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Abstract
Oligodendrocytes in vivo form heterologous gap junctions with astrocytes. These oligodendrocyte/
astrocyte (A/O) gap junctions contain multiple connexins (Cx), including Cx26, Cx30, and Cx43 on
the astrocyte side, and Cx32, Cx29, and Cx47 on the oligodendrocyte side. We investigated connexin
associations at A/O gap junctions on oligodendrocytes in normal and Cx32 knockout (KO) mice.
Immunoblotting and immunolabeling by several different antibodies indicated the presence of Cx32
in liver and brain of normal mice, but the absence of Cx32 in liver and brain of Cx32 KO mice,
confirming the specificity and efficacy of the antibodies, as well as allowing the demonstration of
Cx32 expression by oligodendrocytes. Oligodendrocytes throughout brain were decorated with
numerous Cx30-positive puncta, which also were immunolabeled for both Cx32 and Cx43. In Cx32
KO mice, astrocytic Cx30 association with oligodendrocyte somata was nearly absent, Cx26 was
partially reduced, and Cx43 was present in abundance. In normal and Cx32 KO mice,
oligodendrocyte Cx29 was sparsely distributed, whereas Cx47-positive puncta were densely
localized on oligodendrocyte somata. These results demonstrate that astrocyte Cx30 and
oligodendrocyte Cx47 are widely present at A/O gap junctions. Immunolabeling patterns for these
six connexins in Cx32 KO brain have implications for deciphering the organization of heterotypic
connexin coupling partners at A/O junctions. The persistence and abundance of Cx43 and Cx47 at
these junctions after Cx32 deletion, together with the paucity of Cx29 normally present at these
junctions, suggests Cx43/Cx47 coupling at A/O junctions. Reductions in Cx30 and Cx26 after Cx32
deletion suggest that these astrocytic connexins likely form junctions with Cx32 and that their
incorporation into A/O gap junctions is dependent on the presence of oligodendrocytic Cx32.
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INTRODUCTION
Neurons, astrocytes, and ependymocytes in the CNS form extensive homologous gap junctions
(e.g., astrocyte-to-astrocyte [A/A] junctions), whereas oligodendrocytes form only
heterologous gap junctions with astrocytes (A/O junctions), but also form autologous junctions
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between myelin layers. Few if any gap junctions occur between two oligodendrocytes;
however, oligodendrocytes indirectly communicate with each other through gap junctions with
astrocyte “intermediaries” (Mugnaini, 1986; Wolburg and Rohlmann, 1995; Rash et al.,
1997, 2001). Several different members of the connexin (Cx) family of proteins (Willecke et
al., 2002) contribute to gap junctional intercellular communication (GJIC) at the gap junctions
linking each macroglial cell type. These include Cx26, Cx30, and Cx43 in astrocytes
(Yamamoto et al., 1990a,b; Nagy et al., 1997, 1999, 2001) and Cx29, Cx32, and Cx47 in
oligodendrocytes (Dermietzel et al., 1997; Kunzelmann et al., 1997; Altevogt et al., 2002;
Nagy et al., 2003a,b). A related but controversial issue is whether Cx32 is expressed exclusively
by oligodendrocytes as reported by us (Li et al., 1997; Rash et al., 2001), or whether Cx32 is
additionally expressed by neurons as reported by others (reviewed in Nagy et al., 2003a). Thin-
section electron microscopy (EM) and freeze-fracture replica immunogold labeling (FRIL)
studies have indicated that the three astrocytic connexins Cx26, Cx30, and Cx43 are each
incorporated not only into individual A/A junctions, but also into the astrocyte side of A/O
junctions (Nagy et al., 1999; Rash et al., 2001). Although relationships between Cx30 and
oligodendrocytes have yet to be examined by light microscopy (LM), punctate labeling for
astrocytic Cx26 and Cx43 was demonstrated around oligodendrocyte somata, and this labeling
was co-associated with oligodendrocytic Cx32 (Rash et al., 2001; Nagy et al., 2001). Because
the set of connexins in astrocytes is completely different from the set of connexins in
oligodendrocytes, A/O gap junctions are necessarily heterotypic, meaning that connexins
forming connexons in astrocytes couple with entirely different connexin constituents in
oligodendrocytes. Some connexin coupling pairs are permissive for the formation of functional
GJIC channels (e.g., Cx30/Cx32), while others are not (Cx43/Cx32) (White and Bruzzone,
1996). Nevertheless, the specific connexin pairing combinations that occur at A/O junctions
are completely unknown.

The aims of this study were threefold. First, immunolabeling patterns of Cx32 in wild-type
(WT) and Cx32 knockout (KO) mice were investigated to confirm specificities of anti-Cx32
antibodies, as well as to confirm positive Cx32 localization in CNS of WT animals. Second,
the relative association of astrocyte Cx30 with oligodendrocyte Cx32 was investigated by LM.
Third, we investigated whether the profile of astrocytic and oligodendrocytic connexins at A/
O junctions is altered in Cx32 knockout (KO) mice (Nelles et al., 1996).

MATERIALS AND METHODS
Animals, Antibodies, and Immunoblotting

A total of 25 normal male CD1 mice, 8 male WT C57BL/6 mice, and 9 male C57BL/6 Cx32
KO mice (the latter kindly provided by Dr. K. Willecke, University of Bonn, Germany) were
used in this study. The WT and KO C57BL/6 animals were bred according to standard protocols
at Colorado State University. Liver and brain from 3 WT and 4 KO mice were taken for western
blotting analyses by methods previously described (Li et al., 1997, 1998, 2002; Rash et al.,
2001). The remaining mice were used for anatomical studies.

