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ABSTRACT Oligodendrocytes of adult rodents express three different connexins:
connexin29 (Cx29), Cx32, and Cx47. In this study, we show that Cx29 is localized to the
inner membrane of small myelin sheaths, whereas Cx32 is localized on the outer
membrane of large myelin sheaths; Cx29 does not colocalize with Cx32 in gap junction
plaques. All oligodendrocytes appear to express Cx47, which is largely restricted to their
perikarya. Cx32 and Cx47 are colocalized in many gap junction plaques on oligodendro-
cyte somata, particularly in gray matter. Cx45 is detected in the cerebral vasculature,
but not in oligodendrocytes or myelin sheaths. This diversity of connexins in oligoden-
drocytes (in different populations of cells and in different subcellular compartments)
likely reflects functional differences between these connexins and perhaps the oligoden-
drocytes themselves. © 2004 Wiley-Liss, Inc.

INTRODUCTION

Mutations in GJB1, the gene encoding the gap junc-
tion protein connexin32 (Cx32), cause X-linked Char-
cot-Marie-Tooth disease (CMTX), an inherited demy-
elinating neuropathy (http://molgen-www.uia.ac.be/
CMTMutations/). Although Cx32 is highly expressed in
both Schwann cells and oligodendrocytes (Dermietzel
et al., 1990; Bergoffen et al., 1993; Scherer et al., 1995),
CNS involvement in CMTX patients is usually subclin-
ical (Nicholson et al., 1998; Bähr et al., 1999). Overt
clinical CNS manifestations, however, have been asso-
ciated with certain GJB1/Cx32 mutations (Bell et al.,
1996; Bort et al., 1997; Panas et al., 1998, 2001;
Marques et al., 1999; Kawakami et al., 2002; Lee et al.,
2002; Paulson et al., 2002; Schelhaas et al., 2002;
Hanemann et al., 2003; Taylor et al., 2003), raising the
possibility that Cx32 has an essential functional role in
oligodendrocytes.

The reason for clinical or subclinical CNS manifes-
tations of certain Cx32 mutations remains unclear. In
the CNS, Cx32 is localized to the perikarya/cell bodies

and proximal processes of oligodendrocytes and may be
restricted to subpopulations of myelinated axons
(Scherer et al., 1995; Kunzelmann et al., 1997; Li et al.,
1997; Rash et al., 2001). Early evidence for additional
connexins in oligodendrocytes was provided by freeze-
fracture electron microscopy (EM) studies showing gap
junction-like particles between apposed paranodal
membranes (Sandri et al., 1977), where Cx32 is usually
absent (Scherer et al., 1995; Kunzelmann et al., 1997;
Li et al., 1997; Rash et al., 2001). Although a number of
studies reported expression of Cx45 in oligodendro-
cytes (Dermietzel et al., 1997; Kunzelmann et al., 1997;
Pastor et al., 1998), mice expressing histological report-
ers in place of Cx45 did not display oligodendrocyte
expression (Kumai et al., 2000). Two other gap junction
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proteins have been subsequently found in oligodendro-
cytes. The first, connexin29 (Cx29), is expressed both
by central and peripheral myelinating cells (Altevogt et
al., 2002; Li et al., 2002; Nagy et al., 2003a). The
second, connexin47 (Cx47), previously described as
neuron-specific (Teubner et al., 2001), is not present in
neurons but is instead restricted to myelinating glial
cells (Menichella et al., 2003; Odermatt et al., 2003).

Cx32 mutations may cause a toxic gain of function in
oligodendrocytes due to altered trafficking and/or accu-
mulation in the endoplasmic reticulum or Golgi of the
corresponding mutant protein (Omori et al., 1996;
Deschênes et al., 1997; Oh et al., 1997; VanSlyke et al.,
2000; Kleopa et al., 2002; Yum et al., 2002). Although
the R142W mutant, which is localized to the Golgi, also
causes intracellular retention of wild-type Cx32
(Scherer et al., 1999), interactions between the prod-
ucts of both GJB1/Cx32 alleles is not a possible mech-
anism in vivo, as only one Gjb1/cx32 gene is expressed
in Schwann cells owing to random inactivation of the X
chromosome (Scherer et al., 1998). Transdominant in-
teractions with another connexin, however, is a distinct
possibility (Rouan et al., 2001); this could cause mis-
trafficking of the other (wild-type) connexin (Scherer et
al., 1999) or even other deleterious effects (Abrams et
al., 2002). Because the hemichannels of gap junctions
are hexamers of connexin molecules (Bruzzone et al.,
1996), and because different connexins can form (het-
eromeric) hemichannels (Stauffer, 1995), dominant-
negative effects could occur during oligomerization in
the Golgi (Musil and Goodenough, 1993) or in the cell
membrane. We therefore investigated the localization
of Cx29, Cx32, Cx45, and Cx47 in adult rat CNS. We
did not detect Cx45 in oligodendrocytes, whereas Cx29,
Cx32, and Cx47 each had a unique distribution.

