in Figure 1A was
double-labeled for P0 and PNA, and it reveals some of
these varied patterns of P0 expression. For instance, the
left portion is uniform, the portion on the right forms an
outline, and the central portion of the PSC displays a
banded staining pattern, which appeared brightest
when focussing down towards the synaptic cleft. When
the two signals were superimposed, the P0 staining
paralleled and also overlapped to a considerable extent
with that of the PNA staining (overlap appears in
yellow). However, the P0 bands did not co-localize with
PNA staining, as illustrated in the merged image of
Figure 1A, where P0 bands still appear green.
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Fig. 1. PSCs express P0. Simultaneously acquired confocal images
from muscles double-labeled using anti-P0 (1E8) revealed with goat
anti-mouse FITC (top panel) and with either PNA-TRITC to outline
synapses (A,C) or a-bungarotoxin-Texas Red (B) to reveal postsynap-
tic nicotinic acetylcholine receptors, AChRs (center panel). Green
and red images are merged in the bottom panels to show any spatial
overlap, which appears yellow. Scale bars 5 10 µm. A: Note that the
outline formed by PNA overlaps with the P0 staining, but the P0 bands
and the fine tip (left end) of the PSC do not. B: P0 bands are located
between active zones, that is, P0 bands (arrows) reveal little or no
overlap with that of AChRs. C: Two weeks after denervation, PSCs
still contain P0. Note the newly formed P0-containing extension to the
left of the PNA outline (between arrows).

Fig. 2. MAG expression at PSCs. Simultaneously acquired confocal
images of MAG (513) staining revealed with goat anti-mouse FITC
and PNA-TRITC to outline synapses. Scale bars 5 10 µm. A: PSCs
covering two nerve terminals expressing MAG. B: Another synapse in
which MAG staining meanders through but does not completely fill or
outline the PSC soma region defined by PNA. C: Merged image
showing localization of MAG (green) and PNA (red) in a PSC dener-
vated two weeks previous to staining (overlap appears yellow). Note
the PSC extension growing away from the PNA-delimited former
boundary of the synapse (arrows).
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Localization of P0 Bands on PSCs

PSCs extend fine processes that wrap around the
nerve terminal and are situated between some of the
active zones, sites of neurotransmitter release, which
occur at regularly spaced 1 µm intervals in frogs (Birks
et al., 1960a; McMahan et al., 1972; Dreyer et al., 1973;
Heuser and Reese, 1977). To determine whether spots
and bands of P0 correspond to PSC processes, we
double-labeled synapses with fluorescent a-bunga-
rotoxin, which binds to postsynaptic nicotinic acetylcho-
line receptors (AChRs) located opposite active zones
(Anderson and Cohen, 1974; Robitaille et al., 1990). We
hypothesized that if P0 staining is on PSC processes,
then the bands of P0 staining should not overlap with
those of AChRs.

We found that P0 bands did not overlap with those of
AChRs. An example of a synapse double-labeled for P0
and AChRs appears in Figure 1B. Arrows point to
selected regions of P0 immunoreactivity, with the corre-
sponding locations also shown in the image of AChR
staining, as well as in the merged image. Note the lack
of overlap (which would appear yellow) between the two
signals, particularly for the P0 bands, some of which are
indicated by arrows. Similar staining results were seen
at 50 sites from 3 muscles. The results indicate that
bands of P0 staining are between the active zones and
likely represent staining at the level of PSC processes.

PSC Extensions Contain P0

Sprouting of PSCs has been observed previously in
denervated muscles of rats using antibodies against
various proteins and receptors (Reynolds and Woolf,
1992; also see Discussion). To determine whether PSC
extensions contain P0, we denervated frog muscles and
immunostained for P0 two weeks later.

