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The node of Ranvier is a complex macromolecular assembly of
ion channels and other proteins that is specialized for the rapid
propagation of the action potential. A full understanding of the
processes responsible for the assembly and maintenance of
the node requires first the identification and characterization of
the proteins found there. Here we show that NG2, a structurally
unique chondroitin sulfate proteoglycan, is a molecular com-
ponent of the node of Ranvier in the peripheral nervous system.
In adult sciatic nerve, NG2 is (1) associated with thin, elongated
fibroblast-like cells, (2) on some but not all basal laminae, and
(3) at nodes of Ranvier. At the nodes, NG2 is restricted to the
nodal gap and is absent from the paranodal or juxtaparanodal
region. In dissociated cell cultures of adult sciatic nerve, peri-
neurial fibroblasts but not Schwann cells express NG2 on their
surfaces. Approximately 45% of the total NG2 in peripheral

nerves is in a soluble, rather than particulate, subcellular com-
partment. NG2 is also present in membrane fractions that also
contain high levels of voltage-dependent sodium channels,
caspr, and neuron-glia related cell adhesion molecule. These
medium-density membranes likely correspond to the nodal and
paranodal region of the axon–Schwann cell unit. These results
suggest a model in which perineurial fibroblasts secrete or shed
NG2, which subsequently associates with nodes of Ranvier.
The growth-inhibitory and anti-adhesive properties of NG2 may
limit the lateral extension of myelinating Schwann cells as
nodes mature. NG2 may also participate in the barrier functions
of the perineurial linings of the nerve.
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Many axons of the peripheral nervous system use a saltatory
mode of action potential conduction in which current flow is
restricted to small gaps in the myelin sheath known as nodes of
Ranvier. This adaptation allows for faster conduction of the
action potential without a corresponding increase in axon diam-
eter. The node of Ranvier is a complex macromolecular assembly
of the voltage-dependent ion channels necessary for the genera-
tion of the action potential and of other proteins whose main
functions appear to be organizing and maintaining the special-
ized and distinct membranous subdomains of the nodal region
(for review, see Vabnick and Shrager, 1998; Arroyo and Scherer,
2000; Peles and Salzer, 2000; Rasband and Schrager, 2000). For
example, the type 6 isoform of the voltage-dependent sodium
channels is found at extremely high density at nodes of Ranvier in
the rat peripheral nervous system (Caldwell et al., 2000). Inter-
actions between the cytoplasmic domain of sodium channel sub-
units and ankyrin G may stabilize these high-density clusters in
adult nerve (Kordeli et al., 1995; Malhotra et al., 2000). Similarly,
voltage-dependent potassium channels of the Shaker family are
excluded from the nodal gap but are present in the juxtaparanodal
region of the axon (Wang et al., 1993; Mi et al., 1995). The septate
junctions between myelinating glial cells and the axolemma may
function to restrict the distribution of channels (Rosenbluth,
1976). The axonal proteins caspr and contactin are likely compo-

nents of these junctions, but their glial binding partners remain
unknown (Einheber et al., 1997; Menegoz et al., 1997; Rios et al.,
2000). Other proteins enriched at nodes of Ranvier include cell
adhesion and extracellular matrix molecules (Rieger et al., 1986;
Martini et al., 1990; Davis et al., 1996). Given the functional
importance of the node of Ranvier and the disastrous conse-
quences of demyelinating diseases that disrupt nodal structure, it
is important to identify molecular components of the node and to
understand their functions there.

Proteoglycans are major constituents of peripheral nerves and
have been implicated in the regulation of axon growth and re-
generation (Fitch and Silver, 1997). Because proteoglycans can
interact with both extracellular matrix molecules and cell surface
molecules, the deposition of these multifunctional molecules at
nodes may help organize these complex structures.

To further our understanding of the functions of proteoglycans
in the peripheral nervous system, we have examined the distribu-
tion of the NG2 chondroitin sulfate proteoglycan (CSPG) in
adult rat sciatic nerve. NG2 is a well characterized integral
membrane proteoglycan found principally on the surfaces of
oligodendrocyte precursor cells (OPCs) in the CNS (Levine and
Nishiyama, 1996). OPCs send processes to nodes of Ranvier in
the CNS (Butt et al., 1999), although the significance of these
cellular processes is not known. Here we show that NG2 is
present in adult rat sciatic nerve. Immunofluorescence, cell cul-
ture experiments, and biochemical analysis suggest a model in
which NG2 is synthesized and secreted by perineurial fibroblasts
and subsequently associates with nodes of Ranvier and several
basal laminae. By virtue of its anti-adhesive and growth-inhibiting
properties (Dou and Levine, 1994; Fidler et al., 1999), NG2 at
nodes of Ranvier may function to limit the lateral extension of the
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Schwann cell during the late stages of myelination and of node
maturation.

MATERIALS AND METHODS
Immunofluorescence. Adult rats were anesthetized with ketamine-
xylazine and decapitated, and the sciatic nerve was rapidly removed.
After a brief rinse in ice-cold PBS, whole nerves were fixed in freshly
prepared 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, at 4°C
for not more than 1 hr and then cryoprotected by immersion in 30%
sucrose and 0.1 M phosphate buffer. Ten micrometer sections were cut at
a longitudinal or frontal plane using a cryostat.

