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The neural cell adhesion molecule TAG-1, which is a
glycosylphosphatidylinositol-linked member of the Ig super-
family, is expressed by various neuronal populations in the
developing CNS and PNS. We demonstrate here that Schwann
cells and oligodendrocytes also express TAG-1. In the PNS,
TAG-1 is detected in ensheathing Schwann cells early postna-
tally and is maintained throughout adulthood. In mature myelin-
ated fibers of the CNS and PNS, TAG-1 is localized to the
juxtaparanodal region. The CNS of the UDP-galactose cer-
amide galactosyl transferase�/� (CGT�/�) mouse mutants,
which do not synthesize the abundant galactolipids of myelin,
display severely disrupted axoglial interactions at the paranodal

region. In contrast, axoglial interactions in the PNS of these
mutants are less affected. Interestingly, TAG-1 localization is
completely undetected in myelinated fibers of the CNS. In the
PNS of these mutants, TAG-1 abnormally localizes in the para-
nodal region. These data raise the intriguing possibility that
TAG-1 localization in the juxtaparanodal area mediates, or at
least requires, the axoglial contact normally displayed in this
region. The abnormal localization of TAG-1 in the CGT mutants
might contribute to the disrupted axoglial interactions observed
in these animals.
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The organization of distinct domains in myelinated fibers in both
the CNS and the PNS seems to be strongly dependent on the
interactions between the axon and the glial cells. These domains,
which consist of the node of Ranvier and the paranodal and
juxtaparanodal regions and the internode, ensure the rapid prop-
agation of the action potential along myelinated fibers. The mo-
lecular components that mediate the axoglial interactions critical
for the formation and maintenance of these regions are poorly
understood. Lately, a number of studies have shown that different
domains of myelinated fibers contain a distinct set of adhesion
molecules that are thought to interact with extracellular matrix
molecules and glial cell receptors (for review, see Peles and
Salzer, 2000; Pedraza et al., 2001; Brophy, 2001).

The periodic structure of the node of Ranvier, which is exposed
to the extracellular milieu, contains a high concentration of
voltage-gated sodium channels existing as a complex with anky-
rinG and the Ig superfamily (IgSF) molecules Nr-CAM and
neurofascin (Davis et al., 1996). Recently, paranodin/contactin-

associated protein (Caspr), a member of the neurexin super-
family, and the adhesion molecules NF-155 and contactin/F3,
members of the IgSF, have been identified as components of
septate-like paranodal junctions where the axolemma is in close
contact with the myelinating cell membrane (Einheber et al.,
1997; Menegoz et al., 1997; Rios et al., 2000; Tait et al., 2000).
These junctions probably restrict the lateral diffusion of the
voltage-gated sodium channels into the paranodal–juxtaparan-
odal region and retard ionic movements (for review, see Salzer,
1997). Moreover, these sites could mediate bidirectional signaling
between the axon and myelinating glial cells. Finally the paran-
odal axoglial junctions control the distribution of Shaker-type
Kv1.1 potassium channels in the juxtaparanode and inhibit their
exposure to the extracellular milieu (Dupree and Popko, 1999).
The potassium channels are present at high concentration in the
juxtaparanode and are associated with Caspr2, another member
of the neurexin superfamily (Poliak et al., 1999).

The adhesion molecule TAG-1, an IgSF member, has previ-
ously been detected only in various neuronal populations of the
CNS and PNS during embryonic development (Dodd et al., 1988;
Furley et al., 1990; Karagogeos et al., 1991). TAG-1 exists both as
a glycosylphosphatidylinositol (GPI)-linked cell surface isoform
and as a released form.

In this report we present evidence that TAG-1 is also expressed
in ensheathing and myelinating Schwann cells and in oligoden-
drocytes. In addition, we demonstrate that TAG-1 is localized to
the juxtaparanodal region of myelinated fibers in both the CNS
and PNS. Moreover, we show that TAG-1 localization in myelin-
ated fibers is disrupted in mice deficient in the major galactolipids
of myelin (CGT�/�) (Coetzee et al., 1996), which display severely
altered axoglial interactions at the paranodal region (Dupree et
al., 1998). These data raise the intriguing possibility that TAG-1
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plays a role in regulating axoglial interactions in the juxtaparan-
odal region of myelinated fibers.

MATERIALS AND METHODS
Antibodies. Both monoclonal and polyclonal antibodies to TAG-1
(Yamamoto et al., 1986; Dodd et al., 1988) were used. The 4D7 mono-
clonal antibody was used for immunolabeling of cultured cells, whereas
polyclonal antibodies were used for Western blotting and for immuno-
histochemistry. Polyclonal antisera to neural cell adhesion molecule
(NCAM) and paranodin/Caspr were generously provided by Dr. G.
Rougon, (Developmental Biology Institute, Marseille, France) and by
Dr. Jean-Antoine Girault (Institut National de la Sante et la Recherche
Medicale, Paris, France), respectively. A monoclonal antibody to myelin-
associated glycoprotein (MAG) was kindly provided by Dr. M.
Schachner (Center for Molecular Neurobiology, University of Hamburg,
Germany). L1 was detected either by the monoclonal antibody 69A1
(Pigott and Davies, 1987) or by a polyclonal antibody (Rathjen and
Schachner, 1984). Antibodies to glial fibrillary acidic protein (GFAP)
(Sigma, St. Louis, MO), S-100 (Dako, Carpinteria, CA), sodium channel
(Sigma), Kv1.1 potassium channel (monoclonal; Upstate Biotechnology,
Lake Placid, NY) and adenomatous polyposis coli protein (APC) (On-
cogene, Darmstadt, Germany) were used. Goat anti-rabbit Cy3 or FITC
and goat anti-mouse Cy3 or FITC were used (Jackson ImmunoResearch,
West Grove, PA)