MATERIALS AND METHODS
Immunoblots

Adult wild-type rats and mice, as well as cx29-, cx32-,
and cx47-null mice were euthanized. Tissues were im-
mediately frozen in liquid nitrogen and stored at
�80°C or lysed directly in ice-cold 50 mM Tris, pH 7.0,
1% SDS, and 0.017 mg/ml phenylmethylsulfonyl fluo-
ride (Sigma, St. Louis, MO), followed by a brief sonica-
tion on ice with a dismembrator (Fisher Scientific,
Houston, TX). Protein concentration was determined
using the Bio-Rad kit (Bio-Rad Laboratories, Rich-
mond, CA). After a 5- to 15-min incubation in loading
buffer at room temperature (RT), 100 �g of protein
lysate from each sample was loaded onto a 12% SDS-
polyacrylamide gel, electrophoresed, and transferred to
an Immobilon-polyvinylidene fluoride membrane (Mil-
lipore, Bedford, MA) over 1 h using a semidry transfer
unit (Fisher Scientific). The blots were blocked (5%
powdered skim milk and 0.5% Tween-20 in Tris-buff-
ered saline) for 1 h at RT and incubated overnight at
4°C with affinity-purified rabbit antisera against Cx29
(diluted 1:5) (Altevogt et al., 2002) or Cx47 (diluted

1:10,000) (Menichella et al., 2003) or with a rabbit
antiserum against Cx32 (diluted 1:1,000; Zymed, San
Francisco, CA). After washing in blocking solution, the
blots were incubated in peroxidase-coupled secondary
antibodies (diluted 1:10,000; Jackson ImmunoResearch,
West Grove, PA) for 1 h at RT, washed again, and visu-
alized by enhanced chemiluminescence using the ECL
reagent (Amersham, Arlington Heights, IL).

Immunocytochemistry

Unfixed adult rat olfactory bulb, cerebrum, brain
stem and attached cerebellum, and spinal cord were
embedded in OCT and immediately frozen in a dry
ice-acetone bath. These CNS tissues were also embed-
ded in OCT following brief fixation (30–60 min) in
Zamboni’s fixative (Zamboni and de Martino, 1967) and
infiltration in 20% sucrose in phosphate buffer (PB)
overnight. Ten micron thick cryostat sections were
thaw-mounted on SuperFrost Plus glass slides (Fisher
Scientific) and stored at �20°C. Sections were postfixed
and permeabilized by immersion in �20°C acetone for
10 min, blocked at room temperature for at least 1 h in
5% fish skin gelatin containing 0.5% triton X-100 in
PBS, and incubated 16–48 h at 4°C with various com-
binations of primary antibodies: rabbit anti-Cx29 (1:
200; against a C-terminus fusion protein) (Altevogt et
al., 2002), rabbit anti-Cx32 (1:200; Chemicon), rabbit
anti-Cx47 (1:500) (Menichella et al., 2003), mouse anti-
Cx32 (7C6.C7; 1:2) (Li et al., 1997), mouse anti-Cx45
(1:100; Chemicon), mouse anti–rat myelin-associated
glycoprotein (MAG; clone 513; 1:100; Boehringer
Mannheim), mouse anti-Caspr (1:50) (Poliak et al.,
1999), Rip (1:10; Developmental Hybridoma Bank),
mouse anti-NeuN (1:100; Chemicon), and rat anti-
GFAP (1:10; Sigma). Staining with affinity-purified an-
ti-Cx29 or anti-Cx47 antibodies produced identical re-
sults with the nonaffinity-purified antibodies. After
incubating with the primary antibodies, the slides were
washed and incubated with the appropriate fluorescein-
and rhodamine-conjugated donkey cross-affinity-purified
secondary antibodies (diluted 1:100; Jackson ImmunoRe-
search) for 1 h at RT. Slides were mounted with Vectash-
ield (Vector Laboratories, Burlingame, CA) and imaged
with epifluorescence TRITC and FITC optics on a Leica
DMR light microscope equipped with a cooled
Hamamatsu camera or with a Leica TCS laser scanning
confocal microscope, followed by image manipulation
with Adobe Photoshop.