In denervated preparations, we observed P0 staining
in PSC processes that extended beyond the former
boundaries of synapses, as delimited by PNA. These
frequently appeared as either a fine (, 1 µm width),
uniformly stained extension leading away and often
parallel to the synapse, or also in the form of regularly
spaced P0 spots, as in Figure 1C. The distance between
spots varied from about 0.7 to 2.0 µm. Similar results
were seen at 41 sites from 3 muscles. Although the
distribution of P0 changed after nerve degeneration, its
persistence indicates that the protein is expressed on
PSCs and that not all of the immunostaining at intact
synapses is located on nerve terminals. The results
show that denervated PSCs contain P0, as do their
newly formed processes.

Expression of Myelin-Associated Glycoprotein

The transmembrane glycoprotein MAG is a cell adhe-
sion molecule belonging to the immunoglobulin gene
superfamily and is expressed in the periaxonal mem-

branes of myelin-forming cells (for review see Quarles,
1997). MAG is important in modulating the structure of
myelinated axons (Yin et al., 1998). Since MAG has
been shown to be an important marker of MSCs, we
investigated whether PSCs lack this myelin-related
molecule.

Immunostaining with anti-MAG (clone 513) antibody
detected MAG on both MSCs and PSCs. The images in
Figure 2A are from a neuromuscular synapse double-
labeled for MAG (top) and PNA (center). The MAG
staining was nearly continuous and restricted primar-
ily to within the outline formed by PNA. We found
similar results in the 25 sites (4 muscles) examined.
Similar staining was also observed using a different
mAb against MAG (3E4; 33 sites from 3 muscles;
images not shown).

The MAG immunostaining pattern probably reflects
an adaxonal distribution. Besides the narrow staining
pattern observed (in relation to the PNA outline), MAG
staining did not widen to fill the cell body of the PSC.
Instead, MAG labeling followed through the middle or
along one edge of the PSC soma region. The images in
Figure 2B are from a clone 513-labeled synapse in
which a soma was well defined by PNA. However, the
MAG antibody revealed a winding pattern of staining
through the center of the soma region, which was not
any wider than MAG staining at the level of the PSC
processes. In 15 of 20 PSCs (from the 3 muscles) there
were distinct somata outlined by PNA, and in these,
MAG staining filled less than half of the soma area.
While it cannot be excluded that MAG is distributed on
the outer PSC membrane, the data suggest that most of
the MAG is confined to the inner membrane surface
which apposes the nerve terminal.

MAG Remains After Denervation

To determine whether MAG expression persists after
denervation, we transected the motor nerve leading to
muscles and evaluated MAG staining two weeks later.
We examined 24 sites from 3 denervated muscles and
found MAG at PSCs and their newly formed extensions.
The merged (MAG and PNA) image in Figure 2C is
from a denervated muscle and shows two PSCs contain-
ing MAG. Note that the upper PSC contains a MAG-
labeled extension that leads away from the edge of a
PNA-delimited former synaptic boundary (arrows). In
summary, denervated PSCs and their newly formed
processes express MAG. Furthermore, the data suggest
that the MAG staining observed in the normal inner-
vated preparations (Fig. 2A,B) reflects staining on
PSCs, not nerve terminals.

Immunoblot Characterization of 1E8, 513, and
3E4 Antibody Reactivities

We next determined the specificity and characteris-
tics of the proteins identified by the mAbs against P0
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(1E8) and MAG (513 and 3E4) in Rana pipiens frog
brain and peripheral nerve. The 1E8 mAb, which is
known to bind to native chick but not rat P0 (Bhat-
tacharyya et al., 1991), reacted only with non-reduced
frog nerve tissue, revealing a doublet of about 30 kDa
apparent mobility (Fig. 3A). There was weak staining
in extract of frog brain, but none in a corresponding
amount of rat brain. The results suggest that in Rana
frogs, 1E8 binds to a protein abundant in peripheral
nerve with a mobility consistent with that of P0 (see
Discussion).