In situ hybridization. Riboprobes were generated using the full-length
TAG-1 cDNA (Furley et al., 1990) as a template. We used digoxigenin-
labeled antisense and sense probes to hybridize 10-�m-thick tissue
sections from hindlimbs of embryonic day 16 (E16) and E18 rat, adult rat
sciatic nerves, and 200 �m thick sections from adult spinal cord. In situ
hybridization was performed as described in Blanchard et al. (1996) with
the following modifications: frozen sections from fixed hindlimbs and
fresh frozen adult sciatic nerves were dried at room temperature (RT) at
least for 30 min; adult sciatic nerves were treated for 15 min in 5 �g/ml
proteinase-K at 37°C; dehydrated, delipidated with chloroform, partially
rehydrated, and air dried. In situ hybridization in adult spinal cord
sections was performed as described in Bally-Cuif and Wassef (1994).
Slides were viewed and photographed on a Zeiss Axioskop.

Schwann cell cultures. Single cells from sciatic nerves from postnatal
day 5 (P5) rats were prepared and maintained in culture as described
previously (Kreider et al., 1981).

Immunohistochemistry. Rat or mouse sciatic nerves were dissected and
fixed in 2% paraformaldehyde for 30 min at RT. Also, cervical regions of
spinal cords and sciatic nerves from 30-d-old CGT �/� mice and their
wild-type littermates were dissected and were processed as above. Sciatic
nerves were teased apart to yield single fiber preparations, air-dried
overnight at RT, and kept at �80°C. For immunostaining, teased fibers
and spinal cord 10–12 �m frozen sections were used. Especially for
immunostaining at postnatal sciatic nerve, we used both teased fibers and
10 �m frozen sections. All tissue samples were incubated in �20°C
acetone for 10–20 min. Specimens were blocked for 1 hr at RT in PBS
containing 10% fetal calf serum (FCS), 5% fish gelatin, 0.1% Triton
X-100, and incubated overnight with primary antibodies diluted in PBS
containing 1% FCS, 5% fish gelatin, 0.1% Triton X-100, at 4°C. Negative
controls included incubation of sections without primary antibodies or
with rabbit serum and processed regularly. Especially for double labeling
for TAG-1 and paranodin/Caspr, teased fibers or sections were labeled
sequentially, because both of antibodies we used were rabbit polyclonals.
Images were acquired by a Leica (Nussloch, Germany) TCS-NT laser-
scanning microscope using a 40� or a 63� oil objective. Schwann cells
grown on coverslips, for 4 d in vitro (DIV) were immunolabeled as
described previously (Dodd et al., 1988; Karagogeos et al., 1991). Cov-
erslips were mounted on microscope slides in Mowiol mounting medium
(Calbiochem, Darmstadt, Germany).

Image analysis. We collected a z-series of optical sections in the xy
plane of the tissue in a Leica TCS-NT laser-scanning microscope. The
complete set of sections showing the overlay (yellow) of the two channels
were further used to view three-dimensional structural information
about the specimen. We acquired cross-sectional slices through the
image volume in the xz and yz plane by using the Ortho slice tool in the
Leica PowerScan software. Final image reconstruction from the cross-
sectional slices was performed in Adobe Photoshop (Adobe Systems,
San Jose, CA).

Isolation of myelin f ractions. Spinal cords from adult mice were quickly
dissected and frozen for myelin isolation (Norton and Poduslo, 1973;
Huber et al., 1994). Briefly the tissue was homogenized in 0.32 M sucrose

and 2 mM EGTA, pH 7.5, layered on 0.85 M sucrose and 2 mM EGTA,
and centrifuged for 1 hr at 4°C in a SW28 Beckman rotor at 28,000 rpm.
The interface was collected and osmotically shocked in distilled water.
The crude myelin extract was processed to a second discontinuous
sucrose gradient, and after centrifugation the floated myelin at the
sucrose interface was collected. Sucrose was washed out, and the result-
ing pellets were resuspended in a minimal volume of buffer at 4°C
containing 50 mM Tris-HCl, pH 7.2, 1% NP-40, 1 mM PMSF, 5 mM
EGTA, and 2 �g/ml each of leupeptin and aprotinin, and stored at
�80°C till used.

