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Four Classes of Intercellular Channels between Glial Cells in
the CNS

Bruce M. Altevogt and David L. Paul

Program in Neuroscience and Department of Neurobiology, Harvard Medical School, Boston, Massachusetts 02115

Astrocytes form extensive gap junctions with other astrocytes and with oligodendrocytes. Junctional communication between CNS glia is
likely of critical importance because loss of the gap junction channel-forming proteins, connexins Cx32 and Cx47, result in severe
demyelination. However, CNS glia express atleast six connexins, and the cellular origins and relationships of these proteins have not been
determined. We produced a Cx29 reporter mouse in which the connexin coding sequence was replaced with a histological marker, which
was used to demonstrate that Cx29, Cx32, and Cx47 are expressed specifically in oligodendrocytes. To determine the relationships
between astrocyte and oligodendrocyte connexins, we used double- and triple-immunofluorescence microscopy using semithin sections
(<1 pum) of adult mouse spinal cord. Astrocytes form two distinct classes of gap junctions with each other; those composed of Cx26 and
those composed of Cx43 and Cx30. In addition, astrocytes establish two classes of intercellular channels with oligodendrocytes, hetero-
typic Cx26 —Cx32 channels and heterotypic Cx30/Cx43-Cx47 channels that may also be heteromeric. In contrast, Cx29 does not colocalize
with any of the other five connexins. The data provide the first in vivo demonstration of heterotypic intercellular channels and reveal an

unexpected complexity in the composition of glial gap junctions.
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Introduction

All glial cell types and selected populations of neurons (Dermiet-
zel and Spray, 1993) form gap junctions, which contain intercel-
lular channels that directly connect the cytoplasm of adjoining
cells. Intercellular channels are permeated by molecules up to ~1
kDa and thus provide a mechanism for chemical and electrical
signaling between cells. In vertebrate organisms, intercellular
channels are composed of connexins, a family of highly related
proteins encoded by 20 or 21 genes (Evans and Martin, 2002).
Intercellular channels are complex in structure compared with
other ion channels because each cell independently contributes
half of the channel (connexon). A connexon may contain a single
(homomeric) or multiple (heteromeric) connexins. Similarly,
the intercellular channel may be composed of identical (homo-
typic) or non-identical (heterotypic) connexons.

In virtually all regions of the CNS, gap junctions couple astro-
cytes into extensive networks (Rash et al., 2000). One possible
function of this coupling is metabolic support, for example, the
dispersion of K taken up by the astrocyte after neuronal activity
(Orkand et al., 1966). A second possible function involves inter-
cellular signaling between astrocytes. An example of this is the
propagation of Ca*>* waves between astrocytes, which appears to
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be dependent on the expression of connexins (Goodenough and
Paul, 2003). Because Ca>"-dependent glutamate release from as-
trocytes profoundly affects synaptic activity (Haydon, 2001),
Ca** wave propagation could allow a network of astrocytes to
influence synaptic activity over significant distances. Finally, it
has been shown that astrocytes can sometimes establish intercel-
lular channels directly with neurons, which could provide an-
other mechanism for glial regulation of neuronal activity (Ned-
ergaard, 1994; Alvarez-Maubecin et al., 2000).

Connexin expression in oligodendrocytes and Schwann cells
is critical for normal myelination. Oligodendrocytes establish gap
junctions with astrocytes, presumably recruiting oligodendro-
cytes into the astrocyte network, but junctions between oligoden-
dendrocytes themselves are rarely if ever observed (Massa and
Mugnaini, 1982; Waxman and Black, 1984; Rash et al., 2001).
Animals lacking oligodendrocyte connexins exhibit severe defi-
cits in CNS myelin, leading to early mortality (Menichella et al.,
2003; Odermatt et al., 2003). Schwann cells also assemble gap
junctions, although these junctions are found between the wraps
of myelin within a single Schwann cell rather than between adja-
cent cells. These “reflexive” junctions likely act to shorten the
path length for diffusion of small molecules between the periax-
onal cytoplasm and the Schwann cell body (Balice-Gordon et al.,
1998). Mutations in connexin32 (Cx32), expressed in both
Schwann cells and oligodendrocytes, cause a common peripheral
demyelinating neuropathy, X-linked Charcot-Marie-Tooth dis-
ease (Bergoffen et al., 1993).