The 513 mAb, which recognizes native MAG from a
variety of species (Poltorak et al., 1987; Tropak and
Roder, 1994; Tropak et al., 1995), detected a single band
of roughly 80 kDa in non-reduced, non-boiled tissue
from rat brain and frog nerve (Fig. 3B). Similar results
were obtained with mAb 3E4, except that there was an
additional, higher molecular weight band, the signifi-
cance of which is unclear. It appears that both mAbs
detect MAG in Rana pipiens (see Discussion) and that
MAG is not abundant in frog brain, as compared to frog
nerve and rat brain. In summary, the immunoblot data
reveal that the antibodies against P0 and MAG identify
the correct proteins in frog. Moreover, this indicates
that the results obtained by immunohistochemistry
also reflect detection of the proper myelin-related pro-
teins.

PSCs Express GalC and CNPase

The major galactolipids of myelin are galactocerebro-
side (GalC) and its sulfated derivative galactosulfatide,
and these are essential to myelin structure and func-
tion (for reviews see Stoffel and Bosio, 1997; Coetzee et
al., 1998; Dupree et al., 1998). These molecules are
regulated developmentally and both are expressed in

mature myelin- and non-myelin-forming Schwann cells
surrounding nerves (for review see Jessen and Mirsky,
1991). We detected GalC on PSCs and MSCs using a
polyclonal antibody which binds GalC (Sigma; Ben-
jamins et al., 1987; 12 sites from 2 muscles examined),
the Ranscht mAb (R-mAb) which recognizes GalC and
also sulfatide (Ranscht et al., 1982; 18 sites from 4
muscles examined), and mAb O1, which detects GalC
(Sommer and Schachner, 1981; 12 sites from 2 muscles
examined). A punctate staining pattern was obtained
with the Ranscht and O1 mAbs, whereas the GalC
polyclonal antibody uniformly stained PSCs (images
not shown).

We also evaluated the distribution of 28,38-cyclic
nucleotide-38-phosphodiesterase (CNPase), a myelin-
associated enzyme (for review see Sprinkle, 1989).
Using a CNPase mAb (11–5B), we detected immunore-
activity at MSCs and PSCs. Although staining was
weak, it appeared punctate along the length of PSCs,
including the cytoplasm around their nucleus (18 sites
from 2 muscles examined; images not shown). The
results indicate that PSCs express the general myelin-
forming cell markers GalC and CNPase.

DISCUSSION

In this study, we found that PSCs express the
Schwann cell marker P0, as well MAG, GalC, and
CNPase, proteins abundant in myelin-forming glia.
Previous studies showed that PSCs contain the Ca21-
binding protein S100 (Reynolds and Woolf, 1992) and
the glial fibrillary acidic protein (GFAP; Georgiou et al.,
1994), which are abundant in glia but are also found in
other cells. This molecular profile allows us to conclude
that PSCs are likely of Schwann cell origin. P0 and
MAG each had unique distributions. P0 was expressed

Fig. 3. Western blot analyses of antibody reactivities. Prestained
molecular weight standards (migration appears in kDa) were fraction-
ated simultaneously. A: Immunoblot of anti-P0 (1E8) reactivity. Indi-
cated amounts of homogenized rat brain, Rana pipiens frog brain, and
frog nerve were electrophoresed on 12% SDS polyacrylamide gels.
Only the sample labeled ‘‘reduced’’ was treated with DTT, and this

eliminated most of the 1E8 binding. B: Immunoblot of anti-MAG (513)
reactivity. Homogenized rat brain (2 µg), frog brain (80 µg) and frog
nerve (80 µg) were electrophoresed on 10% SDS gels. C: Analysis of
anti-MAG (3E4) binding. Conditions and proteins were identical to
that in B.
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over most of the PSC membrane, including at the
extensions that wrap around the nerve terminal at
regions in between the active zones (Fig. 4). In contrast,
MAG occurred primarily at contact areas of apposing
nerve terminal-PSC membranes. P0, and MAG per-
sisted on PSCs and their extensions even after degenera-
tion of the nerve terminals.

Characteristics of MAG and P0

P0 is the major protein in peripheral myelin, where it
functions to hold together the layers of myelin mem-
brane and to stabilize compact myelin (for review see
Quarles, 1997; Martini and Schachner, 1997; Sommer
and Suter, 1998). P0 is expressed early in Schwann cell
development and is now considered a marker for neural
crest cells of the Schwann cell lineage (Bhattacharyya
et al., 1991; Zhang et al., 1995; Lee et al., 1997; for
review see Jessen and Mirsky, 1998).