Western blot analysis. P5 sciatic nerves and P7 cerebellum were quickly
dissected from deeply anesthetized rats, frozen in dry ice, and stored at
�80°C until used. The tissue was homogenized in fresh buffer (at 4°C)
containing 50 mM Tris-HCl, pH 7.2, 1% NP-40, 1 mM PMSF, 5 mM
EGTA, and 2 �g/ml leupeptin and aprotinin. Samples were centrifuged
for 20 min at 10,000 � g at 4°C, and the supernatants were isolated for
further analysis. Protein extracts from Schwann cells after 4 DIV were
prepared with the same homogenization buffer from culture dishes, and
the supernatants were isolated again. The total protein in each sample
was quantified with the Bradford Bio-Rad (Hercules, CA) kit. The
samples were run in an SDS-PAGE gel and further treated as described
before (Dodd et al., 1988; Karagogeos et al., 1991), except the ECL
method (Amersham, Freiburg, Germany) was used for revelation of the
protein bands.

RNA isolation and reverse transcription. Sciatic nerves from P5 rats,
adult rats, and cerebellum from P7 rats were removed and quickly frozen
on dry ice. Total RNA was extracted using the guanidinium thiocyanate
extraction procedure (Chirgwin et al., 1979). Total RNA was extracted
from Schwann cells after 4 DIV using the RNAzol method (Cinna/
Biotecx, Houston, TX)

For reverse transcription, �5 �g of total RNA was used in a 20 �l
reaction containing 250 ng random hexamers, 20 mM Tris-HCl, pH 8.4,
50 mM KCl, 2.5 mM MgCl2, and 0.05 mM each deoxyribonucleoside
triphosphate (dNTP), 0.01 M DTT, and 200 U of Superscript II reverse
transcriptase, and the manufacturer’s protocol (Superscript II RT-PCR
System from Invitrogen, San Diego, CA) was followed as recommended.

PCR and Southern blotting. Ten percent of the first-strand reaction was
used as a template in a 50 �l reaction containing PCR buffer, 1.5 mM
MgCl2, 0.2 mM each dNTP, 0.5 �M of each upstream and downstream
primers, and 2.5 U of Taq DNA polymerase (Roche, Mannheim, Ger-
many). The PCR reaction was cycled through one cycle at 94°C for 4 min,
30 rounds at 94°C for 1 min; at 55°C for 1 min; at 72°C for 1 min; and a
final extension at 72°C for 1 min. The following primer pairs were used:
for rat TAG-1 sense 5�-GACACACGCCAGGA AAAAGG-3�, antisense
5�-TGGGGAACTCGTTGAGGAGC-3�, which amplify a 524 bp prod-
uct. For normalization of mRNA quantity that was used in each reaction,
the internal control cyclophilin mRNA was coamplified using the follow-
ing primers: sense 5�-ACGGAGAGAAATTTGAGG-3�, antisense 5�-
GGGAATGAGGAAAATATGG-3� which amplify a 400 bp product.
The PCR products were blotted and hybridized with a 2500 bp 32P
random-labeled DNA fragment derived after digestion of TAG-564
cDNA clone (Furley et al., 1990) with KpnI restriction enzyme.

RESULTS
TAG-1 is expressed by Schwann cells during
development and in the adult
In situ hybridization and immunohistochemistry were performed
on hindlimb sections of rat embryos at critical time points of
Schwann cell development, namely at E16 (when Schwann cell
precursors emerge from neural crest cells) and at E18 (when
immature Schwann cells are formed by Schwann cell precursors)
(for review, see Mirsky and Jessen, 1996). No signal for TAG-1
mRNA or protein was detected at either stage (data not shown).
In contrast, in the adult sciatic nerve, TAG-1 mRNA (Fig. 1A,B)
was detected in cells with the characteristic spindle shape typical
of Schwann cells. Western blot analysis (Fig. 1C) was used to test
whether the biochemical profile of the TAG-1 protein is the same
in Schwann cells as in neurons. A single 135 kDa band charac-
teristic of TAG-1 protein appeared in cell extracts of P5 (Fig. 1C,
lane 1) sciatic nerve.

As an independent way of demonstrating the expression of
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TAG-1, RT-PCR experiments were performed using total RNA
from Schwann cells after 4 d in culture (4 DIV), P5, and adult
sciatic nerves (Fig. 1D, lanes 1–3, respectively). A TAG-1-specific
524 bp fragment was isolated that hybridized to a 2.5 kb 32P-
labeled TAG-1 probe, further confirming the presence of TAG-1
message in the previous samples (Fig. 1E, lanes 1–3). TAG-1
message seemed to be present at comparable levels in Schwann
cells after 4 DIV and in P5 sciatic nerve (lanes 1, 2), but both were
less abundant when compared with adult sciatic nerve levels (lane
3). The qualitative estimates were done by taking into account the
levels of the 400 bp cyclophilin product, which was simultaneously
amplified in each condition (Fig. 1D).