For the detection of specific antigens, the following antibodies were
used: NG2, rabbit anti-NG2 and mouse monoclonal antibody D31.10
(Levine and Card, 1987); myelin basic protein, monoclonal antibody 382
(Chemicon, Temecula, CA); p75 low-affinity neurotrophin receptor, an-
tibody 1554 (Chemicon); thy1.1 antigen, monoclonal antibody 1406
(Chemicon); ankyrin G, monoclonal antibody 4G3F8 (Zymed, San Fran-
cisco, CA); S100� protein, monoclonal antibody SH-B1 (Sigma, St.
Louis, MO); neuron-glia related cell adhesion molecule (NrCaM), rabbit
antisera 837 (M. Grumet, Rutgers State University of New Jersey,
Piscataway, NJ); all known mammalian sodium channel isoforms, mono-
clonal antibody K58/35.1 (Rasband et al., 1999; a gift from J. Trimmer,
State University of New York, Stony Brook, NY); and caspr, rabbit
anti-caspr (J. Trimmer). Antibodies against laminin B2 chain (monoclo-
nal antibody D18) and s-laminin (antibody C4) were obtained from the
Developmental Studies Hybridoma Bank (Iowa City, IA). Immunofluo-
rescence staining methods were similar to those described previously
(Levine and Card, 1987; Levine et al., 1993). Nuclei were visualized
after incubating the sections in Hoechst 33258 (0.5 �g/ml; Sigma). In
single- and double-labeled fluorescence studies, Cy3-conjugated goat
anti-mouse (Jackson ImmunoResearch, West Grove, PA) and FITC-
conjugated goat anti-rabbit (SBTA; Fisher Scientific, Pittsburgh, PA)
antibodies were used. In the absence of the primary antibodies, no
staining was observed with these fluorochrome-conjugated reagents. Sec-
tions and cultures were examined either with a Zeiss (Thornwood, NY)
Axiovert microscope equipped with phase contrast and fluorescence
optics or with a Zeiss Axioplan microscope equipped with fluorescence
and Nomarski optics. Images were taken using either film or a digital
camera. In some of the figures, the images were pseudocolored and digitally
merged using Metamorph image-processing software (Universal Imaging
Corp., West Chester, PA). Figure plates were prepared using Adobe Pho-
toshop (Abode Systems, Inc., Mountain View, CA).

Teased sciatic nerve fibers were prepared as described previously
(Rasband et al., 1998) and immunofluorescently stained as described
above.

Cell culture. Continuous cultures of highly purified Schwann cells were
established according to the method of Brockes et al. (1979) and main-
tained in DMEM (Fisher Scientific) containing 10% fetal calf serum, 2.5
�M forskolin (Sigma), and 20 ng/ml recombinant human heregulin-�1
(amino acids 176–246; R & D Systems, Minneapolis, MN). To prepare
dissociated cultures of adult rat sciatic nerve, animals were killed with
CO2, and the sciatic nerves removed, cleaned of fat and connective
tissue, minced, and then incubated for 45 min at 37°C in solutions
containing 0.25% trypsin (Worthington Biochemicals, Freehold, NJ) and
0.2% collagenase (Sigma). The tissue was washed in serum-containing
media and triturated by passage through a series of flame-narrowed
Pasteur pipettes. The cells were plated onto poly-L-lysine-coated cover-
slips in DMEM containing 10% fetal calf serum. Cultures of newborn rat
dorsal root ganglia were established as described previously (Dou and
Levine, 1994) except that the medium did not contain nerve growth
factor. Immunofluorescence staining of living cells was performed as
described previously (Levine et al., 1993). All procedures using animals
were approved by the university Institutional Animal Care and Use
Committee.

Biochemical methods. SDS-gel electrophoresis and Western blotting
were performed as described previously (Levine et al., 1998) using ECL
reagents from Amersham Pharmacia Biotech (Arlington Heights, IL).
For densitometric measurements, the x-ray films were scanned using a
flat-bed scanner (Microtek, Torrance, CA) and quantitated using Meta-
morph software (Universal Imaging Corp.). To prepare total soluble and
particulate fractions of adult sciatic nerve, frozen nerves (Pel-Freeze
Biologicals, Rogers, AR) were homogenized in 0.01 M Tris, pH 8.0, 1 mM
EDTA, 2 mM PMSF, 0.1 mM 1,10-phenanthroline, and 1 �g/ml leupeptin
using a Polytron (Brinkmann Instruments, Westbury, NY) and centri-
fuged at 120,000 � g at 4°C in an Optima TLX ultracentrifuge (Beckman

Instruments, Palo Alto, CA). The pellet was rehomogenized in 1% SDS,
10 mM Tris, pH 8.0, and 1 mM EDTA and boiled for 3–5 min. Any
remaining insoluble material was removed by centrifugation. Soluble and
particulate extracts of adult rat brainstem white matter were prepared in
an identical manner. In additional experiments, sciatic nerve and brain-
stem white matter was homogenized in solutions of 1% NP-40, 0.15 M
NaCl, 10 mM Tris, pH 8.0, and protease inhibitors. After 15 min on ice,
the homogenate was centrifuged at 14,000 � g for 10 min, and the
supernatant was removed and kept. Extracts were digested with protease-
free chondroitinase ABC (Seikagaku America Inc.) as described previ-
ously (Dou and Levine, 1994). Protein was determined using a dye-
binding assay (Bio-Rad, Hercules, CA). All biochemical reagents were
from Sigma unless noted otherwise.