The anti-connexin antibodies used, their sources, and reference citations to previous
characterizations are listed in Table 1. Monoclonal and polyclonal anti-Cx32 antibodies
directed against different sequences in Cx32 were tested. Antibodies used as markers of
oligodendrocytes included monoclonal anti-2, ′3′-cyclic nucleotide 3′-phosphodiesterase
(CNPase) (Sternberger Monoclonals, Baltimore, MD), and polyclonal anti-CNPase (Gravel et
al., 1994), kindly provided by Dr. P.E. Braun (McGill University, Montreal, Canada).
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LM Immunohistochemistry
The mice were deeply anesthetized with equithesin (3 ml/kg) (Scadding, 1981) and perfused
transcardially with 3 ml of “prefixative” solution consisting of cold (4°C) 0.1 M sodium
phosphate buffer (PB), pH 7.4, containing 0.9% NaCl (PBS), 0.1% sodium nitrite and heparin
(1 U/ml). This was followed by perfusion with 20 ml of cold 0.16 M sodium phosphate buffer,
pH 7.6, containing 4% formaldehyde and 0.2% picric acid, which was followed by perfusion
with 10 ml of PB, pH 7.4, containing 10% sucrose. Brains were removed and stored at 4°C for
48 hr in cryoprotectant consisting of 50 mM PB and 10% sucrose.

Cryostat tissue sections (10 μm thick) were obtained and collected on gelatinized glass slides
and processed for immunofluorescence. All antibodies were diluted in 50 mM Tris-HCl, pH
7.4, containing 1.5% NaCl (TBS), 0.3% Triton X-100 (TBST), and 4% normal goat serum
(NGS); all washes were carried out in TBST. For single labeling, sections were incubated for
24 h at 4°C with either monoclonal mouse anti-Cx32 (7C7, derived from culture supernatant)
diluted 1:25, monoclonal mouse anti-Cx32 (35-8900) diluted 1:400, monoclonal anti-Cx32
(13–8200) diluted 1:500, polyclonal rabbit anti-Cx32 (71–0600) diluted 1:100, or rabbit anti-
Cx32 (34–5700) diluted 1:100. After primary antibody incubations, sections were washed for
1 h in TBST and then incubated for 1.5 h at room temperature with either fluorescein
isothiocyanate (FITC)-conjugated horse anti-mouse IgG (Vector Laboratories, Burlin-game,
CA) diluted 1:100, Cy3-conjugated goat anti-mouse (Jackson ImmunoResearch Laboratories,
West Grove, PA) diluted 1:200, or Cy3-conjugated donkey anti-rabbit (Jackson
ImmunoResearch) diluted 1:200.

Sections processed for double immunofluorescence labeling of Cx32 and Cx30 were incubated
for 24 h at 4°C with monoclonal mouse anti-Cx32 (7C7 or 35–8900) as described above, plus
polyclonal rabbit anti-Cx30 (71–2200) diluted 1:100. Alternatively, sections were incubated
simultaneously with polyclonal rabbit anti-Cx32 (34–5700) as described above and with
monoclonal anti-Cx30 (33–2500) diluted 1:500. Sections were then washed in TBST for 1 hr
at room temperature and incubated simultaneously with appropriate combinations of FITC-
conjugated horse anti-mouse IgG diluted 1:100, Alexa Fluor-conjugated goat anti-rabbit F(ab
′)2 (Molecular Probes, Eugene, OR) diluted 1:1,000, or Cy3-conjugated goat anti-mouse or
donkey anti-rabbit IgG (Jackson ImmunoResearch) diluted 1:200. The same protocol was
followed for double immunofluorescence labeling of Cx30 and Cx43, using polyclonal rabbit
anti-Cx30 diluted 1:100 and monoclonal mouse anti-Cx43 (33-5000) diluted 1:150. Sections
were then incubated with appropriate combinations of secondary antibodies, as described
above.

Sections processed for double immunofluorescence labeling of CNPase with either Cx26,
Cx29, Cx30, Cx32, Cx43, or Cx47 were incubated for 24 h at 4°C with monoclonal mouse
anti-CNPase diluted 1:5,000, and simultaneously with either polyclonal rabbit anti-Cx26 (51–
2800) diluted 1:200, rabbit anti-Cx29 (34–4200) diluted 1:400, rabbit anti-Cx30, rabbit anti-
Cx32 (71–0600 or 34–5700), rabbit anti-Cx43 diluted as above, or rabbit anti-Cx47 (36–4700)
diluted 1:400. Additional sections were incubated with polyclonal rabbit anti-CNPase diluted
1:1,000 and simultaneously with either monoclonal mouse anit-Cx26 (33–5800) diluted 1:200,
monoclonal anti-Cx32 (7C7 or 35–8900), or monoclonal mouse anti-Cx43 all diluted as above.
Sections were then washed and incubated simultaneously with Cy3-conjugated donkey anti-
rabbit IgG and FITC-conjugated horse anti-mouse IgG, as described above. All sections were
washed for 20 min in TBST, followed by two 20-min washes in 50 mM Tris-HCl buffer, pH
7.4, and coverslipped with antifade medium. Control procedures were conducted by omission
of one or the other of the primary antibodies with inclusion of both of the secondary antibodies.
No labeling occurred with secondary antibodies that corresponded to the omitted primary
antibody.