Distribution of TAG-1 in Schwann cells
during development
TAG-1 was expressed in cultures of Schwann cells from P5 sciatic
nerves. The cultures examined were in a nonproliferative state
because they were densely seeded at �20 � 103 cells per coverslip
(Morgan et al., 1991). After 4 DIV, TAG-1 was detected on the
surface of living Schwann cells with the characteristic punctate
pattern (Fig. 2A) that it also exhibits on the surface of neuronal
cells (Karagogeos et al., 1991). TAG-1 was also present as a
released form, as is the case in dorsal root ganglion cell cultures
(data not shown; Karagogeos et al., 1991). Almost all cells
(�99%) in these cultures were S-100-positive (Fig. 2C), and they
expressed NCAM on their surface and GFAP in their cytoplasm
(Fig. 2E,G, respectively), indicative of a nonmyelinating pheno-
type (for review, see Jessen and Mirsky, 1991). We further
analyzed the developmental profile of TAG-1 in sciatic nerve in
vivo by immunohistochemistry on P6 sciatic nerve sections and
teased fibers. Ensheathing Schwann cells expressed TAG-1 (Fig.
3A), as judged by its colocalization with L1 (Fig. 3B,C). In
contrast, myelinating Schwann cells did not express TAG-1 at this
stage because it was not detected on myelin-associated glycopro-
tein (MAG)-positive Schwann cells on P6 sciatic nerve sections

(Fig. 3D). Moreover, we did not detect any TAG-1 on P6 myelin-
ated fibers, whereas paranodin/Caspr, an axolemmal protein, is
already clustered to the paranode (Fig. 3E).

TAG-1 is expressed in the juxtaparanodal region of
PNS myelinated fibers in the adult
Next we analyzed the distribution of TAG-1 in Schwann cells
from adult sciatic nerve. In teased nerve fibers, TAG-1 was
detected in myelinated fibers where it was localized in the region
juxtaposed to the node of Ranvier (Fig. 4A). In unmyelinated
fibers, TAG-1 was still expressed by ensheathing Schwann cells
(Fig. 4B), where it was colocalized with L1 (Fig. 4C,D). In
addition, TAG-1 was detected in the Schmidt-Lanterman inci-
sures of myelinated fibers (Fig. 4E). To further analyze the
distribution of TAG-1 in myelinated fibers (Fig. 4F), we per-
formed double labeling for MAG, which is expressed in the
paranodal loops of mature myelinated fibers (Martini and
Schachner, 1986). The TAG-1 signal was adjacent to, but did not
overlap MAG, indicating a juxtaparanodal localization (Fig. 4G).
In addition, TAG-1 does not overlap with the funnel-shaped
incisures labeled for MAG, but it coincides with the smallest
diameter of the funnel, which is closest to the axon (Fig. 4H).
Therefore, we suggest that TAG-1 is probably localized in the
inner aspect of incisures that appose the axonal membrane.
TAG-1 clustering in the juxtaparanodal region is further con-
firmed by double-labeling experiments for TAG-1 with Shaker-
type Kv1.1 potassium channels, which are clustered in the jux-
taparanodal axolemma of myelinated fibers (Wang et al., 1993).
These experiments showed that TAG-1 (Fig. 5A) has the same
distribution with axolemmal Kv1.1 potassium channels (Fig. 5B)
in myelinated fibers (Fig. 5C). In the internodal region TAG-1
also overlaps significantly with Kv1.1 potassium channels (Fig.
5C), which appose the innermost aspect of incisures and inner
mesaxon of the myelin sheath (Arroyo et al., 1999). To distin-
guish a glial versus neuronal origin of TAG-1 expression in the

Figure 1. TAG-1 is expressed by Schwann cells during development and in the adult. A, In longitudinal sections from adult sciatic nerve, TAG-1 mRNA
is detected in cells with the typical spindle shape morphology of Schwann cells (higher magnification, B). C, Western blot analysis shows that TAG-1
is expressed in whole protein extracts from P5 sciatic nerve (lane 1, 30 �g) as a 135 kDa band. Protein extract from postnatal cerebellum was loaded in
lane 2 (10 �g). D, A rat TAG-1-specific 524 bp band is detected by reverse transcription-PCR analysis in total RNA isolated from Schwann cells after
4 DIV (lane 1), P5 sciatic nerve (lane 2), adult sciatic nerve (lane 3), and postnatal cerebellum (lane 4 ). A cyclophilin 400 bp band was used to normalize
the mRNA levels in each sample. E, The gel in D was hybridized with a 2.5 kb 32P-labeled KpnI–KpnI DNA fragment of TAG-564 plasmid (Furley et
al., 1990). Scale bars: A, 10 �m; B, 5 �m.
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juxtaparanode, we used highly magnified confocal images (Fig.
5D) that showed TAG-1 colocalization with Kv1.1 potassium
channels (Fig. 5E) in this region (Fig. 5F). We examined cross-
sectional slices through the image volume showing TAG-1/Kv1.1
overlap in the xz and yz planes (Fig. 5G,H, respectively) to obtain
three-dimensional structural information about the accumulation
of TAG-1 in the juxtaparanodal region. The relative planes of the
xz and yz cross-sectional slices are represented in Figure 5I. In
both the xz slices (Fig. 5G1,G2,G3) and yz slices (Fig. 5H1,H2,H3)
acquired, TAG-1 and potassium channels did not show significant
colocalization. Therefore, we suggest that TAG-1 is most likely
present in the Schwann cell myelin membrane that apposes the
juxtaparanodal axolemma.