Processing for peroxidase-coupled secondary anti-
bodies was similar to that described above, except that
the sections were treated with 0.1% peroxide in meth-
anol for 30 min to eliminate endogenous peroxidase
activity prior to incubation with the primary antibod-
ies. The slides were developed with biotinylated goat
anti–rabbit antibodies for 1 h at RT, then incubated
with ABC reagent (Vector Laboratories) for 30 min at
RT and washed. Development of the peroxidase reac-
tion product was performed using 0.5 mg/ml diamino-
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benzamine (Sigma) and 0.005% peroxide. Sections
were imaged with bright-field optics and differential
interference optics on a Leica DMR microscope
equipped with a cooled Hamamatsu camera.

RESULTS
Antibody Characterization by Immunoblot

We have previously characterized the antibodies
against Cx32; in cx32/Gjb1-null mice, they do not stain
the sciatic nerves or CNS, nor do they recognize a band
corresponding to Cx32 in immunoblots (Scherer et al.,
1998; Abel et al., 1999). To evaluate the antisera
against Cx29 (Altevogt et al., 2002) and Cx47 (Menich-
ella et al., 2003), we hybridized blotted lysates from the
spinal cords of cx29- and cx47-null mice as well as
wild-type mice and rats. Antisera against Cx29 recog-
nized a � 29 kDa band in wild-type spinal cord and
mouse sciatic nerve but not in the Cx29 knockout spi-
nal cord (Fig. 1A). In addition, there was a prominent
band around 50 kDa in the mouse sciatic nerve and rat
spinal cord samples, probably Cx29 dimers (Altevogt et
al., 2002; Nagy et al., 2003a). The antiserum against
Cx47 recognized a � 46 kDa band in wild-type mouse
spinal cord and rat optic nerve, but not in the wild-type
sciatic nerve or in the cx47-null spinal cord (Fig. 1B).

To ascertain that the pattern of Cx29 staining was
authentic, we prepared longitudinal frozen sections of
spinal cords from two adult cx29-null mice and a wild-
type mouse. The sections were double-stained with a
monoclonal antibody against Caspr and either a rabbit
antiserum or an affinity-purified rabbit antiserum
against Cx29. As shown in Figure 2, there was paran-
odal Caspr immunoreactivity in both the wild-type and
the cx29-null samples, but no Cx29 immunoreactivity
in the cx29-null samples. Further, the Cx29 immuno-
staining was most prominent in the juxtaparanodes
(Fig. 2A) and perinuclear region of oligodendrocytes
(Fig. 2B); no such staining was seen in cx29-null spinal
cords (Fig. 2C and D). Finally, the Cx47 antisera did
not appear to immunolabel cells in the CNS of cx47-
null mice (data not shown). Thus, these antisera are
specific.

Distribution of Cx32, Cx29, and Cx47 in CNS

We and others have previously shown that oligoden-
drocytes express Cx29, Cx32, and Cx47 (Scherer et al.,
1995; Li et al., 1997; Altevogt et al., 2002; Li et al., 2002;
Menichella et al., 2003; Odermatt et al., 2003). To com-
pare the localization of these connexins in the adult CNS,
we used peroxidase-conjugated secondary antibodies. In
transverse sections of rat lumbar spinal cord (Fig. 3),
Cx32 was predominantly expressed in the white matter,
in the dorsal, lateral, and ventral funiculi (Scherer et al.,
1995). This pattern is similar to that seen with antibodies
that stain the components of compact myelin: proteolipid
protein and myelin basic protein (Schwab and Schnell,
1989). Cx29, in contrast, was expressed more in gray
matter and the corticospinal tract (Altevogt et al., 2002),
both of which are enriched in small-diameter myelinated
fibers (Arroyo et al., 2001). Cx47 staining was strongest
in perikarya throughout the spinal cord, in white more
than in the gray matter; myelinated axons per se were
not heavily labeled. Cx32 and Cx29, but not Cx47, were
strongly expressed in the spinal roots (Fig. 3). In agree-
ment with Li and Simard (2001), we found Cx45 expres-
sion in cerebral blood vessels (data not shown), but not in
oligodendrocytes (Dermietzel et al., 1997; Kunzelmann et
al., 1997). These data demonstrate that Cx29, Cx32, and
Cx47 each has distinct localizations in adult spinal cord.