Subcellular f ractionation. One hundred frozen rat sciatic nerves were
used per fractionation. The nerves were homogenized in 40 ml of 12%
sucrose in 10 mM phosphate, pH 7.35, containing 1 mM EDTA, 2 mM
PMSF, 0.1 mM 1,10-phenanthroline, and 1 �g/ml leupeptin using a
Polytron. Homogenization was complete when no connective tissue was
visible. The homogenate was layered over a discontinuous gradient of 20
and 45% sucrose and centrifuged for 16 hr at 4°C and at 26,000 rpm using
a Beckman SW27 rotor. The 20/45% sucrose interface was collected,
diluted in 10 mM phosphate buffer, and centrifuged again at 35,000 rpm
(100,000 � g) for 40 min using a Beckman 42 rotor. The 12/20% interface
was also collected and concentrated as described above. We refer to this
material herein as PNS myelin (see Fig. 7). The resulting pellet was
resuspended in 12% buffered sucrose and homogenized using a hand-
held Dounce homogenizer, eight passes each of A and B pestles. The
homogenate was layered over a second discontinuous gradient of 22, 27,
and 35% sucrose. After overnight centrifugation at 26,000 rpm in a
Beckman SW27 rotor, all fractions including the pellet were retained. All
fractions were concentrated by centrifugation at 100,000 � g and resus-
pended in 1% SDS, 10 mM Tris, pH 8.0, and 1 mM EDTA. One-fourth of
the SDS extracts was denatured at 37°C, whereas the remainder was
denatured by boiling. The light, medium, and heavy membrane fractions
correspond to the 12/22% interface, the 22/27% interface, and the
27/35% interface, respectively.

RESULTS
We used immunofluorescence microscopy with specific antibodies
to examine the disposition of NG2 in longitudinal sections of
adult rat sciatic nerve. As shown in Figure 1A, NG2-like immu-
noreactivity was associated with several different structures
within the nerve. First, immunoreactivity was found at the lateral
margins of the nerve, most likely associated with the basal lamina
of the epineurial and perineurial sheaths (Fig. 1A, small-headed
arrow). Second, thin linear elements within the nerve bound the
anti-NG2 antibodies. Some of these elements were intensely
stained, whereas others appeared to bind the antibodies less
robustly (Fig. 1A, wide-headed arrows). Third, NG2 immunore-
activity was found on small puncta and short, dash-like structures
that often were oriented perpendicular to the longitudinal axis of
the nerve (Fig. 1A, narrow arrows). Fourth, NG2 was found on the
blood vessel-like structures lying within the central regions of the
nerve (Fig. 1A, wide arrowhead). At higher magnification (Fig.
1B,D), individual NG2-positive profiles appeared as long, thin
cells, a characteristic of perineurial fibroblasts in peripheral nerve
(Peltonen et al., 1987). Each of these thin, elongated NG2-
positive profiles contained a Hoechst 33258-positive nucleus,
demonstrating that they are cells rather than aggregates of NG2-
containing extracellular matrix (Fig. 1D,E). These elongated
cellular profiles were stained also with an anti-vimentin antibody,
as were most of the NG2-negative Schwann cells (data not
shown).

To further characterize the NG2-positive cellular profiles, we
compared the distribution of NG2 with that of marker antigens
specific for Schwann cells using double-label immunofluorescence
of the same tissue sections. Figure 2 shows that there was very
little overlap in the distribution of NG2 and of myelin-associated
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glycoprotein (MAG) (Fig. 2A–C) and myelin basic protein
(MBP) (Fig. 2D–F), two markers for myelinating Schwann cells.
When the images of the two different fluorochromes were colo-
rized and digitally merged, the NG2-positive profiles (Fig. 2,
arrows) appeared to fill the space between the myelinating
Schwann cells. Although the myelin sheath did not bind the
anti-NG2 antibodies, a thin rim of light staining was observed
along the external surface of the Schwann cell. This rim of
anti-NG2 immunoreactivity is associated with either the Schwann
cell membrane or the basal lamina that surrounds the Schwann
cell–axon unit. We also used a monoclonal antibody against the
S100� protein as a general marker for Schwann cells (Jessen and
Mirsky, 1991). As shown in Figure 2, E–G, there was again little
or no overlap between the distribution of NG2 and that of S100�
in adult sciatic nerve. Last, we compared the distribution of NG2
with that of the low-affinity neurotrophin receptor p75 (Fig.

2J–L). The anti-p75 antibody only lightly stained the Schwann cell
cytoplasm and myelin but was enriched in the Schwann cell
microvilli that abut the node of Ranvier (also see Fig. 5). None of
these structures expressed high levels of NG2. Nevertheless, there
was a low level of anti-p75 staining associated with the NG2-
positive cells. This low level of double staining was not unex-
pected, because perineurial fibroblasts and numerous other cell
types are reported to express p75 (Bothwell, 1991; Bradley et al.,
1998). Because neither Schwann cells nor the myelin they make
contains the NG2 proteoglycan, these data suggest that the major
source of NG2 in adult peripheral nerve is the perineurial fibro-
blasts. Because these single- and double-label studies only used
adult nerve, we cannot rule out the possibility that other cell types
produce NG2 at earlier developmental stages (Schneider et al.,
2001).