NAGY et al. Page 3

Glia. Author manuscript; available in PMC 2007 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fluorescence was examined on a Zeiss Axioskop2 fluorescence microscope and an Olympus
Fluoview IX70 confocal microscope. For confocal analysis, double-labeled sections were
scanned twice using single laser excitation for one or the other fluorochrome. Images were
acquired by single scan of sections at sufficient magnification to discern individual
immunolabeled puncta. Images were captured using Axiovision 3.0 (Carl Zeiss Canada,
Toronto) software, assembled according to appropriate size and adjusted for contrast based on
elimination of “empty” pixels in either Photo-shop 6.0 or Corel Draw 8.

Data Analysis
To determine quantitatively the density of Cx30-positive puncta on the astrocytic side of A/O
junctions on oligodendrocyte somata in brains of WT and Cx32 KO mice, the numbers of
immunofluorescent puncta on CNPase-positive oligodendrocytes were counted in four
different brain regions, including the cerebral cortex, globus pallidus, ventral lateral nucleus
of the thalamus, and hypothalamus. Counting was performed under immunofluorescence
microscopy at ×40 magnification in a grid-like fashion that allowed examination of
consecutively adjacent areas in a nonoverlapping pattern. A conservative approach was taken
such that only clearly distinguishable and distinct puncta were counted at a single optimal focal
plane on individual oligodendrocyte soma. Data were collected from groups of 3 WT and 3
Cx32 KO mice, and statistically analyzed by Student’s t-test. The mean number of Cx30-
positive puncta (±SEM) surrounding oligodendrocytes in each brain region in each animal was
obtained by pooling counts from both sides of the brain for each brain region examined. The
total number of oligodendrocytes examined in each brain area in a total of 14 sections from
the 3 WT and 3 KO animals is indicated in Table 2. The frequency distribution of the number
of Cx30-positive puncta per oligodendrocyte in cortex and globus pallidus was derived by
pooling data from three WT animals, and plotted by binning puncta numbers into 12 groups
ranging from 0 to 22 puncta.

RESULTS
Cx32 and Cx47 Detection in WT and KO Mice

Five anti-Cx32 antibodies used for immunoblotting of WT mouse liver (and rat liver shown
with two of the antibodies for comparison) detected monomeric Cx32 migrating at 30–32 kDa.
In contrast no detection of Cx32 was observed in Cx32 KO mice (Fig. 1A). In addition, four
of the antibodies detected dimeric Cx32 migrating at 49–52 kDa in normal mouse liver, and
this dimer was absent in liver of KO animals. Detection of the dimer form in rat liver was
variable. Using two of the anti-Cx32 antibodies, Western blotting of brain tissue revealed Cx32
in the thalamus of WT, but not in the thalamus of Cx32 KO animals (Fig. 1B,C). Dimeric Cx32
was either not detected or was obscured by co-migrating nonspecific bands. Other nonspecific
bands are of unknown identity, and possible relationships of these bands to
immunofluorescence images are described below. Western blotting of various brain regions
from WT mice (Fig. 1D) with anti-Cx47 antibody (directed against a 19-amino acid sequence
in the C-terminus of Cx47) showed a band migrating at 50–2 kDa in 9% polyacrylamide gels.
Analysis on 12.5% gels gave a similar apparent molecular weight (Fig. 1E), but Cx47 was
resolved as a closely migrating doublet of bands, possibly reflecting different posttranslational
modification states of Cx47, as has been observed with Cx43 in brain (Li et al., 1998). There
were no detectable differences in migration profiles or relative levels of Cx47 in CNS tissues
of WT vs Cx32 KO mice (Fig. 1E).

Immunolabeling for Cx32 in liver of WT and Cx32 KO mice is shown in Figure 2A–D. With
all five antibodies (data from 13–8200 not shown), nonspecific background immunoreactivity
was low and clear punctate labeling was seen around hepatocytes in WT liver, whereas Cx32
labeling was absent in liver of Cx32 KO mice. Similar dense punctate labeling for Cx26 was

NAGY et al. Page 4

Glia. Author manuscript; available in PMC 2007 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



evident around hepatocytes in liver of WT mice, but labeling for Cx26 was barely detectable
in liver of Cx32 KO animals (not shown), confirming previous reports (Nelles et al., 1996).

LM immunofluorescence was conducted to confirm that Cx32 is expressed by
oligodendrocytes in the WT stain of C57BL/6 mice, as reported in other mouse stains (Li et
al., 1997; Rash et al., 2001). Double labeling showed that cells immunopositive for the
oligodendrocyte marker CNPase (Fig. 2E1) were consistently labeled for Cx32 (Fig. 2E2).
Cx32 in brain was also associated with myelin of CNPase-positive fibers (Fig. 2), which
accounts for additional Cx32-immunoreactivity not associated with oligodendrocyte somata
in fields labeled for Cx32. A similar pattern of labeling around oligodendrocytes was obtained
with each of the five anti-Cx32 antibodies. The authenticity of this labeling was tested in Cx32
KO mice. Fields of brain demonstrating the presence of CNPase-positive oligodendrocyte cell
bodies and myelinated fibers (Fig. 2F1) exhibited total absence of labeling of somata and
myelinated fibers (Fig. 2F2) with all five Cx32 antibodies. In WT mice, widespread Cx32
labeling of oligodendrocyte somata is illustrated in a field of hypothalamus (Fig. 2G1). In KO
mice, the absence of Cx32 labeling is illustrated in similar areas of hypothalamus (Fig. 2G2).