TAG-1 is expressed by oligodendrocytes and
accumulates at the juxtaparanodal region
To determine whether oligodendrocytes, the myelinating glia
of the CNS, express TAG-1 we performed in situ hybridization
and immunohistochemical analysis on both white and gray
matter regions of adult spinal cord sections. TAG-1 mRNA was
detected in small cells of the white matter region that likely
correspond to oligodendrocytes (Fig. 6 A,B). Moreover, in the
ventral horns of the spinal cord, large spindle-shaped cells with
classic motor neuron morphology were intensely positive for

TAG-1 mRNA (Fig. 6 A,B). These neurons also appear to
express the TAG-1 protein by immunohistochemistry (data not
shown). In white matter, round to oval cells frequently ori-
ented in rows, suggestive of myelinating oligodendroglia, were
also TAG-1-positive (Fig. 6C). Using a monoclonal antibody
directed against the APC protein, a marker of oligodendro-
cytes (Bhat et al., 1996), we verified that TAG-1 was actually
expressed by oligodendrocytes (Fig. 6 D). TAG-1 was already
detected in oligodendrocytes in P12 spinal cord (data not
shown). TAG-1 was also detected in small clusters in white
matter of adult spinal cord (Fig. 6 E), and by double labeling of
these sections for the axolemmal protein paranodin /Caspr
(Fig. 6 F), we determined that TAG-1 was concentrated in the
juxtaparanodal region of CNS myelinated fibers. A number of
neuronal cells also express TAG-1 in the adult spinal cord
(shown above) (Fig. 6 A,B), so a neuronal origin of TAG-1 in
the juxtaparanode cannot be excluded. In an effort to address
this issue we performed Western blot analysis for TAG-1

Figure 2. TAG-1 is expressed in Schwann cells in vitro. A, Schwann cell
cultures, derived from P5 sciatic nerve, express TAG-1 on their surface in
a punctate pattern, after 4 DIV. C, At this time point almost all the cells
express the Ca 2�-binding protein S-100, NCAM on their surface (E), and
GFAP intracellularly (G) . B, D, F, and H are the phase-contrast optics of
A, C, E, and G. Scale bar, 25 �m.

Figure 3. Distribution of TAG-1 in Schwann cells of postnatal sciatic
nerve. A, On P6 sciatic nerve sections, TAG-1 is expressed by ensheathing
Schwann cells detected by L1 labeling (B, green). C is the combined image
of A and B that shows that both channels overlap ( yellow). D, On P6
sciatic nerve sections, myelinating Schwann cells detected by MAG label-
ing ( green) are negative for TAG-1 (red), which appears in ensheathing
Schwann cells only. E, At P6 myelinated fibers, TAG-1 (red) does not
appear to be clustered, whereas in the paranodal region paranodin/Caspr
is already detected ( green). A–C, Eleven images, 0.6 �m apart; D, nine
images, 0.9 �m apart; E, seven images, 0.6 �m apart. Scale bar, 10 �m.
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protein in adult spinal cord membrane fractions highly en-
riched in myelin (Fig. 6G). TAG-1 was detected in the myelin
fraction as a 135 kDa band (lane 1). The 90 kDa TAG-1-
immunoreactive band was consistently detected in adult tissues
(our unpublished results). The same amount of membrane
fraction had a limited axolemmal contamination, as shown by
the low levels of the 180 kDa L1 isoform detected in lane 3.
High levels of myelin in the extract were indicated by myelin
basic protein (MBP) expression (18.5 kDa isoform, lane 4 ) in
a very small amount of sample (1/30 of the amount loaded
in lane 1). The presence of TAG-1 protein in the CNS myelin
fractions strongly supports its oligodendroglial origin in the
juxtaparanodal region.

Distribution of TAG-1 in myelinated fibers of
CGT-deficient mice
The distribution of TAG-1 in myelinated fibers suggests that this
adhesion molecule could participate in axoglial interactions. My-
elin galactolipids are abundant components of the myelin sheath
that are essential for myelin formation and maintenance (Dupree
and Popko, 1999). Galactolipid-deficient mice (CGT�/�) display
disrupted axoglial interactions, particularly at the paranodal re-
gion of the CNS (Dupree et al., 1999). Oligodendroglial paran-
odal loops do not reside in close apposition to the axonal mem-
brane in these mutant animals, whereas, the paranodal loops of
mutant Schwann cells display significantly less affected interac-
tions with the axon. We performed immunohistochemical analy-
sis in teased nerve fibers from wild-type and CGT mutant sciatic
nerves for TAG-1 and potassium channels, which have been
shown to be abnormally clustered in the paranodal region in the
PNS of the mutants as compared with the juxtaparanodal region
in wild-type mice (Dupree et al., 1999). In wild-type mice, TAG-1
(Fig. 7A) was normally colocalized with potassium channels in the
juxtaparanodal region (Fig. 7B). In the CGT mutants, TAG-1 had
a different distribution because it appeared in the paranode (Fig.