Cx47 Is Expressed in Oligodendrocyte
Perikarya

In order to clarify the cellular expression of Cx47, we
used double labeling with markers for oligodendrocytes
(Rip), astrocytes (GFAP), and neurons (NeuN) in dif-
ferent CNS areas. Cx47 was always localized in the
perikaryon and proximal processes of cells both in the
white and in the gray matter (Fig. 4). Staining with the
oligodendrocyte marker Rip (Fig. 4A and data not
shown) confirmed that almost all Cx47-positive cells
also expressed Rip. Cx47 expression in other cell types

Fig. 1. Cx29 and Cx47 expression in neural tissues. These are
immunoblots of the indicated tissues, hybridized with an affinity-
purified rabbit antiserum against Cx29 (A) or Cx47 (B). The Cx29
antiserum (A) recognizes a � 30 kDa protein in wild-type mouse
spinal cord (SC) and sciatic nerve (SN) as well as rat SC; this band is
absent in cx29-null mouse spinal cord. A specific band around � 50
kDa is present in the same samples as Cx29, probably Cx29 dimers.
The Cx47 antiserum (B) recognizes a � 46 kDa protein in wild-type
mouse SC and rat optic nerve (ON); this band is absent both in
cx47-null SC and in wild-type mouse SN. Images of the Commassie-
stained gels are shown under the blots.
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could not be excluded due to the fact that Rip stained
the oligodendrocyte processes and myelin sheath,
whereas Cx47 was mainly present at the perikaryon,
often not directly colocalizing with Rip. However, dou-
ble staining for Cx47 and either GFAP (Fig. 4B and

data not shown) or NeuN (Fig. 4C and data not
shown) demonstrated that Cx47-positive cells were
never positive for either GFAP or NeuN, confirming
that astrocytes and neurons do not express Cx47.
Colocalization of Cx47 with Rip, in contrast to mu-

Fig. 2. Lack of Cx29 immunoreactivity in cx29-null mice. These are images of longitudinal sections of spinal cord from wild-type (A and B)
and cx29-null (C and D) adult mice. The sections were immunostained with a rabbit antiserum against Cx29 (red) and a mouse monoclonal
antibody against Caspr (green); DAPI (blue) was used as a nuclear counterstain. A and C show merged images of Cx29 and Caspr staining; B
and D show merged images of Cx29 and DAPI staining. In every panel, each channel was exposed for a comparable amount of time and the
images were not subsequently manipulated. Note the juxtaparanodal (arrows in A) and perinuclear (arrowheads in B) Cx29 staining in
wild-type mice and the lack thereof in cx29-null mice (C and D). Scale bar � 10 �m.

Fig. 3. Differential expression of Cx32, Cx29, and Cx47. These are images of transverse sections of unfixed (A and B) or Zamboni-fixed (C)
adult rat lumbar spinal cord using rabbit antisera against Cx32 (A), Cx29 (B), and Cx47 (C), visualized with a peroxidase-conjugated secondary
antiserum. Cx32 immunoreactivity is mainly found in white matter tracts. Cx29 immunoreactivity is stronger in the gray matter and in fiber
tracts that are enriched in small diameter fibers including the crossing posterior commissural fibers (black arrowhead) and corticospinal fibers
(white arrowhead). Cx47 immunoreactivity is mainly present in oligodendrocyte perikarya, which are more numerous in the white matter. Cx32
and Cx29, but not Cx47, are strongly expressed in the spinal roots (arrows). SG, substantia gelatinosa; FG, fasciculus gracilis. Asterisks mark
artifactual areas of staining. Scale bar � 200 �m.
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tually exclusive expression of Cx47 and either GFAP
or NeuN, was also demonstrated by confocal images
(data not shown). In keeping with the immunoblot
results, we could not detect any Cx47 expression in
the peripheral nervous system by immunocytochem-
istry, either in the sciatic nerve or in the spinal roots
(Fig. 3 and data not shown).

Cx29 Is Localized to Small Myelin Sheaths

To examine the localization of Cx29 in more detail,
we labeled sections for Cx29 and Caspr, which is ex-
pressed at paranodes (Poliak et al., 1999), or MAG,
which is localized on the adaxonal membrane (appos-
ing the axon) of CNS myelin sheaths (Sternberger et al.,

Fig. 4. Cx47 is expressed at the perikaryon of oligodendrocytes but not in astrocytes or neurons. These are images of sections of unfixed rat
hippocampal dentate gyrus, immunostained for Cx47 (red) and either Rip (A), GFAP (B), or NeuN (C), markers for oligodendrocytes, astrocytes,
and neurons, respectively (green). Nuclei are stained with DAPI (blue). Oligodendrocytes (arrows in A–C) express Cx47, whereas neurons in
the granule cell layer (gc; A and B) or in the hilus region (hi; arrowheads in C) and astrocytes (arrowheads in B) do not. Scale bar � 10 �m.
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1979). As in the spinal cord (Fig. 2) (Altevogt et al., 2002),
Cx29 was expressed at the juxtaparanodes of small- and
medium-caliber fibers in the neocortex, adjacent to the
Caspr-positive paranodes (Fig. 5G–I). In many small my-
elinated fibers, there was Cx29 staining along the entire
internode, as shown by colocalization with MAG in the
neocortex and olfactory bulb (Fig. 5A–F). We observed
similar features in the small myelinated axons of optic
nerves, striatum, pons, cerebellum, dorsal columns, and
spinal cord gray matter (data not shown).