Because cellular identification is often difficult in intact tissue,

Figure 1. Localization of NG2 in adult
sciatic nerve. NG2 was localized in cry-
ostat sections of adult sciatic nerve pre-
pared as described in Materials and
Methods. A, Low-power overview of
NG2 immunoreactivity in adult nerve.
NG2 is associated with the extracellular
matrix surrounding the nerve (small-
headed arrow), linear cellular elements
within the nerve (wide-headed arrow),
large blood vessels (large arrowhead),
and numerous small puncta (small thin
arrows). Scale bar, 100 �m. B, C, High-
power views of NG2-positive cells from
adult sciatic nerve. These cells, which
are stained at their plasma membrane
with the anti-NG2 antibodies, have
elongated, thin processes that lie be-
tween the nerve fibers. D, E, Hoechst
33258-stained nuclei of the cells shown
in B and C. Scale bar ( E), 50 �m.
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we prepared cultures of adult sciatic nerve and stained the cells
with cell type-specific marker antibodies after 48 hr in dissociated
cell culture. As shown in Figure 3, A and D, the anti-NG2
antibodies bound to a population of large cells that were well
spread on the substrate. In contrast, anti-p75 antibodies recog-
nized thin cells with a spindle-shaped appearance (Fig. 3B,G).
There was no overlap in the staining obtained with these two
antibodies. The NG2-positive cells also bound antibodies against
the thy1.1 antigen, a marker for fibroblasts and thymocytes, as
well as other cell types (Brockes et al., 1979). The p75-positive
Schwann cells did not bind the anti-thy1.1 antibodies. In addi-
tional experiments, the large NG2-positive cells were not stained
with monoclonal antibody 04, which did stain the spindle-shaped
Schwann cells (data not shown). Similar results were obtained
when we stained cultures of newborn rat dorsal root ganglia that
were grown for 8 d under conditions that foster the proliferation
of non-neuronal cells. The anti-NG2 antibodies stained large, well
spread cells that were not labeled with the anti-p75 antibodies
(data not shown). Highly purified Schwann cells maintained in
continuous culture in the presence of neuregulin and forskolin
also did not bind the anti-NG2 antibodies (data not shown).
Together these double-label fluorescence in vivo and in vitro
studies show that NG2 is not expressed by myelinating or non-

myelinating Schwann cells, but it is present on fibroblastic cells
within the adult peripheral nerve.

Most cellular elements within the mature peripheral nerve are
surrounded by a basal lamina (Rutka et al., 1988). Individual
Schwann cell–axon units are surrounded by an endoneurial basal
lamina that contains laminin B1 and B2 chains, whereas nerve
bundles and the entire nerve itself are surrounded by a perineur-
ial basal lamina that contains S-laminin (Sanes et al., 1990). Given
the apparent association of NG2 with some of these basal laminae
(Fig. 1), we compared the distribution of NG2 with that of the
laminin B2 chain to identify those basal laminae that are enriched
in NG2. As shown in Figure 4B, high levels of anti-laminin B2
immunoreactivity were found in the endoneurial basal lamina
tubes surrounding the Schwann cell–axon units. These structures
contain only very low levels of anti-NG2 immunoreactivity, which
was often observed as punctate aggregates of immunoreactivity
(Fig. 4, A,C). The endoneural basal lamina extends into the nodal
gap, which was more heavily stained with the anti-NG2 antibodies
(see below). The NG2-positive cellular profiles were costained
with the anti-laminin B2 chain antibodies, most likely a reflection
of their fibroblastic nature (Fig. 4, arrows). NG2 immunoreactiv-
ity also was found on the perineurial basal lamina (Fig. 1, small-
headed arrow), a structure that was also stained with the anti-S-

Figure 2. Comparison of the localiza-
tion of NG2, MBP, MAG, S100�, and
p75 in adult sciatic nerve. Tissue sec-
tions were stained as described in Ma-
terials and Methods. Each horizontal
row shows staining with the individual
antibodies and a colorized and digi-
tally merged image showing both fluo-
rochromes. A, Monoclonal anti-NG2;
B, rabbit anti-MAG; C, A and B colo-
rized and merged. D, Rabbit anti-
NG2; E, mouse anti-MBP; F, D and E
colorized and merged. G, Rabbit anti-
NG2; H, mouse anti S100�; I, G and H
colorized and merged. J, Mouse anti-
NG2; K, rabbit anti-p75; L, J and K
colorized and merged. Neither the
Schwann cells nor the myelin they
make are stained with the anti-NG2
antibodies. Scale bar, 20 �m.
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laminin antibodies (data not shown). The epineurial and
perineurial basal laminae constitute the nerve–blood barrier, and
the specific association of NG2 with these structures suggests that
it may participate in these barrier functions.