Despite the occasional presence of nonspecific bands observed on Western blots of brain tissue
with some anti-Cx32 antibodies, all Cx32 immunolabeling was absent in brain of Cx32 KO
mice with antibodies 7C7, 35–8900 and 34–5700. However, in addition to labeling of
oligodendrocytes, antibody 13–8200 gave intense, diffuse labeling throughout brain, and
antibody 71–0600 labeled fine varicose axons in restricted brain regions (e.g., amygdala),
neither of which was eliminated in Cx32 KO animals, indicating cross-reactions with other
proteins. Thus, the use of the latter two antibodies for immunohistochemical studies involving
CNS tissues requires caution. In addition, a difficulty was encountered with monoclonal anti-
Cx30 (33–2500). While single immunolabeling with this antibody produced robust detection
of Cx30 in brain, double labeling with accompanying controls revealed that monoclonal anti-
Cx30 not only was detected by anti-mouse secondary antibodies, but also by Cy3-, FITC- and
Al-exaFuor-conjugated anti-rabbit antibodies (Jackson ImmunoResearch Laboratories;
Molecular Probes). This cross-species reactivity precludes use of Ab33-2500 for double
labeling with rabbit primary antibodies.

Connexin Localization in WT Mice
Laser scanning confocal immunofluorescence, undertaken to confirm Cx32 localization to
oligodendrocytes in C57BL/C6 mice, demonstrated numerous Cx32-positive puncta around
oligodendrocyte cell bodies and their initial processes (Fig. 3A). A similar pattern of labeling
around oligodendrocytes was obtained with each of the five anti-Cx32 antibodies, four of which
were used in subsequent confocal LM studies, with the exclusion of 13–8200.

To establish widespread astrocytic Cx30 association with oligodendrocytic Cx32 by LM, as
reported in restricted brain regions examined by EM (Rash et al., 2001), confocal analysis was
conducted after double labeling for these two connexins in brain sections from WT C57BL/6
mice. In cerebral cortex, Cx30 labeling was widespread, primarily reflecting the distribution
of A/A gap junctions. However, a small fraction of Cx30-positive puncta overlapped with
Cx32-positive puncta (Fig. 3B) in a manner reflecting the distribution pattern of Cx32
associated with CNPase (Fig. 3A). Similar results were obtained in many brain regions
examined including globus pallidus (Fig. 3C), ventrolateral thalamic nucleus (Fig. 3D), and
ventroanterior thalamus nucleus (Fig. 3E), where only the overlays of double labeling for Cx30
and Cx32 are shown. In fields labeled for Cx32, immunoreactivity not localized to
oligodendrocyte somata was associated with CNPase-positive myelinated fibers (Fig. 3A).
Double labeling for Cx43 and Cx30 also showed co-localization of these two connexins on the
surface of oligodendrocytes (Fig. 3F), consistent with previous demonstrations of Cx43
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association with Cx32 on these cells (Rash et al., 2001). Similar results were obtained in brain
sections of CD1 mice (not shown).

Connexin Localization in Cx32 KO Mice
The deployment of astrocytic Cx30, Cx43, and Cx26 to the surface of oligodendrocytes was
examined in Cx32 KO and compared with their distributions in WT mice. In cerebral cortex
and many subcortical regions of WT brain, oligodendrocytes were conspicuous in sections
labeled for Cx30 by virtue of their dense decoration with Cx30-positive puncta (Fig. 4A).

Immunofluorescence of oligodendrocyte-associated Cx30 puncta was usually more intense
than the more widely distributed Cx30 puncta that presumably were localized to gap junctions
between astrocytes (Nagy et al., 1999, 2001; Rash et al., 2001). In similar fields of cerebral
cortex and other regions of Cx32 KO brain, oligodendrocytes were virtually devoid of Cx30-
positive puncta (Fig. 4B). Confocal analysis of cerebral cortex confirmed that CNPase-positive
cells in cerebral cortex of WT mice were decorated by Cx30-positive puncta (Fig. 4C), while
CNPase-positive cells in cerebral cortex of Cx32 KO mice displayed vastly reduced labeling
for Cx30 (Fig. 4G). Similar results were obtained in other brain regions of WT and Cx32 KO
mice including globus pallidus (Fig. 4D,H), ventrolateral thalamic nucleus (Fig. 4E,I), and
hypothalamus (Fig. 4F,J).

Frequency distributions of the percentage of CNPase-positive oligodendrocytes displaying
puncta on their surface at a single focal plane in fields of cerebral cortex and globus pallidus
is shown in Figure 5. The data shown are an underestimate of the number of puncta per
oligodendrocyte, as out-of-focus puncta on cells were not counted. Nevertheless, these images
indicate that oligodendrocytes displayed a wide range of Cx30 puncta, with most
oligodendrocyte images having seven to eight puncta in a single focal plane. In four brain areas
examined quantitatively and within the limit of LM resolution, Cx30-labeled puncta on
CNPase-positive oligodendrocytes were reduced by 90% in Cx32 KO compared with WT mice
(Table 2).