Figure 4. TAG-1 is expressed in the juxtaparanodal region of PNS
myelinated fibers in the adult. A, In adult sciatic nerve, TAG-1 continues
to be expressed in ensheathing Schwann cells, but it is also detected in
myelinated fibers in the region, probably corresponding to the juxtapara-
node (arrows). B, TAG-1 is expressed in an ensheathing Schwann cell
detected by L1 labeling (C). D is the combined image of B and C, which
shows that both channels overlap ( yellow). E, TAG-1 is also detected in
Schmidt-Lanterman incisures (arrows) of myelinated fibers. The jux-
taparanodal localization of TAG-1 (F, G, red) in adult sciatic nerve was
confirmed by double labeling for MAG (G, green), which is localized in
the paranodal loops of adult myelinated fibers. TAG-1 (arrowheads)
appears to be localized adjacent to the paranodal region indicated by
MAG labeling (arrows). H, In the internode, TAG-1 (red, arrows) is in
register with MAG staining in the incisures ( green), which is closest to
the axon. A, Nine images, 0.9 �m apart; B–D, six images, 0.7 �m apart; E,
eight images, 0.8 �m apart; F, G, six images, 0.85 �m apart; H, five images,
1 �m apart. Scale bars: A, 20 �m; B–H, 10 �m.

Figure 5. TAG-1 is colocalized with Kv1.1 potassium channels in the
PNS myelinated fibers. In teased nerve fibers of adult sciatic nerve,
TAG-1 (A, C, red) appears to be colocalized with the Kv1.1 potassium
channels (B, C, green) in myelinated fibers at the juxtaparanodal region
(large arrowheads), at the incisures (arrows), and at the inner mesaxon
(small arrowheads) because both channels overlap (C, yellow). At the
juxtaparanode, TAG-1 (D, F, red) colocalization with Kv1.1 potassium
channels (E, F, green) is shown in a higher magnification in F ( yellow).
Cross-sectional slices through the image volume showing TAG-1/Kv1.1
overlap were performed in the xz (G) and yz plane (H ) in the regions
shown by numbers. TAG-1 (red) and Kv1.1 potassium channels ( green)
may be localized in different membranes in the juxtaparanodal region
because there is a limited overlap of the two channels in the xz slices
(G1–G3) and yz slices (H1–H3) acquired. I, The planes of the xz and yz
slices according to the image sections are demonstrated. A–C, Four
images, 1 �m apart; D–H, seven images, 0.4 �m apart. Scale bar, 10 �m.
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7C), where it was colocalized with potassium channels (Fig. 7D).
In �300 mutant nodes examined, 100% of them showed paran-
odal TAG-1 signal. In the spinal cord of wild-type animals, the
juxtaparanodal distribution of TAG-1 (Fig. 7E) is shown, in
comparison to paranodin/Caspr, which is clustered in the para-
nodal axolemma. In the CGT mutant mice no TAG-1 labeling was
detected, and paranodin/Caspr appeared diffuse and not strictly
localized in the paranode (Fig. 7F).

DISCUSSION
We show in this report that TAG-1 is expressed by Schwann cells
and oligodendrocytes. TAG-1 is detected in ensheathing Schwann
cells early postnatally. In the adult sciatic nerve, TAG-1 not only

Figure 6. TAG-1 is expressed by oligodendrocytes and accumulates at
the juxtaparanodal region. A, In adult spinal cord sections, TAG-1 mRNA
is expressed in small cells of the white matter (arrows, higher magnifica-
tion in B). In the ventral horn TAG-1 is also detected in large, spindle-
shaped neurons (arrowheads, higher magnification in B). C, In the white
matter of adult spinal cord sections, TAG-1 protein is present in the soma
of round to oval cells ( green, arrows). D, In these cells, TAG-1 ( green)
colocalizes with APC (red), a marker for oligodendrocytes, as both
channels overlap ( yellow, arrows). E, TAG-1 also appears in clusters in
white matter (red, arrows). F, Sequential labeling for paranodin/Caspr
( green) shows that TAG-1 (red) has a discrete distribution and is concen-
trated in the juxtaparanode of myelinated fibers. G, TAG-1 protein is
detected in myelin-rich membrane fractions isolated from adult spinal
cord as a 135 kDa band and a 90 kDa adult isoform (lane 1). Whole
protein extract from postnatal cerebellum was loaded in lane 2. Low levels
of L1 protein are detected in the above myelin fractions (180 kDa band,
lane 3). In these fractions, MBP (18.5 kDa band, lane 4 ) is abundantly
expressed because it is detected in 1⁄30 of the amount loaded in lanes 1 and
3. C, Ten images, 0.4 �m apart; D, 5 images, 0.4 �m apart; E, F, 11 images,
0.9 �m apart. Scale bars: A, C, D, 20 �m; B, E, F, 5 �m.