P0 has been found in many species, including frogs. In
Western blots, anti-bovine P0 antibodies found a band
of about 35 kDa in Rana catesbeiana bullfrogs (Takei et
al. 1993) and a more distinct band of roughly 33 kDa in
Rana temporaria frogs (Jeserich and Waehneldt, 1987).
We used Rana pipiens samples, which were not boiled
or reduced, and found a wide band corresponding to a
doublet of roughly 29 and 32 kDa. We also detected
some P0 in CNS extracts, which has been documented
in some amphibian species (Takei and Uyemura, 1993).
The greater mobility compared to previous studies is
likely due to the use of more native conditions, which
we found necessary for 1E8 reactivity. The loss of 1E8
immunoreactivity after boiling or reduction suggests

that the P0 epitope detected in frog is conformation-
dependent, as it is in chicken (Zhang et al., 1995).

While there is an evolutionary conservation of P0 in
vertebrates, there are also differences between verte-
brate classes. For instance, an anti-bovine antibody
also detects P0 in trout, frog, reptile, chick, and mouse,
whereas an anti-trout antibody did not react in chicken
and frog (Jeserich and Waehneldt, 1987). Moreover, the
1E8 mAb used in this study does not detect P0 in
mammals, but it does recognize P0 in chickens, as well
as in Rana pipiens frog, as we have now shown.

MAG is a 100 kDa glycoprotein localized in the
periaxonal membranes of myelin-forming cells and
appears to be important in the maintenance, rather
than the formation, of myelin (for review see Quarles,
1997; Martini and Schachner, 1997). In our study, the
MAG staining was narrower and primarily confined to
within the PNA outline, and furthermore, staining
usually did not expand to fill the PSC soma region. This
pattern of staining is consistent with MAG being
localized primarily at the PSC membrane adjacent to
the nerve terminal (Fig. 4). However, we cannot exclude
the possibility of MAG expression elsewhere, such as on
the PSC membrane, which faces away from the nerve
terminal, especially since permeabilization was re-
quired to visualize MAG. Because MAG affects axonal
viability and cytoskeletal organization (Yin et al., 1998),
it is plausible that nerve terminal structure and func-
tion are regulated by MAG found in the PSCs.

The MAG 513 mAb was obtained by immunizing mice
with chicken brain glycoproteins (Poltorak et al., 1987),
and it is known to bind MAG in a variety of tetrapod
species, including mammals, birds, and Xenopus
(Tropak et al., 1995). We found by Western blotting of
brain samples from Rana pipiens that the 513 mAb
recognizes a single protein of similar molecular weight
to that of MAG from rat brain, suggesting that 513 also
detects MAG in Rana (Fig. 3B). 513 only detects native
MAG (Tropak and Roder, 1994) and this was confirmed
by the fact that MAG could not be detected after rat and
frog samples had been reduced and boiled (not shown).
The mAb 3E4 also detected a band with similar mobil-
ity to that detected by 513 (Fig. 3C). Both antibodies
appear to be specific probes for frog MAG.

Myelin-Protein Expression Persists After
Denervation

P0 and MAG are easily detected after degeneration of
the nerve terminal. Therefore, it is clear that these
proteins are expressed in PSCs. The pattern of staining
was altered, and this may be a result of the change in
PSC morphology, which occurred with nerve degenera-
tion. For instance, PSCs engulf the degenerating nerve
terminals and eventually fill the volume formerly occu-
pied by the terminal (Birks et al., 1960b; Ko, 1981).
Nevertheless, it is clear that these myelin proteins
continue to be expressed in frogs two weeks after