The density and distribution of Cx43-positive puncta on CNPase-positive oligodendrocytes in
cerebral cortex of WT mice (Fig. 6A) were similar to those in Cx32 KO mice (Fig. 6E).
Although not quantified, similar results were obtained in other brain areas, including striatum,
globus pallidus, and ventroanterior thalamic nucleus, as shown by overlay of double-labeled
images of these areas of WT (Fig. 6B–D) and KO (Fig. 6F–H) animals. The distribution of
Cx47 around CNPase-positive oligodendrocyte somata and their initial processes throughout
CNS of WT mice was very similar to that of Cx32 in cerebral cortex (Fig. 6I) and other brain
regions examined (Fig. 6J–L). Preliminary FRIL and thin-section EM results indicate Cx47
localization on the oligodendrocyte side of gap junctions that these cells form with astrocytes
(unpublished observations). In Cx32 KO mice, no change in the distribution of Cx47-positive
puncta around oligodendrocytes was evident in cerebral cortex (Fig. 6M) or other brain areas
(Fig. 6N–P).

Analysis of double labeling for CNPase and Cx26 in various subcortical brain areas revealed
oligodendrocytes displaying numerous Cx26-positive puncta on their surface in WT mice (Fig.
7A), with patterns similar to that of Cx30 and Cx43, whereas CNPase-positive cells exhibited
reduced Cx26-positive puncta in Cx32 KO mice (Fig. 7B). Although not quantitatively
analyzed, this result was representative of hundreds of CNPase-positive oligodendrocytes
examined in five WT and five KO mice. The expression and localization of Cx29 in
oligodendrocytes (described in detail elsewhere, Nagy et al., 2003a) was dissimilar to the
appearance of labeling for Cx32 and Cx47 associated with oligodendrocytes in that Cx29
immunofluorescence appeared as much finer puncta localized to the somatic plasma
membrane, with some labeling evident intra-cellularly, and was rarely observed on initial
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processes in adult animals. No differences in Cx29 immunoreactivity around oligodendrocytes
were evident from comparisons of CNPase/Cx29 double labeling in brains of WT (Fig. 7C)
and Cx32 KO (Fig. 7D) animals.

DISCUSSION
The present results demonstrate that several of the anti-Cx32 antibodies used
immunohistochemically (7C7, 35–8900, 34–5700) detect exclusively Cx32 in the CNS,
whereas other antibodies have additional cross-reactivities (13–8200, 71–0600). Three of the
antibodies produced labeling associated with oligodendrocytes in WT mice, and no residual
labeling associated with glia or neurons was seen in Cx32 KO mice. Cx30 was shown to be
heavily distributed around oligodendrocyte somata, where it was invariably co-localized with
astrocytic Cx43 and co-associated with oligodendrocytic Cx32. Comparisons of astrocytic
connexins at the surface of oligodendrocytes in WT and Cx32 KO mice indicated that Cx26
and Cx30 were reduced, while Cx43 appeared to be unaffected. Deletion of Cx32 had little
effect on Cx29 and Cx47 in oligodendrocytes. These results were consistently obtained after
examination of hundreds of oligodendrocytes in dozens of brain sections from over thirty
animals subjected to various fixation conditions.

Our findings may be viewed in light of knowledge concerning compatibility of connexin
coupling partners. Following identification of Cx43 expression in astrocytes (Dermietzel et al.,
1989; Yamamoto et al., 1990a,b) and Cx32 expression in oligodendrocytes (Scherer et al.,
1995; Dermietzel et al., 1997; Kunzelmann et al., 1997; Li et al., 1997), the nature of gap
junction channels between these two cell types remained uncertain because Cx43 and Cx32
were found to be nonpermissive for forming functional GJIC channels (Swenson et al., 1989;
Werner et al., 1989; Elfgang et al., 1995). This raised the possibility that these macroglial cells
express other connexins. This conjecture was confirmed with the identification of Cx30 in
astrocytes (Nagy et al., 1997, 1999; Kunzelmann et al., 1999), allowing for permissive coupling
of oligodendrocytic Cx32 with astrocytic Cx30 (Dahl et al., 1996). However, the participation
of yet other connexins in A/O gap junctions remained likely in view of observations that while
gap junctions and GJIC occur between astrocytes and oligodendrocytes in gray matter
(Mugnaini, 1986; Rash et al., 1997; Pastor et al., 1998), Cx30 is not present in white matter
astrocytes (Nagy et al., 1999), leaving Cx32 in white matter oligodendrocytes with an
unidentified astrocytic connexin coupling partner. This difficulty was potentially overcome by
recent reports of Cx26 expression by astrocytes and localization of Cx26 on the astrocyte side
of A/O gap junctions (Mercier and Hatton, 2001; Nagy et al., 2001), together with compatibility
of functional Cx26/Cx32 junction formation (White and Bruzzone, 1996). Still other
combinations of coupling at these junctions were likely, as oligodendrocytes in brain have
recently been found to express Cx29 and Cx47 (Altevogt et al., 2002; Nagy et al., 2003a,b).
Oligodendrocytes have also been reported to express Cx45 (Kunzelmann et al., 1997;
Dermietzel et al., 1997). Although highly expressed in sciatic nerve (Altevogt et al., 2002; Li
et al., 2002), Cx29 was sparse on oligodendrocyte somata, exhibited limited co-localization
with Cx32 on these cells, and failed to display the pattern of punctate labeling characteristic
of astrocytic Cx30 and Cx43 abutments on oligodendrocytes (Nagy et al., 2003a).
Consequently, Cx29 is unlikely to play a major role in the formation of intercellular A/O gap
junctions.