Figure 7. Distribution of TAG-1 in myelinated fibers of CGT-deficient
mice. In wild-type sciatic nerve, TAG-1 (A, B, red) and Kv1.1 potassium
channels (B, green) are colocalized in the juxtaparanodal region of my-
elinated fibers (B, yellow). In galactolipid-deficient mice, TAG-1 (C, D,
red) is detected in the paranodal region similar to Kv1.1 potassium
channels (D, green) because both channels overlap in this area (D, yellow).
In the inset of D the colocalization TAG-1 with Kv1.1 potassium channels
is shown in a higher magnification. E, In the CNS of wild-type animals,
TAG-1 ( green) is clustered in the juxtaparanodal area of myelinated
fibers in spinal cord, in contrast to paranodin/Caspr (red), which is
localized in the paranode. F, In galactolipid-deficient CNS TAG-1
( green) is reduced to undetectable levels, whereas paranodin/Caspr (red)
appears diffuse throughout the internodal axolemma. A, B, Six images, 0.8
�m apart; C, D, 7 images, 0.7 �m apart; E, 22 images, 0.4 �m apart; F, 14
images, 0.4 �m apart. Scale bars, 10 �m.
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persists in ensheathing Schwann cells but also appears signifi-
cantly concentrated in the juxtaparanodal region of myelinated
fibers. In the adult spinal cord, TAG-1 is detected in oligoden-
drocytes and is also clustered in the juxtaparanodal region of
myelinated fibers. In mice that are incapable of synthesizing the
myelin galactolipids (Coetzee et al., 1996) and which as a result
have paranodal loops that do not make normal connections with
the axons (Dupree et al., 1998), the juxtaparanodal distribution of
TAG-1 is dramatically altered. Taken together, these results point
to a putative involvement of TAG-1 in axoglial interactions in the
juxtaparanodal region of myelinated fibers. Several aspects of
TAG-1 expression in glial cells and its functional implications will
be discussed in turn.

TAG-1 expression in myelinated fibers
TAG-1 is the first IgSF molecule identified in the region of the
node of Ranvier in myelinated fibers that is colocalized with
Shaker-type Kv1.1 potassium channels normally clustered in the
juxtaparanodal axolemma (Wang et al., 1993). In this area, the
axonal and glial cell membranes are in close apposition and
the exact origin of TAG-1 expression was difficult to determine.
However, we present evidence that supports a glial origin of
TAG-1 in the juxtaparanodal region. TAG-1 is expressed by
Schwann cells and oligodendrocytes and it also exists in CNS
myelin fractions. In addition, detailed confocal image analysis
suggests that TAG-1 and Shaker-type Kv1.1 potassium channels
may be localized in different membranes in the PNS; therefore,
we propose that TAG-1 may be clustered in the myelin sheath
that apposes the juxtaparanodal axolemma. However, we cannot
exclude the possibility that TAG-1 is localized in the juxtapara-
nodal axolemma and the separation of TAG-1 and potassium
channel signals in the cross-sectional analysis (Fig. 5) is attribut-
able to resolution limits of confocal microscopy. In the internodal
region of PNS myelinated fibers, TAG-1 is also present in the
inner aspect of the Schmidt-Lanterman incisures, which apposes
the axonal membrane and in the inner mesaxon. Because TAG-1
coincides significantly with axolemmal Kv1.1 potassium channels
in these sites, it might participate in the internodal distribution of
these channels (for review, see Arroyo and Scherer, 2000). Dur-
ing development, TAG-1 is first detected within the second post-
natal week in the juxtaparanodal region in both the CNS and PNS
(our unpublished results) and appears to coincide temporally with
potassium channel clustering in this region (Wang et al., 1995;
Vabnick et al., 1999). In the CNS, TAG-1 expression in oligoden-
drocytes might require a neuronal signal because we were unable
to detect either TAG-1 protein in oligodendroglial cell lines or
TAG-1 mRNA in primary oligodendroglial cultures (our unpub-
lished results).

We examined the localization of TAG-1 in CGT-deficient
mice, which are incapable of synthesizing the myelin galactolipids
galactocerebroside (GalC) and sulfatide (Coetzee et al., 1996).
These animals display paranodal loops that do not make normal
connections with the axon as demonstrated by the absence of
transverse bands, which are regularly arrayed densities that tra-
verse the periaxonal space between the lateral loops and the
axolemma (Dupree et al., 1998; Dupree and Popko, 1999). As a
consequence, potassium channels are abnormally available to the
extracellular milieu (Dupree et al., 1998; Dupree and Popko,
1999), and paranodin/Caspr is distributed diffusely in the inter-
nodal axolemma (Dupree et al., 1999). In addition, Caspr2,
another member of the neurexin superfamily, is not properly

localized in the juxtaparanodal region of the fibers in these
mutants (Poliak et al., 2001)

The observed morphological abnormalities at the paranode are
significantly more severe in the CNS than the PNS of the CGT
mutants. Interestingly, we have observed that the juxtaparanodal
localization of TAG-1 does not occur in the CNS of CGT�/�

animals, whereas the protein is abnormally clustered in the para-
nodal region in the PNS. These data raise the intriguing possi-
bility that TAG-1 localization in the juxtaparanode mediates the
normal axoglial interactions in this region and that the altered
localization of TAG-1 in CGT�/� animals contributes to the
disrupted axoglial interactions observed in these mutants.