Expression of Cx29 in Relation to Cx32

To illuminate the relationship of Cx32 and Cx29
expression in the CNS, double labeling was performed

in the same CNS regions. In the corpus callosum (CC),
which contains mostly small myelinated axons (Sper-
ber et al., 2001), there was robust Cx29 staining and
little expression of Cx32 (Fig. 6A). The larger myelin-
ated axons ventral to the CC, however, showed pre-
dominantly Cx32 expression and little Cx29 expression
(Fig. 6A). The lateral olfactory tract (LOT), which also
contains large myelinated axons, showed intense Cx32
immunoreactivity, in contrast to the adjacent white
matter, which contains smaller Cx29-positive fibers
(Fig. 6B). The large myelinated axons in the spinal cord
dorsal columns were strongly Cx32-positive, whereas
Cx29 was restricted to smaller-caliber myelinated ax-
ons and some oligodendrocytes (Fig. 6C). In the pons,
the large Cx32-positive myelinated axons in the medial
longitudinal fasciculus (MLF) were surrounded by

Fig. 5. Localization of Cx29 in small myelinated fibers. These are confocal images of unfixed sections of rat CNS, double-labeled with a rabbit
antiserum against Cx29 (red) and a monoclonal antibody (green) against either MAG or Caspr, as indicated. Cx29 colocalizes with MAG along
the myelin sheaths of small-caliber fibers in the superficial cortex (A–C) and in the olfactory bulb (D–F). Note the weakly Cx29-positive
oligodendrocyte cell body (asterisk). In small myelinated axons of deep neocortex (G–I), Caspr (green arrows) is localized at the paranodes,
whereas Cx29 (red arrows) is adjacent to Caspr in the juxtaparanodes (insets in higher magnification in G–I). Scale bar � 10 �m.

351CONNEXINS IN OLIGODENDROCYTES



Fig. 6. The expression of Cx29 in relation to Cx32. These are images of unfixed rat CNS, immunostained with a rabbit antiserum to Cx29
(red) and a mouse monoclonal antibody against Cx32 (green), along with nuclear staining with DAPI (blue in A–C, F, and G). The expression
of Cx29 and Cx32 was mutually exclusive in the white matter and partially overlapping in oligodendrocytes of the gray matter. In coronal
sections through cerebrum (A and B), the small myelinated axons of the CC are mostly Cx29-positive, in contrast to the more ventral fibers,
which are larger and Cx32-positive (A). The larger-diameter fibers in the LOT are Cx32-positive, in contrast to smaller, Cx29-positive fibers
in the adjacent brain (B). In longitudinal sections of the spinal cord dorsal funiculus (C), Cx32 is present in large fibers, while Cx29 is restricted
to some smaller fibers. In transverse sections of the pons (D), the large myelinated fibers of the MLF are Cx32-positive, whereas the
surrounding smaller myelinated fibers are Cx29-positive (the midline is indicated by a star). In the cerebellum (E), smaller Cx29-positive fibers
in the white matter (WM) adjacent to the granule cell layer (GC) surround larger Cx32-positive fibers. In the dentate gyrus of the hippocampus
(F), an oligodendrocyte in the polymorphic layer (PL) adjacent to the GC expresses both Cx32 and Cx29 in the perikaryon and proximal
processes (arrow). Similarly, in the spinal cord gray matter (G), the same cell (arrow) has Cx29 and Cx32 immunoreactivity. In both
oligodendrocytes, however, Cx29 does not colocalize with Cx32 in gap junction-like plaques. Scale bars � 10 �m.
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smaller Cx29-positive fibers (Fig. 6D). In the cerebellar
white matter, the more abundant Cx29-positive fibers
surrounded the larger Cx32-positive fibers (Fig. 6E).
The dichotomy in Cx29 and Cx32 expression between
small and large myelinated fibers was also noted in the
optic nerve, striatum, and olfactory bulb (data not
shown).