In heterologous gap junctions between cells expressing multiple connexins and having the
capability of forming various combinations of heterotypic connexon channels, it is not evident
a priori that a particular connexin, among several others on one side of a plaque, will fail to be
incorporated into the plaque if its sole coupling partner, among several connexins on the other
side, is absent. Gap junctions between astrocytes and oligodendrocytes provide a rare
opportunity to address this issue in vivo because this is a heterologous coupling situation in
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which the three connexins on one side differ completely from those on the other side, allowing
eventual analysis of how each connexin deletion on one side of a junction affects the connexins
on the other side. At A/O gap junctions in adult Cx32 KO mice, the present results indicate
that Cx30 is vastly or completely reduced, and that Cx26 is partially reduced on the astrocyte
side after elimination of Cx32 on the oligodendrocyte side, whereas astrocytic Cx43 and
oligodendrocytic Cx29 and Cx47 appear unaffected. Thus, it may be speculated that the
stability of particular connexins at A/O gap junctions requires specifically the presence of its
coupling partner. Thus, we infer that at A/O junctions, Cx32 couples extensively or exclusively
with Cx30, but may couple to a limited extent with Cx26. Conversely, the presence of a small
amount of Cx26 immunoreactivity on the astrocyte side of A/O junctions in Cx32 KO mice
may suggest that Cx26 couples to an additional connexin in oligodendrocytes, presumably
Cx47 and perhaps minimally with Cx29 given the low levels of this connexin on
oligodendrocyte somata in adult brain. The maintained presence of Cx43 on the astrocyte side
of A/O junctions in Cx32 KO mice suggests that Cx43 does not couple with Cx32, consistent
with the nonpermissiveness of this combination (White and Bruzzone, 1996). Rather, Cx43 is
presumed to couple with Cx47. The organization of gap junction channels within individual
junctional plaques containing two or more different connexins on each side becomes potentially
more complicated given the existence of heteromeric connexons (Brink et al., 1997; Diez et
al., 1999) consisting of various proportions of different connexins. This complicating factor is
supported by observations that coupling of heteromeric connexons may alter permselectivities
(Bevans et al., 1998).

The widespread occurrence of A/O gap junctions in the CNS is consistent with reports
describing gap junction-mediated electrical and/or dye-coupling between astrocytes and
oligodendrocytes both in vivo and in vitro (Ransom and Kettenmann, 1990; Robinson et al.,
1993; Venance et al., 1995). However, reports that gap junctions between oligodendrocytes
occur rarely if ever in brain and spinal cord (Mugnaini, 1986; Rash et al., 1997 Rash et al.,
2000) are difficult to reconcile with observations of dye-coupling between these cells in spinal
cord and optic nerve, as well as in cell culture (Kettenmann and Ransom, 1988; Kettenmann
et al., 1990; Ransom and Kettenmann, 1990; Von Blankenfeld et al., 1993; Butt and Ransom,
1993; Venance et al., 1995; Takeda et al., 1995; Pastor et al., 1998). It may be that different
patterns of connexin expression and junctional coupling occur between oligodendrocytes in
different CNS regions, which also could be reflected in vitro. Although there is little evidence
for this as yet, this possibility remains to be more fully explored. Alternatively, some of the
coupling observed between these cells may be mediated by astrocyte intermediaries, e.g., O/
A/O, as previously proposed (Mugnaini, 1986; Rash et al., 2001). In this event, coupling
observed between oligodendrocytes in gray matter but not white matter in spinal cord (Pastor
et al., 1998) may result in part from Cx30 expression in gray but not white matter astrocytes,
and hence the absence of this connexin on the astrocyte side of A/O gap junctions in white
matter (Nagy et al., 1999). Finally, the completely different set of connexins expressed in
astrocytes compared to those in oligodendrocytes, which requires that A/O gap junctions be
entirely heterotypic, may provide the basis for the reported unidirectional dye movement from
astrocyte to oligodendrocyte, but not from oligodendrocyte to astrocyte at retinal A/O gap
junctions (Robinson et al., 1993). The mechanism for such unidirectional coupling would be
difficult to imagine were these junctions to contain a homotypic connexin coupling component.