Connexin expression in CNS glia is complex. Three connexins
have been reported in astrocytes [Cx26 (Nagy et al., 2001), Cx30
(Kunzelmann et al., 1999), and Cx43 (Giaume et al., 1991)], al-
though differences in their patterns of expression are observed. A
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different set of three connexins have been
reported in oligodendrocytes [Cx29 (Al- A
tevogtetal., 2002), Cx32 (Dermietzel et al.,
1989; Scherer et al., 1995), and Cx47
(Menichella et al., 2003)], and it has been
suggested that Cx29 and Cx32 are ex-
pressed in a mutually exclusive subset of
cells (Altevogt et al., 2002). It is not clear
which connexins actually contribute to in-
tercellular communication between oligo-
dendrocytes and astrocytes, in part be-
cause the relative distributions of glial
connexins are not well defined. To charac-
terize their distributions, we used double
and triple immunofluorescence on semi-
thin sections (<1 wm) of adult mouse spi-
nal cord. In addition, we produced a Cx29
reporter mouse in which the connexin
coding sequence was replaced with
B-galactosidase (fB-gal), a histological
marker. We observed Cx29, Cx32, and
Cx47 expression in all spinal cord oligo-
dendrocytes but with different subcellular
distributions. Oligodendrocyte Cx29 did
not colocalize with any of the other five
connexins. In contrast, oligodendrocyte
Cx47 colocalized extensively with astro-
cyte Cx30 and Cx43, whereas oligodendrocyte Cx32 colocalized
with astrocyte Cx26. Finally, astrocytes appeared to form two
classes of gap junctions with each other, one containing Cx26 and
the other containing Cx43 and Cx30. These data provide the first
in vivo demonstration of heterotypic intercellular channels and
reveal an unexpected complexity in the composition of glial gap
junctions.
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targeting vector — om

targeted allele

Figure 1.

Materials and Methods

Gene targeting. Cx29 homologous arms were PCR amplified from
BALB/c genomic DNA, subcloned into pCRII (Invitrogen, San Diego,
CA) for sequencing, and then transferred into the pDTA targeting vector
(gift from Frank Gertler, MIT, Cambridge, MA). The 5" amplicon con-
sisted of 1536 bp directly upstream to the Cx29 start codon (see Fig. 1 A).
The 3" amplicon started 800 bp downstream of the Cx29 stop codon and
was 3893 bp. The Cx29 coding sequence was replaced in frame with a
nuclear-localized B-galactosidase (gift from S. Dymecki, Harvard Medi-
cal School, Boston, MA). The targeting construct was linearized with
Xhol and electroporated into J1 embryonic stem cells. G418-resultant
clones were screened by PCR using a 5’ primer external to the targeting
vector and a 3’ primer within the neo cassette. Two of 102 clones dis-
played correct recombination. After Southern blot confirmation of re-
combination and karyotyping, one clone was selected for blastocyst in-
jection. Loss of protein was confirmed by Western blot as described
previously (Altevogt et al., 2002).

Cx29 knock-out (KO) progeny were genotyped by PCR using primer
pair A-B (see Fig. 1) to detect the wild-type (WT) allele (700 bp) and
primer pair C-D to detect the KO allele (1100 bp). PCR was performed in
a final volume of 20 ul. The reaction was denatured at 95°C for 5 min,
followed by 40 cycles (94°C for 15 sec, 66°C for 15 sec, and 72°C for 80
sec).