The small puncta and dash-like structures within the sciatic
nerve that were stained with anti-NG2 antibodies strongly resem-
ble nodes of Ranvier. We therefore compared the distribution of
NG2 with that of several different proteins known to be specifi-
cally associated with nodes of Ranvier. As shown in Figure 5, A
and B, NG2 immunoreactivity is coincident with the staining

obtained with a monoclonal antibody that recognizes the cyto-
plasmic domains of all known mammalian sodium channel iso-
forms (Rasband et al., 1999). In Figure 5, A and B, it appears that
NG2 is slightly out of alignment with the anti-sodium channel
staining. Because NG2 is likely extracellular, and the epitope
recognized on the sodium channel is intracellular, such misalign-
ment would be expected if the plane of section were not exactly
parallel to the longitudinal axis of the nerve. A similar close
opposition and misalignment were observed (Fig. 5C,D) when
sections were stained with antibodies against NG2 and ankyrin G

Figure 3. Lack of colocalization of NG2
and p75 in dissociated cultures of adult rat
sciatic nerve. Dissociated cell cultures of rat
sciatic nerve were prepared and immun-
ofluorescently stained as described in Ma-
terials and Methods. A, Anti-NG2 stain; B,
anti-p75 stain. The large, flat NG2-positive
cells are p75-negative, whereas the spindle-
shaped cells are p75-positive. C, Phase-
contrast view of the cultures. D, Anti-NG2
stain; E, anti-thy1.1 stain; F, phase contrast
view. The NG2-positive cells are also
stained with the anti-Thy1.1 antibodies. G,
Anti-p75 stain; H, anti-thy1.1 stain; I, phase
contrast view of the culture. The p75-
positive Schwann cells do not bind the anti-
thy1.1 antibodies. The arrows in C, F, and I
point to spindle-shaped Schwann cells.
Scale bar, 20 �m.

Figure 4. Comparison of the localiza-
tion of NG2 with that of the endoneurial
extracellular matrix. Sections of adult
sciatic nerve were immunofluorescently
stained as described in Materials and
Methods. A, Anti-NG2 stain; B, anti-
laminin B2 stain; C, colorized and digi-
tally merged image of A and B. The
endoneurial matrix is heavily stained
with the anti-laminin B2 antibodies but
only contains discontinuous and punc-
tate deposits of anti-NG2 immunoreac-
tivity. Scale bar, 10 �m.
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480/270, an isoform of ankyrin specifically found on the cytoplas-
mic surface of the nodal axolemma (Kordeli et al., 1995). NG2
immunoreactivity colocalized closely with staining for NrCaM
(Fig. 5E,F), a member of the immunoglobulin superfamily of cell
adhesion molecules that is specifically found at nodes of Ranvier
in the PNS (Davis et al., 1996). In contrast to the colocalization
of NG2 with these three nodal proteins, NG2 was not coincident
with caspr, a marker for the paranodal region (Einheber et al.,
1997). Rather, NG2 immunoreactivity appeared to fill the gap
between the two closely opposed bands of caspr staining (Fig.
5G,H). This filling of the nodal gap by NG2 was more apparent
when sections were stained with the anti-p75 antibodies, which
heavily stain the Schwann cell microvilli (Fig. 5I,J). The anti-NG2
staining of the node of Ranvier persisted in teased sciatic nerve

preparations (Fig. 6), demonstrating that NG2 is bound to the
node, either directly or indirectly, and that the staining pattern
observed in intact nerve preparations is not simply a consequence
of the three-dimensional structure of the nerve. Figure 6 also
shows again that the p75-positive Schwann cells do not bind the
anti-NG2 antibodies (Fig. 6E,F, arrows). Thus, NG2 is present at
the node of Ranvier, where it colocalizes with other known
components of the node.

The primary structure of NG2 predicts a transmembrane gly-
coprotein with covalently attached glycosaminoglycan (GAG)
chains (Nishiyama et al., 1991). Previous studies of NG2 in the
CNS have indicated that most of the NG2 present is localized to
membranes (Levine and Card, 1987; Butt et al., 1999; Ong and
Levine, 1999). In contrast, the data above show that NG2 can be
a component of extracellular structures such as the epineurial and
perineurial basal lamina. This extracellular compartmentaliza-
tion is consistent with the ability of some transfected cell lines to
secrete or shed a truncated form of NG2 into the medium and
with the ability of NG2 to bind to extracellular matrix molecules
(Nishiyama et al., 1995; Burg et al., 1996). To assess whether some
of the NG2 in peripheral nerve is in a nonmembranous subcel-
lular compartment, we divided homogenates of sciatic nerve and
brainstem white matter into total soluble and particulate fractions
and then assayed these fractions for NG2 using immunoblotting.
Figure 7A, top panel, shows that considerable amounts of NG2
from sciatic nerve can be extracted into aqueous buffers, whereas
lesser amounts of NG2 from CNS white mater partition into the
soluble fraction. When gels such as those shown were analyzed by
densitometry, the ratio of soluble to particulate NG2 in sciatic
nerve was 0.91 (n � 3); in brainstem white matter, the ratio was
0.26 (n � 2). In these immunoblots, NG2 appears as single
polypeptide with a molecular weight of 240,000; a high molecular
weight smear that is more typical of the electrophoretic mobility
of proteoglycans was not detected in extracts of sciatic nerve,
although such a smear could be seen in extracts of brainstem
white matter after overexposure of the x-ray film (data not
shown). Although this suggests that NG2 may exist in a nonpro-
teoglycan form, it is possible that intact proteoglycans either
transfer poorly to nitrocellulose membranes or are not well de-
tected with our antibodies. Therefore, to determine whether
peripheral nerve NG2 contains chondroitin sulfate GAG chains,
we prepared total nonionic detergent extracts of sciatic nerve and
brainstem white matter and treated the extracts with protease-
free chondroitinase ABC before electrophoresis and immuno-
blotting. This procedure removes most of the GAG chains, caus-
ing increased intensity of the core protein band on immunoblots
(Stallcup et al., 1983). Figure 7A, bottom panel, shows that when
a total extract of sciatic nerve was treated with chondroitinase
ABC, there was a 165% increase in the intensity of the core
protein bands. Similar treatment of a nonionic detergent extract
of brainstem white matter, however, resulted in a 335% increase
in the intensity of the core protein band. These data suggest that
in peripheral nerve, approximately half of the NG2 present is in
a soluble as opposed to a membrane-bound compartment, and
NG2 is not as heavily decorated with chondroitin sulfate GAG
chains as are the forms of NG2 found in the CNS.