In contrast to the white matter (Altevogt et al.,
2002), Cx29 immunoreactivity was often found in gray
matter oligodendrocytes (Nagy et al., 2003a). In the
hippocampus, which is rich in small-diameter Cx29-
positive fibers, Cx29 and Cx32 were typically coex-
pressed in oligodendrocyte perikarya (Fig. 6F). Even
though the two connexins were coexpressed in the
same cells, Cx29 was not found in the Cx32-positive
plaques. The spinal cord gray matter (Fig. 6G) and
other gray matter areas, including the neocortex and
the olfactory bulb, showed similar patterns of Cx29 and
Cx32 staining (data not shown). Thus, Cx29 does not

appear to form typical gap junctions plaques on oligo-
dendrocyte perikarya.

Expression of Cx47 in Relation to Cx32

To illuminate the relationship between these connex-
ins in the white matter, double labeling was performed
in multiple CNS regions as described above. In the CC
(Fig. 7A), interfascicular oligodendrocytes were en-
crusted by Cx47-positive plaques, whereas there was
little Cx32-immunostaining except in the more ventral,
larger myelinated fibers (Fig. 5A). Similarly, in the
LOT (Fig. 7B), dorsal columns (Fig. 7C), and MLF (data
not shown), plaques of Cx47 immunoreactivity sur-
rounded the perikarya of oligodendrocytes. The adja-
cent large-diameter myelinated fibers also expressed
Cx32, but the oligodendrocyte perikarya themselves
were typically Cx32-negative.

Fig. 7. Differential distribution of Cx32 and Cx47 in white and gray matter. These are images of unfixed rat CNS sections stained for Cx47
(red), Cx32 (green), and cell nuclei (blue). In the CC, Cx47 forms gap junction-like plaques (arrowhead) on the perikarya of oligodendrocytes
(A). These perikarya and the surrounding small-diameter myelinated fibers have little Cx32 staining, whereas the myelinated fibers ventral
to the CC are Cx32-positive (arrow). In the lateral olfactory tract (B) and spinal cord dorsal funiculus (C), Cx47 is expressed on the perikarya
of interfascicular oligodendrocytes (arrowheads) that are surrounded by large, Cx32-positive myelinated fibers (arrows). In the deeper layers
of neocortex (D), cerebellar granule cell layer (E), dentate gyrus of the hippocampus (F), and anterior horn of the spinal cord (G), Cx32 and Cx47
colocalize in some plaques on the perikarya and proximal processes of oligodendrocytes (double arrowheads). Note that oligodendrocytes
myelinating Cx32-positive myelin sheaths (arrows in D, E, and G) appear to be directly connected to these oligodendrocyte perikarya. Scale
bar � 10 �m.
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A different pattern was observed in the gray matter;
Cx47 and Cx32 were colocalized in plaques on the
perikarya and proximal processes. This was seen in
regions that contained Cx32-positive myelin sheaths,
such as the deep neocortex (Fig. 7D), cerebellar granule
cell layer (Fig. 7E), anterior horn of the spinal cord
(Fig. 7G), olfactory bulb (data not shown), and brain-
stem tegmentum (data not shown). Oligodendrocyte
processes were observed extending to Cx32-positive
myelin sheaths (Fig. 7D). In regions that were largely
devoid of Cx32-positive myelin sheaths, such as the
dentate gyrus of the hippocampus (Fig. 7F) and super-
ficial neocortex (data not shown), Cx32 and Cx47 were
typically present only at the perikaryon and proximal
processes.

DISCUSSION
Oligodendrocytes Express Cx32, Cx29, and Cx47

Our results confirm and extend previous observa-
tions that oligodendrocytes express these three connex-
ins. Each has a unique distribution at the subcellular
level, as well as in different populations of oligodendro-
cytes, as summarized in Figure 8. Oligodendrocytes
associated with the largest myelin sheaths, such as
those in the MLF and the ventral funiculus of the
spinal cord, have prominent Cx47-positive gap junction
plaques on their perikaryal cell membrane (Menichella
et al., 2003). Their proximal processes have gap junc-
tion plaques formed by Cx47 but also by Cx32, their
myelin sheaths have Cx32 on their abaxonal (outer-
most) surface (Scherer et al., 1995; Rash et al., 2001;
Menichella et al., 2003), but their adaxonal (inner)
surface has little Cx29 (Altevogt et al., 2002). The oli-
godendrocyte perikarya associated with small myelin
sheaths appear to have gap junction plaques comprised
of Cx32 and Cx47; Cx29 is also expressed in the so-

mata, but does not appear to form plaques. Small my-
elin sheaths have Cx29 in their adaxonal membrane,
both at juxtaparanodes and internodes (Altevogt et al.,
2002; Nagy et al., 2003a), but typically do not have
detectable Cx32 or Cx47.