Fig. 4. Diagram of P0 and MAG distribution on PSCs. The center
diagram shows a section parallel to the muscle fibre, through a portion
of a nerve terminal and the surrounding PSC. Synaptic vesicles are
found in clusters at active zones, which occur at regularly spaced (1
µm) intervals along the nerve terminal. P0 and MAG expression
appear in a lighter and darker shade of gray, respectively. Note that P0
is expressed over most of the PSC surface including extensions
(fingers) reaching between the active zones. In contrast, MAG is
primarily restricted to the contacting membrane regions between the
nerve terminal and PSC. A–C: Cross-sections through selected regions
(dashed arrows), comparing the cellular morphology and myelin-
protein expression along the nerve terminal. A: An active zone region,
showing synaptic vesicles clustered on the side of the nerve terminal
membrane directly adjacent to the postsynaptic muscle cell (not
shown). B: Section in which PSC fingers intervene between the nerve
terminal and muscle cell. C: An active zone region sectioned through a
PSC soma.
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denervation. Moreover, newly formed extensions of the
PSC express P0 and MAG.

Denervation and nerve activity blockade are known
to induce alterations in PSC receptor characteristics
and protein expression. For instance, PSC responses
induced by muscarine have different pharmacological
properties after denervation, suggesting that their
complement of muscarinic acetylcholine receptors
change (Robitaille et al., 1997). Denervation induces
PSC expression of low affinity nerve growth factor
receptor, growth-associated phosphoprotein GAP-43
(Reynolds and Woolf, 1992; Woolf et al., 1992), and
3G2/4E2 antigen (Astrow et al., 1994). PSCs also
up-regulate GFAP after synaptic activity blockade (Geor-
giou et al., 1994), and GFAP remains elevated in PSCs
from denervated muscles (unpublished observations).
Activation of PSC muscarinic acetylcholine receptors
can prevent GFAP up-regulation induced by nerve
transection (Georgiou et al., 1999). Alterations in PSC
protein expression may relate to the new glial activities
that occur after denervation, such as phagocytosis of
nerve terminals (Birks et al., 1960b), release of acetyl-
choline (Birks et al., 1960b; Bevan et al., 1973), glial
process extension (Reynolds and Woolf, 1992), and
guidance of neurons (Son et al., 1995a; 1995b).

Expression of P0 and MAG persisted in PSCs after
denervation, which is in contrast to the effect of dener-
vation on MSCs (for review see Scherer, 1997). Another
protein expressed in PSCs from rat neuromuscular
junctions, and which persists after denervation, is S100
(Reynolds and Woolf, 1992). Because S100, P0, and
MAG are still present after denervation, their expres-
sion in PSCs appears to be independent of axonal
factors or contact.

Lack of Myelination at PSCs and Roles of P0
and MAG

Although PSCs express proteins thought to be critical
for myelination, they do not form myelin. The diameter
of the axon terminals is not any smaller than that of the
same innervating myelinated axons (personal observa-
tions; McMahan et al., 1972), and thus, it is unlikely
that terminals are too thin to allow for myelination.
Instead, the ability of PSCs to form myelin might be
inhibited by action of neurotransmitters on PSC recep-
tors. Another possibility is that extracellular protein
factors at the synapse prevent myelination. For in-
stance, interference with extracellular matrix glycopro-
teins, such as cytotactin/tenascin, the neural cell adhe-
sion molecule, and laminin, affects the neuromuscular
synapse, re-innervation and PSCs (Rieger et al., 1988;
Mège et al., 1992; Langenfeld-Oster et al., 1994; Cifu-
entes-Diaz et al., 1998; Patton et al., 1998).

The roles of P0 and MAG in PSCs may relate to
nerve–glial interactions, such as adhesion and synaptic
plasticity. For instance, these glycoproteins contain the
carbohydrate epitope L2/HNK-1, which is shared by
adhesion molecules and is involved in homophilic bind-

ing of P0, and possibly heterophilic interactions (for
reviews see Quarles, 1997; Martini and Schachner,
1997; Sommer and Suter, 1998). P0 and MAG may thus
be required for continual glial plasticity, or other func-
tions related to PSC adhesion. It may be possible to test
whether these glycoproteins participate in glial–
synapse interactions by applying antibodies to interfere
with these proteins or by examining neuromuscular
junctions in mice that are deficient in these molecules.
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