The data given above suggest that in peripheral nerve, peri-
neurial fibroblasts synthesize and secrete NG2, which then be-
comes localized to nodes of Ranvier and other structures. This
model predicts that some of NG2 might be in a subcellular
compartment that also contains other proteins associated with the
nodal region. To isolate such a subcellular compartment, we

Figure 5. NG2 is found at nodes of Ranvier. Sections of adult sciatic
nerve were stained with the indicated antibodies and digitally merged as
described in Materials and Methods. A, B, Rabbit anti-NG2 ( green) and
mouse anti-sodium channel (red). C, D, Rabbit anti-NG2 ( green) and
mouse anti-ankyrin G (red). E, F, Mouse anti-NG2 (red) and rabbit
anti-NrCaM ( green). G, H, Mouse anti-NG2 (red) and rabbit anti-caspr
( green). I, J, Mouse anti-NG2 (red) and rabbit anti-p75 ( green). NG2
immunoreactivity colocalizes with that of the sodium channel, ankyrin G,
and NrCaM but is not found in the paranodal and juxtaparanodal regions
that contain caspr. NG2 is also not associated with the Schwann cell
microvilli that stain heavily for p75. Scale bar, 5 �m.
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subjected isotonic homogenates of sciatic nerve to subcellular
fractionation on sucrose gradients and obtained three membrane
fractions, termed light, medium, and heavy membranes on the
basis of their migration in discontinuous sucrose gradients. As
shown in Figure 7B, NG2 is enriched in the medium (M) and
heavy (H) membrane fractions and is not present in either pe-
ripheral nerve myelin (My) or the light membrane fraction (L).
Trace amounts of NG2 were detected in the material that sedi-
ments through 35% sucrose (P). These medium and heavy mem-
brane fractions also contained NrCaM and caspr, although
smaller amounts of these proteins are also found in the other
fractions analyzed (Fig. 7). In sciatic nerve, NrCam is present as
two polypeptides with molecular weights of 135,000 and 100,000.
These variant forms may arise from alternate mRNA splicing
(Wang et al., 1998). Voltage-dependent sodium channels, on the
other hand, were found almost exclusively in the medium mem-
brane fraction. Although this medium-density membrane fraction
represented only between 6 and 8% of the total membrane
protein in sciatic nerve homogenates, it contains significant
amounts of nodal membranes, together with the axolemma of
unmyelinated axons. These data also establish that the NG2
proteoglycan remains associated with nodal structures after tissue
disruption.

DISCUSSION
Schwann cells, perineurial fibroblasts, and blood vessels consti-
tute the non-neuronal cellular elements of a peripheral nerve.
The Schwann cells and perineurial fibroblasts cooperate to elab-
orate the extracellular matrices and basal laminae that surround
the entire nerve, individual nerve fascicles, and each Schwann
cell–axon unit (Bunge, 1993; Obremski and Bunge, 1993). The
epineurial and perineurial linings form barriers whose integrity is
essential in keeping pathogens out of the nerve (for review, see
Olsson, 1990). The data presented here add NG2, a structurally
unique, highly conserved, integral membrane protein that is most
often found as a CSPG, to the growing list of cell surface and
extracellular molecules found in peripheral nerve (Nishiyama et
al., 1991; Arroyo and Scherer, 2000; Peles and Salzer, 2000). NG2
is likely synthesized by the perineurial fibroblasts and, when
secreted or shed from the cell surface, associates with the node of
Ranvier and the epineurial and perineurial basal lamina. By
virtue of its anti-adhesive and growth-inhibitory properties (Dou
and Levine, 1994; Fidler et al., 1999), NG2 may contribute to the

barrier functions of these basal laminae and to the organization
and stabilization of the node of Ranvier.