Distinct Oligodendrocyte Populations

Our findings extend our previous observations that
different oligodendrocyte subpopulations express dif-
ferent connexins according to the caliber of the myelin-
ated axon (Scherer et al., 1995; Altevogt et al., 2002):
large myelinated fibers express Cx32, whereas small
myelinated fibers express Cx29. Although Nagy et al.
(2003a) recently reported that both connexins were
present on large- and small-diameter fibers, the pre-
dominant expression of Cx32 in the former and of Cx29
in the latter is striking. These differences remain to be
resolved. A similar distinction has been previously
demonstrated for other molecules: oligodendrocytes as-
sociated with the smallest fibers express the carbonic
anhydrase isoform II but not S-MAG, while those en-
sheathing the largest show the opposite pattern (Butt
and Berry, 2000). Cx47, in contrast, seems to be widely
expressed in the perikaryon and proximal processes,
regardless of the size of the myelinated axon.

Since the original work of Del Rio-Hortega (1928),
oligodendrocytes have been classified by their morpho-
logical features (Bunge, 1968; Friedman et al., 1989;
Remahl and Hildebrand, 1990; Hildebrand et al., 1993;
Berry et al., 1995; Ibrahim et al., 1995; Weruaga-Prieto
et al., 1996; Butt and Berry, 2000). Type I and II are
morphologically similar and populate the gray matter
and discrete white matter tracts, including the optic
nerve, corpus callosum, and corticospinal tracts. Each
type I and II oligodendrocyte myelinates numerous
small-diameter (below 2–4 �m) axons, and their mye-

Fig. 8. The distribution of Cx29, Cx32, and Cx47 in oligodendrocytes. In this schematic drawing of two oligodendrocytes, the myelin sheaths
have been unrolled to depict the localization of Cx29, Cx32, and Cx47. The oligodendrocyte myelinating the large axon (A) has numerous
perikaryal gap junction plaques mainly comprised of Cx47 (red). Cx32 (green) is mainly expressed on the outer aspects of the myelin sheath,
and Cx29 is absent. The oligodendrocyte myelinating small axons (B) has perikaryal gap junction plaques comprised of Cx47 (red) and Cx32
(green). Cx29 (blue) is localized to the perikaryal cytoplasm as well as the juxtaparanodal and internodal regions of the myelin sheath.
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lin sheaths are thin and short. Type III oligodendro-
cytes myelinate a small number of larger-diameter ax-
ons (above 2–4 �m), forming thicker myelin sheaths
with longer internodes. Type IV oligodendrocytes are
similar to type III, but have a cell body directly over-
lying the individual axon that they myelinate; they are
typically found in white matter tracts containing large-
diameter fibers, including the spinal cord fasciculi and
the lateral olfactory tract. The myelin sheaths of indi-
vidual type III and IV oligodendrocytes are about 50
times larger than those of type I/II oligodendrocytes
(Remahl and Hildebrand, 1990; Hildebrand et al.,
1993; Butt et al., 1998). In spite of these substantial
differences, the phenotype of oligodendrocytes appears
to be determined by the axons with which they associ-
ate in development (Fanarraga et al., 1998).

Gap Junction Proteins of Oligodendrocytes

The diversity of connexins, their different localiza-
tions, and their expression by subsets of oligodendro-
cytes suggest that each may serve a specialized role in
oligodendrocytes. Cx32 and Cx47 overlap at least in
part, as both appear to form gap junctions on somata of
oligodendrocytes. This redundancy may be the reason
that mice lacking Cx32 or Cx47 alone have minimal
abnormalities in CNS myelin, whereas mice lacking
both have profound CNS demyelination (Menichella et
al., 2003; Odermatt et al., 2003). Such redundancy may
also explain why subclinical abnormalities, such as
delay in brainstem auditory-evoked potentials, are
commonly found in patients with CMTX (Nicholson et
al., 1998; Bähr et al., 1999), whereas dramatic, tran-
sient CNS phenotypes are associated with certain mu-
tations (Panas et al., 2001; Paulson et al., 2002; Schel-
haas et al., 2002; Taylor et al., 2003). We previously
evaluated the possibility that some Cx32 mutants as-
sociated with CNS phenotypes have dominant interac-
tions with Cx45, but found no evidence for such inter-
actions (Kleopa et al., 2002). Now that it is clear that
oligodendrocytes do not express Cx45, we are similarly
evaluating possible interactions of Cx32 mutants with
human Cx31.3, the human homolog of Cx29 (Altevogt
et al., 2002) and especially Cx47.