GalC and sulfatide, which are the prominent type of abundant
glycosphingolipids in the myelin sheath (Norton and Cammer,
1984), have been found associated with the GPI-linked proteins
contactin/F3 and NCAM 120 in detergent-insoluble-
glycospingolipid-enriched complexes (DIGs) isolated from mye-
lin of adult brain (Kramer et al., 1997). The glycolipid content of
Schwann cell DIGs has not been reported. DIGs, which are
organized as raft-like microdomains in living membranes, are
used as the intracellular sorting mechanism of GPI-linked pro-
teins in mammalian cells (for review, see Muniz and Riezman,
2000). Furthermore, TAG-1 has recently been detected in DIGs
isolated from primary cerebellar cultures (Kasahara et al., 2000;
Prinetti et al., 2001). Thus, in glial cells the myelin galactolipids
could be essential for the targeting of GPI-linked TAG-1 to the
juxtaparanodal area, possibly through DIGs. An alternative pos-
sibility is that TAG-1 localization in the juxtaparanodal region
might require the tight axoglial contact normally displayed in the
paranodal region. The severely abnormal axoglial interactions
observed in the CNS of CGT mutants might disrupt the routing
or retention of the TAG-1 protein to the juxtaparanodal area,
such that the lack of TAG-1 localization in this region might be
secondary to the disrupted axoglial interactions present in the
CGT mutants.

The molecules that TAG-1 associates with in the juxtaparan-
odal region of the node of Ranvier are unknown at the moment.
Our data taken together indicate that myelinating glial cells likely
express the TAG-1 that is detected in this region. At the same
time, TAG-1 is expressed by a number of adult neurons. Thus, it
is possible that TAG-1 of glial origin interacts with TAG-1 of
neuronal origin in the juxtaparanodal region.

Caspr2 is colocalized with Shaker-type Kv1.1 potassium chan-
nels in the juxtaparanodal axolemma and appears to be associated
with them (Poliak et al., 1999). The clustering of potassium
channels in the juxtaparanode requires contact by overlying glial
cells (for review, see Rasband and Shrager, 2000). An association
of TAG-1 and Caspr2, which could mediate glial control of
potassium channel distribution in the juxtaparanodal region of
myelinated fibers, is possible. TAG-1 is the first IgSF member
identified that appears to be localized in the same region with
potassium channels and Caspr2 (our unpublished observations),
and it presents an altered distribution in the CGT mutants where
the axoglial interactions are affected and as a result potassium
channels and Caspr2 are not properly localized in the juxtapara-
nodal region (Dupree et al., 1999; Poliak et al., 2001)

TAG-1 expression by ensheathing Schwann cells
Ensheathing Schwann cells express high levels of TAG-1 during
development and in the adult, suggesting that TAG-1 may par-
ticipate in the organization and maintenance of unmyelinated
fibers by promoting contact of Schwann cells with axons. In
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unmyelinated fibers, TAG-1 may mediate its actions through a
heterophilic mechanism that could involve L1, a known binding
partner of TAG-1 (Rader et al., 1996; Malhotra et al., 1998). In
L1-deficient mice the structure of sensory unmyelinated fibers is
severely disturbed (Dahme et al., 1997; Haney et al., 1999).
Studies with these animals have shown that axonal L1 maintains
sensory axon–Schwann cell ensheathment through binding to a
yet unknown heterologous ligand expressed in the apposed
Schwann cell membrane (Haney et al., 1999). TAG-1 localized in
ensheathing Schwann cells could be such a ligand for L1. Another
possible TAG-1 ligand in these fibers may be Nr-CAM (Suter et
al., 1995), which, apart from its nodal distribution in myelinated
axons, is also expressed in unmyelinated axons (Davis et al.,
1996).

In summary, we provide evidence that TAG-1, previously
thought to be a neuronal specific adhesion molecule, is one of the
few members of the IgSF family of adhesion molecules known to
be expressed in mature Schwann cells and oligodendrocytes. In
the PNS, TAG-1 is expressed by ensheathing Schwann cells and
as such might play a role in axoglial interactions of unmyelinated
fibers. In myelinated fibers, TAG-1 is the first IgSF molecule
detected in the juxtaparanodal region in the CNS and PNS. The
localization of TAG-1 in myelinated fibers, possibly controlled by
myelin galactolipids, might also contribute to important axoglial
interactions. Alternatively, the establishment of normal connec-
tions of paranodal loops with the axon may be a prerequisite for
the proper distribution of TAG-1 in the juxtaparanodal region.
Together, these data suggest that TAG-1 might serve as an
important cell adhesion molecule for the organization and the
maintenance of the juxtaparanode.
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