The influence of Cx32 deletion on connexin coupling between glial cells is relevant to
considerations of X-linked Charcot-Marie-Tooth disease, in which Cx32 mutations result in
peripheral neuropathy and in CNS alterations (Bergoffen, 1993; Bone et al., 1997; Bahr et al.,
1999; Panas et al., 1998). Although it remains unclear whether other glial connexins are able
to compensate for functional loss of Cx32, our findings suggest that the high levels of Cx43/
Cx47 may provide a mechanism for compensation. Conversely, the low levels of Cx29 on
oligodendrocyte somata in both WT and Cx32 KO mice suggest that little compensation may
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occur through pairing of oligodendrocyte Cx29 with astrocytic Cx26, Cx30, or Cx43. These
results also indicate that cellular trafficking and targeting of Cx29 and Cx47 are essentially
independent of Cx32 expression, although possible deleterious actions of mutated Cx32 on
processing of these other two oligodendrocytic connexin remain to be investigated. It also
remains to be determined whether Cx32 mutations impact on localization and function of Cx29
and Cx32 in regions of uncompacted, internodal CNS myelin, which contain an abundance of
these connexins (Altevogt et al., 2002; Nagy et al., 2003a). Consideration of connexin
compensation must also take into account the wide range in permselectivity of junctional
channels formed by various connexin combinations (Veenstra, 1996). In gap junctions between
cells expressing several connexins, the presence of junctions formed by the remaining connexin
pairs after deletion of one connexin may not represent compensation because the deleted
connexin may mediate passage of different substances than the remaining connexins. The
developmental stage of connexin expression is an additional factor to consider. It has been
reported, for example, that onset of Cx30 expression in brain occurs relatively late during
development (Nagy et al., 1999; Kunzelmann et al., 1999), with Cx30 protein expression at
post-natal day 20 in mice being minimal as compared with that seen in adult brain (Nagy et
al., 1999). Thus, any deficits in function due to reduced pairing of Cx30/Cx32 at A/O junctions
in Cx32 KO mice may not be evident until after CNS development is largely complete, and
any damage resulting from (or compensation of) function by other connexins may not be occur
until a similar late developmental stage.
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Fig. 1.
A: Western blots of liver from wild-type (WT) and Cx32 knockout (KO) mice probed with
five different anti-Cx32 antibodies listed in Table 1 and indicated above each blot. Monomeric
Cx32 is detected migrating at about 30–32 kDa in liver from WT mice (lanes 1, 3, 6, 9, 11),
but is absent in liver of Cx32 KO mice (lanes 2, 4, 7, 10, 12). Detection of Cx32 in rat liver
with two of the antibodies is shown for comparison (lanes 5, 8). Four of the antibodies detect
a dimeric Cx32 in WT mice (lanes 3, 6, 9, 11), which is also absent in Cx32 KO mice (lanes
4, 7, 10, 12). Some nonspecific bands are evident, particularly with antibody 7C7, where
detection of dimeric Cx32 is obscured by reaction with a similarly migrating protein. B,C:
Western blots of brain homogenate from WT and Cx32 KO mice probed with anti-Cx32
antibodies indicated above each blot. Both antibodies detect Cx32 in brain of WT mice and
show its absence in Cx32 KO mice. The higher molecular weight bands recognized are of
unknown identity. D: Western blots of various CNS regions (thalamus, lane 1; spinal cord,
lane 2; hypothalamus, lane 3; cerebellum, lane 4) (9% gels) probed with anti-Cx47 antibody
36–4700 show Cx47 migrating at about 50–52 kDa. E: A doublet of bands is recognized by
anti-Cx47 antibody after separation of spinal cord protein on 12.5% gels, with no apparent
difference in levels or migration profile in tissue from WT compared with Cx32 KO mice.

NAGY et al. Page 12

Glia. Author manuscript; available in PMC 2007 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
A–D: Immunofluorescence labeling for Cx32 with various antibodies in liver of wild-type
(WT) and Cx32 knockout (KO) mice. A,B, 7C7; C,D, 71-0600. E,F, 34-5700; G,H, 35-8900.
With each antibody, punctate labeling is seen around hepatocytes in liver of Cx32 WT mice,
and a total absence of labeling is seen in liver of Cx32 KO mice. E: Immunofluorescence double
labeling in hypothalamus from a WT mouse showing oligodendrocyte cell bodies
immunopositive for both CNPase (E1, arrows) and Cx32 (E2, arrows). F: A field in globus
pallidus of a Cx32 KO mouse labeled for CNPase to identify oligodendrocytes (F1, arrows),
and the same field labeled for Cx32 showing total absence of immunoreactivity (F2). G: Low-
magnification micrographs showing more than 60 oligodendrocyte cell bodies labeled for Cx32