Schwann cells in vitro, grown acutely in dissociated cultures of
adult sciatic nerve or for long periods in continuous culture, do
not bind the anti-NG2 antibodies, and NG2 could not be detected
by immunoblotting using either lysates of Schwann cell cultures or
medium conditioned by Schwann cells (Morganstern et al., 1999).
In contrast, abundant NG2 was detected in both perineurial
fibroblast cultures and in the medium conditioned by these cells.
In tissue sections, a low level of anti-NG2 immunoreactivity was
associated with the outer membrane of myelinating Schwann
cells. Whether this represents a low level of synthesis of NG2 by
Schwann cells or the binding of secreted NG2 to sites on either
the Schwann cell surface or the endoneurial basal lamina remains
to be determined.

Our conclusion that the major site of NG2 expression in adult
peripheral nerve is the perineurial fibroblast differs from that of
Schneider et al. (2001), who suggested that in the adult mouse,
AN2, the mouse homolog of NG2, is associated with a subpopu-
lation of nonmyelinating Schwann cells. In the adult mouse, AN2
is found on blood vessels, perineurial cells, and long, thin cells
that lie between myelinated axons, a distribution remarkably
similar to that reported here for NG2 in the adult rat. The
identification of the elongated murine cells as nonmyelinating
Schwann cells is based, at least in part, on the colocalization of
AN2 and p75. However, p75 can be expressed by many different
cell types, including fibroblasts of peripheral nerve (Thomson et
al., 1988; Bothwell, 1991; Bradley et al., 1998). In addition, after
nerve crush, when Schwann cells revert to an immature and
nonmyelinating phenotype, there is no increase in levels of either
AN2 or NG2 (Morganstern et al., 1999; Schneider et al., 2001).
Such an increase might be expected if nonmyelinating Schwann
cells expressed these two highly related antigens. Thus, although
Schwann cell precursors can express NG2 and AN2 (Schneider et
al., 2001), the morphological data presented here and elsewhere
(Morganstern et al., 1999) suggest that perineurial fibroblasts are
the major but not necessarily the only source of these molecules
in normal adult nerve.

Biochemical studies of transfected cells have shown that the
NG2 core protein, an integral membrane protein with a molecu-
lar weight of 300,000, can be proteolytically cleaved from the cell
surface to generate truncated molecules (Nishiyama et al., 1995).

Figure 6. NG2 is localized at nodes of
Ranvier in teased sciatic nerve fibers.
Teased sciatic nerve fibers were stained
with the indicated antibodies. A, Rabbit
anti-NG2; B, mouse anti-sodium channel;
C, phase contrast; D, mouse anti-NG2; E,
rabbit anti-p75; F, phase contrast. NG2
(arrowhead) is concentrated at nodes of
Ranvier, which also stain with the anti-
sodium channel and anti-p75 antibodies.
The arrows in E and F point to a p75-
positive spindle-shaped cell that is NG2-
negative. Scale bar, 10 �m.
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Our data show that in the sciatic nerve a significant fraction of
NG2 can be extracted into aqueous buffers and that only �50–
60% of the total NG2 present is tightly bound to or associated
with membranes. This soluble form of NG2 may be generated by
proteolytic cleavage of intact, full-length NG2. Once secreted or
shed, soluble NG2 then associates with distinct structures within
the nerve, including basal laminae and nodes of Ranvier.

At present, we can only speculate about how these associations
occur. NG2 binds to several different extracellular matrix mole-

cules, and these molecules could be NG2 binding sites in periph-
eral nerve (Burg et al., 1996; Tillet et al., 1997). Binding to type
V and VI collagen is mediated by the central extended domain of
the core protein (domain 2), which is present in both membrane-
bound and secreted NG2 (Nishiyama et al., 1995; Tillet et al.,
1997). However, the disposition of NG2 in sciatic nerve is not
directly correlated with the localization of these collagens. Type
V collagens are synthesized by neonatal Schwann cells, and these
chains are most prominent in young rather than adult rats such as
those studied here (Chernousov et al., 2000). In human nerve,
type VI collagen is associated with the epineurium, perineurium,
and endoneurium (Peltonen et al., 1990). Because NG2 is asso-
ciated with the perineurial and epineurial linings but is not a
major component of the endoneurium, potential interactions be-
tween extracellular NG2 and type VI collagen cannot fully ac-
count for the specific anatomical localization of NG2 in the nerve.
Moreover, proteolytically processed NG2 interacts with type VI
collagen poorly, if at all (Nishiyama et al., 1995). Cell adhesion
molecules such as neural cell adhesion molecule, neuron-glia cell
adhesion molecule, and NrCam, which are concentrated at nodes
of Ranvier, as well as tenascin C, are all potential binding part-
ners for NG2 (Rieger et al., 1986; Martini et al., 1990; Davis et al.,
1996; Burg et al., 1996).

The N-terminal domain 1 of NG2 contains two laminin G
domains, a protein motif found on a variety of different proteins,
including caspr and agrin (Bellen et al., 1998; Missler and Südhof,
1998). These three proteins (NG2, agrin, and caspr) are found at
or close to nodes of Ranvier (Reist et al., 1987; Einheber et al.,
1997; Menegoz et al., 1997). Laminin G domains participate in
cell–cell and cell–matrix interactions by binding directly to pro-
teins or carbohydrates (Talts et al., 1999). Thus, it is possible that
the laminin G domains of NG2 provide a site for interactions with
other molecular components of the node.