In oligodendrocytes somata, we found that Cx29 is
not associated with Cx32- or Cx47-positive plaques, in
contrast to the report of Nagy et al. (2003a), who found
Cx29 in much smaller gap junction plaques. In a sub-
sequent study, these authors reported that Cx29 was
sparse on oligodendrocyte somata, exhibited limited
colocalization with Cx32 in these cells, and failed to
display the pattern of punctate labeling characteristic
of other connexins that play a role in the formation of
astrocytic-oligodendrocytic gap junctions (Nagy et al.,
2003b). Although Cx29 is colocalized with MAG, prob-
ably on the inner/adaxonal membrane of oligodendro-
cytes, it remains to be determined whether Cx29 forms
hemichannels on the inner/adaxonal oligodendrocyte
cell membrane, as we previously suggested (Altevogt et

al., 2002). In our previous studies, Cx29 failed to form
functional homotypic channels in vitro. However, this
may not represent the in vivo situation, since the same
study (Altevogt et al., 2002) suggested a modulating
effect of Cx29 on Cx32 voltage gating. Other still un-
known regulating factors may be required for the func-
tion of Cx29 channels in vivo, which are not present in
vitro. Thus, the normal function of Cx29 in myelinating
glial cells and its possible interactions with other con-
nexins need to be clarified. Cx29 does not prevent the
development of demyelination in Gjb1/cx32-null mice,
even though it appears to be expressed in its normal
pattern (data not shown). Further, the R142W Cx32
mutant, which is retained in the Golgi, does not affect
the trafficking of Cx29 in myelinating Schwann cells in
transgenic mice (data not shown). Whether Cx32 mu-
tants interact with Cx29 in either Schwann cells or
oligodendrocytes remains to be determined, but such
interactions could modify the phenotype of CMTX.

Astrocyte-Oligodendrocyte Coupling

Freeze-fracture EM demonstrates that most, if not
all, gap junctions formed by oligodendrocytes are with
astrocytes, and are located at oligodendrocyte
perikarya, their proximal processes, and the outer
membrane of the myelin sheath (Massa and Mugnaini,
1982; Waxman and Black, 1984; Nagy et al., 1997;
Rash et al., 2001). Cx32 and Cx47 are localized in a
corresponding manner (Dermietzel et al., 1989;
Scherer et al., 1995; Kunzelmann et al., 1997; Li et al.,
1997; Rash et al., 2001; Menichella et al., 2003; Oder-
matt et al., 2003) and hence likely form these gap
junction plaques, as has been recently shown in normal
and Cx32 knockout mice (Nagy et al., 2003b). Because
astrocytes express Cx26, Cx30, and Cx43 (Dermietzel
et al., 1989; Kunzelmann et al., 1999; Nagy et al., 1999;
Rash et al., 2001), and not Cx29, Cx32, or Cx47, the gap
junctions between oligodendrocytes and astrocytes
must be heterotypic, formed by hemichannels com-
prised of different connexins. Oligodendrocyte-astro-
cyte coupling may be complex, as each hemichannel
may be comprised of more than one kind of connexin,
and not all possible combinations of oligodendrocyte
and astrocyte hemichannels are known to be compati-
ble (Bruzzone et al., 1996) or spatially associated in
situ (Nagy et al., 2003a). Finally, astrocytes themselves
are extensively coupled by gap junctions, so oligoden-
drocyte-astrocyte coupling is a part of a “pan-glial sync-
tium” (Massa and Mugnaini, 1982; Rash et al., 1997)
whose functional attributes are still largely unex-
plored.

In addition to conventional intercellular junctions,
oligodendrocytes may also establish reflexive gap junc-
tions between adjacent paranodal loops (Sandri et al.,
1977; Bergoffen et al., 1993; Scherer et al., 1995; Bal-
ice-Gordon et al., 1998), similar to the ones present in
Schwann cells (Sandri et al., 1977; Bergoffen et al.,
1993; Scherer et al., 1995; Balice-Gordon et al., 1998).
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Whether Cx32 is present at CNS paranodes is not
settled (Scherer et al., 1995; Li et al., 1997). Cx29 is the
major gap junction protein in the paranodal region of
the CNS, but it has not been found in the paranodal
loops themselves (Altevogt et al., 2002; Li et al., 2002).
Thus, it is possible that another connexin forms gap
junctions between CNS paranodal loops.
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