NAGY et al. Page 13

Glia. Author manuscript; available in PMC 2007 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in hypothalamus of a WT mouse (G1, arrows), and a similar area in hypothalamus of a Cx32
KO mouse showing a total absence of labeling for Cx32 (F). Scale bars = 20 μm in A–C; 40
μm in D–G.
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Fig. 3.
Laser scanning confocal immunofluorescence of connexin association with oligodendrocytes
in various brain regions of wild-type (WT) mice. A: Confocal double labeling in an area of the
thalamus showing a CNPase-immunopositive oligodendrocyte (A1, arrowhead) with
numerous Cx32-immunopositive puncta (A2, arrows) on the cell body and initial processes
(yellow in overlay image, A3). B: Confocal double labeling in the cerebral cortex showing
Cx30-immu-nopositive puncta (B1, arrows) co-associated with Cx32-immunopositive puncta
(B2, arrows) on an oligodendrocyte (yellow in overlay image, B3). C–E: Confocal micrographs
showing Cx30 (green) co-association with Cx32 (red) as seen by yellow in overlay images
from globus pallidus (C), ventrolateral thalamic nucleus (D) and ventroanterior thalamic
nucleus (E). F: Double labeling in cerebral cortex showing Cx43-immunopositive puncta (F1,
arrows) co-localized with Cx30-immunopositve puncta (F2, arrows) on an oligodendrocyte
(yellow in overlay image, F3). Scale bars = 5 μm.
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Fig. 4.
Immunofluorescence micrographs showing Cx30 in brains of wild-type (WT) and Cx32
knockout (KO) mice. A,B: A field in cerebral cortex of a WT mouse showing oligodendrocytes
(A, arrows) densely surrounded by punctate labeling for Cx30, and a similar field in cortex of
a Cx32 KO mouse showing absence of labeling for Cx30 on oligodendrocytes (B). Cx30-
immunopositive puncta that are not associated with oligodendrocytes appear similar in WT
and Cx32 KO mice. C–J: Laser scanning confocal immunofluorescence of Cx30 association
with oligodendrocytes in various brain regions of WT and Cx32 KO mice. C: Confocal double
labeling in cerebral cortex of WT mouse showing two CNPase-positive oligodendrocytes (C1,
arrowheads) each decorated with Cx30-positive puncta (C2, arrows) indicated by yellow in
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overlay image (C3). D–F: Confocal micrographs from WT mouse showing CNPase (green)
co-association with Cx30 (red), as seen by yellow in overlay images from globus pallidus (D),
ventrolateral thalamic nucleus (E) and hypothalamus (F). G: Confocal double labeling in
cerebral cortex of Cx32 KO mouse showing two CNPase-positive oligodendrocytes (G1,
arrowheads) both lacking Cx30-positive puncta (G2, arrows) on their surfaces, as seen by
absence of yellow in the overlay image (E3). H–J: Confocal micrographs from Cx32 KO mouse
showing lack of CNPase (green) and Cx30 (red) co-association in globus pallidus (H),
ventrolateral thalamic nucleus (I) and hypothalamus (J). Scale bars = 40 μm in A,B; 10 μm in
C; 5 μm in D–J.
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Fig. 5.
Frequency distribution showing percentage of oligodendrocytes and the numbers of Cx30-
immunopositive puncta surrounding oligodendrocytes in cerebral cortex and globus pallidus.
Numbers of puncta were binned in pairs (1–2), (3–4), up to (21–22). Percentages are the mean
±SE from the total number of oligodendrocytes (indicated in Table 2) examined in three WT
animals.
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Fig. 6.
Laser scanning confocal immunofluorescence of Cx43 and Cx47 association with CNPase-
labeled oligodendrocytes in various brain regions of wild-type (WT) and Cx32 knockout (KO)
mice. A: Confocal double labeling in cerebral cortex of WT mouse showing two CNPase-
positive oligodendrocytes (A1, arrowheads) with Cx43-positive puncta (A2, arrows) on the
cell bodies (yellow in overlay image, A3). B–D: Confocal micrographs from WT mouse
showing CNPase (green) co-association with Cx43 (red) as seen by yellow in overlays from
striatum (B), globus pallidus (C), and ventroanterior thalamic nucleus (D). E: Confocal double
labeling in cerebral cortex of Cx32 KO mouse showing CNPase-positive oligodendrocyte (E1,
arrowheads) with Cx43-positive puncta (E2, arrows) on its surface (yellow in overlay, E3).
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F–H: Confocal micrographs from Cx32 KO mouse showing CNPase (green) co-association
with Cx43 (red), as seen by yellow in overlays from striatum (F), globus pallidus (G), and
ventroanterior thalamic nucleus (H). I: Confocal double labeling in cerebral cortex of WT
mouse showing a CNPase-positive oligodendrocyte (I1, arrowhead) with Cx47-positive puncta
(I2, arrows) on the cell body (yellow in overlay, I3). J–L: Confocal micrographs from WT
mouse showing CNPase (green) co-association with Cx47 (red), as seen by yellow in overlays
from striatum (J), thalamus (K), and hypothalamus (L). M: Confocal double labeling in cerebral
cortex of Cx32 KO mouse showing a CNPase-positive oligodendrocyte (M1, arrowhead) with
Cx47-positive puncta (M2, arrows) on its surface (yellow in overlay, E3). N–P: Confocal
micrographs from Cx32 KO mouse showing CNPase (green) co-localization with Cx47 (red),
as seen by yellow in overlays from striatum (N), thalamus (O) and hypothalamus (P). Scale
bars = 10 μm in A–C; 5 μm; in D–H,I–N,O,P.
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Fig. 7.
A–B: Laser scanning confocal immunofluorescence showing CNPase-positive
oligodendrocytes in globus pallidus (A1,B1, arrowheads) and numerous Cx26-positive puncta
on the surface of these cells in wild-type (WT) (A2, arrows), but not knockout (KO) (B2,
arrows) mice as seen by yellow in corresponding overlay images (A3,B3, arrows). C,D: Laser
scanning confocal immunofluorescence showing CNPase-positive oligodendrocytes in
cerebral cortex (C1,D1, arrowheads), and similar appearance of Cx29 (C2,D2, arrows)
associated with these cells in WT and Cx32 KO mice as seen by yellow in corresponding
overlay images (C3,D3, arrows). Scale bars = 10 μm in A,C,D; 5 μm in B.
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TABLE 2
Counts of Cx30-Immunoreactive Puncta Surrounding CNPase-Positive Oligodendrocyte Somata in Various
Brain Regions of WT and Cx32 KO Mice†

Brain area Wild-type Cx32 KO

Cerebral cortex 8.96 3 0.29 (291) 1.25 3 0.07 (305)*
Globus pallidus 8.38 3 0.34 (165) 1.09 3 0.08 (173)*
VL thalamus 8.22 3 0.42 (99) 0.78 3 0.08 (153)*
Hypothalamus 8.14 3 0.31 (197) 0.81 3 0.06 (185)*

†
Values indicate means ± SEM of the numbers of Cx30-immunopositive puncta associated with the surface of individual oligodendrocytes each viewed

at a single focal plane in the indicated brain regions of wild-type (WT) and Cx32 knockout (KO) mice. Numbers in parentheses indicate the total number
of oligodendrocyte somata examined in each brain region of three WT and three Cx32 KO mice.

*
Significantly different from WT. P < 0.001.
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