The localization of NG2 at nodes of Ranvier in the PNS is
particularly intriguing, because oligodendrocyte precursor cells,
the major NG2-expressing cell type in the CNS, also contact
nodes of Ranvier (Butt et al., 1999). Oligodendrocyte precursor
cell processes are also closely associated with synapses in the rat
hippocampus (Ong and Levine, 1999; Bergles et al., 2000). Be-
cause NG2 is present at both central and peripheral nodes, as well
as at other sites of ion movement across membranes, it is likely to
be performing one or more important functions there.

Like many other proteoglycans, NG2 is multifunctional.
Among its properties, NG2 is anti-adhesive to developing neu-
rons, inhibits axonal growth when substrate-bound, and rapidly
induces the collapse of newborn dorsal root ganglia neuronal
growth cones in vitro (Dou and Levine, 1994; Fidler et al., 1999;
Ughrin et al., 1999). These properties suggest several possible
functions for NG2 at the node. The axonal membrane at nodes of
Ranvier is capable of rapidly forming a new growth cone, and new
sprouts often form here after nerve injury (Friede and
Bischhausen, 1980; McQuarrie, 1985). The inhibitory properties
of NG2 suggest that one function in nerve may be to prevent
unregulated sprouting in normal, undamaged animals. When the
nerve is injured, regenerating axons grow in a narrow space
between the Schwann cell surface and the endoneurial basal
lamina (the bands of Büngner; Nathaniel and Pease, 1963; Ide et
al., 1983; Fawcett and Keynes, 1990). These structures contain
relatively little NG2 but are enriched in growth-promoting mol-
ecules such as laminin (Ide et al., 1983). A second possible
function for NG2 on the surface of perineurial cells would be to
help direct filopodia into these growth-permissive conduits.

Figure 7. Biochemical identification of NG2 in sciatic nerve. A, Sciatic
nerves and brainstem white matter were homogenized and differentially
extracted as described in Materials and Methods. Fifty micrograms of
total protein were separated on 6% SDS-polyacrylamide gels, transferred
to nitrocellulose, and immunoblotted using rabbit anti-NG2. Top panel,
NG2 is a major component present in total soluble extracts of sciatic
nerve but only a minor component in soluble extracts of brainstem white
matter. S, Soluble extract; P, particulate extract. Bottom panel, Effects of
chondroitinase ABC digestion on the electrophoretic behavior of NG2 in
total nonionic detergent extracts of either sciatic nerve or brainstem white
matter. Chondroitinase digestion increases the apparent amount of the
NG2 core protein of 300,000. �, No treatment; �, digestion with chon-
droitinase ABC. B, NG2 cofractionates with sodium channels. Sciatic
nerves were subjected to subcellular fractionation as described in Mate-
rials and Methods, and the proteins present in each fraction were identi-
fied by Western blotting. The relevant regions of each Western blot are
shown, aligned with the other gels. NG2 is detected as a broad band with
a molecular weight of 240,000. Voltage-dependent sodium channels also
appear heterogeneous, with a molecular weight of 215,000. Two isoforms
of NrCam are detected in sciatic nerve, with molecular weights of 135,000
and 100,000. Caspr has an apparent molecular weight of 192,000. For NG2
and NrCaM, 20 �g of total protein was loaded per lane; for caspr, 40 �g
of protein was loaded; and for the sodium channel, 35 �g of total protein
was loaded. My, Myelin membranes; L, light membranes, i.e., those
membranes collected at the 12/22% sucrose interface; M, medium-density
membranes, the 22/27% sucrose interface; H, heavy membranes collected
at the 27/35% sucrose interface; P, material sedimenting through 35%
sucrose; St, protein standards used as positive controls for the Western
blots. For NG2, the standard was a total nonionic detergent extract of
sciatic nerve; all other St lanes were adult rat brain membranes (5–10 �g
total protein).
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The anti-adhesive properties of NG2 suggest a third function
for NG2 at nodes of Ranvier. Our current understanding of the
development of the node of Ranvier in the PNS emphasizes the
essential role of the Schwann cell as a determinant of where
high-density clusters of sodium channels form (Vabnick and
Shrager, 1998; Peles and Salzer, 2000). In developing nerves,
Schwann cells adhere to axons and elongate as they begin to
express myelin-specific proteins such as MAG (Lambert et al.,
1997). During this elongation phase, broad clusters of sodium
channels are seen at the lateral edges of the Schwann cell. The
continued elongation of the Schwann cell results in the formation
of compact, high-density clusters of sodium channels, again at the
lateral edges of the Schwann cell. These clusters eventually fuse
to form nodal clusters. This model raises the question of what
causes the elongation of Schwann cells to cease. Secreted NG2 is
ideally suited to generate such a stop signal to the Schwann cell.
The central extended domain of NG2 may bind to some as yet
unidentified binding protein at the node exposing the globular
N-terminal domain and the juxtamembrane domain (Tillet et al.,
1997). Because both of these domains (domains 1 and 3) are each
sufficient to inhibit axonal extension and to induce growth cone
collapse (Ughrin et al., 1999), it is possible that they limit or stop
the lateral extension of the Schwann cell. In this way, the depo-
sition of NG2 at nodes of Ranvier, which occurs at approximately
postnatal day 10 in the rat (J. M. Levine and A. K. Levine,
unpublished observation), could function to stabilize the struc-
ture of the node.
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