Primers. The primers used were as follows: A, ATCTGTGCTGTGC-
TATTTGGAGT; B, ACAGGTTGTGCTGCCAATAC; C, CCGACG-
GCACGCTGATTGAAG; and D, ATGCGGTCGCGTTCGGTTGC

Preparation of Cx29 antibody. A bacterial fusion protein containing gluta-
thione S-transferase (GST) plus the C-terminal portion of Cx29 (amino
acids 220-258) was produced using the vector pGEX-4T-3 as described
previously (Altevogt et al., 2002). The fusion protein was used to immunize
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(x29 reporter mouse reveals widespread expression of (x29. A, Structure of wild-type, targeting vector, and mutant
alleles. The (x29 coding region and ~800 bp of 3" untranslated region were replaced with a reporter cassette containing
nuclear-localized LacZ. B, Homologous recombination in WT, heterozygote (HET), and KO was verified by PCR. , Loss of (x29in KO
spinal cord was verified by Western blot. D, Sagittal section of heterozygote brain at low magnification stained for 3-gal (purple).
High levels are observed in all white matter tracts and gray matter regions, as well as the Purkinje cell layer of the cerebellum. £,
High-magnification view of boxed region double stained for parvalbumin (green), a marker for Purkinje neurons, and 3-gal (red)
reporter. No overlap is evident, suggesting that (x29 is expressed by Bergmann glia. Scale bar, 10 m.

guinea pigs (Pocono Rabbit Farm, Canadensis, PA), and the resultant anti-
sera were affinity purified using column-bound fusion protein as described
previously (Gabriels and Paul, 1998). Purified antisera did not work on
Western blots. However, the pattern of immune staining on sections of
spinal cord was identical to that of the previously characterized rabbit anti-
Cx29 antibody (Altevogt et al., 2002). In addition, no immunostaining was
observed in spinal cord obtained from the Cx29 KO (data not shown).

B-gal histochemistry and immunocytochemistry. Adult Cx29 WT and
heterozygote mice were deeply anesthetized and perfused with 10 ml of
PBS, followed by 20 ml of 4% paraformaldehyde in PBS. Sciatic nerve,
spinal cord, and brain were obtained, frozen, and sectioned at 10 wm in
a cryostat. B-gal histochemistry was performed by incubating sections
at 37°C with 1 mg/ml 5-bromo-4-chloro-3-indolyl- 3-p-galactopyran-
oside, 100 ng/ml nitro-blue-tetrazolium in PBS with 2 mm MgCl, and 2
mMm EGTA for 1-3 hr. For immunocytochemistry, slides were washed
with PBS, blocked with 5% goat serum and 0.1% Triton X-100 in PBS,
and incubated overnight at 4°C with combinations of the following pri-
mary antibodies: mouse anti-Cx32 [7C6.C7, 1:2 dilution (Li et al.,
1996)], rabbit anti-B-gal (1:2500 dilution; Chemicon, Temecula, CA),
rabbit anti-Cx47 [1:1000 dilution (Menichella et al., 2003)], mouse anti-
CC1 [APC (Ab-7), 1:20 dilution; Oncogene Research Products, Boston,
MA), and mouse anti-parvalbumin (P3088, 1:1000 dilution; Sigma, St.
Louis, MO). The monoclonal mouse anti-3-gal Ab (clone 40-1a; 1:10
dilution) was developed by Joshua Sanes (Washington University, St.
Louis, MO) and was obtained from the Developmental Studies Hybrid-
oma Bank developed under the auspices of the National Institute of Child
Health and Human Development and maintained by the University of
Iowa (Department of Biological Sciences, Iowa City, IA). After incubat-
ing with primary antibodies, slides were washed and incubated with Al-
exaFluor 568 and 488 secondary antibodies (1:800 dilution; Molecular
Probes, Eugene, OR). Slides were mounted with Gel Mount (Biomeda,
Foster City, CA), visualized on a Nikon (Tokyo, Japan) E800 microscope,
and photographed with a SPOT RT digital camera (Diagnostic Instru-
ments, Sterling Heights, MI), followed by image manipulation with
Adobe Photoshop 6.0 (Adobe Systems, San Jose, CA)

Semi-thin immunocytochemistry. Adult Cx29 WT, Cx29 KO, and Cx32
KO mice were deeply anesthetized and perfused with 10 ml of PBS,
followed by 20 ml of 2% paraformaldehyde and 0.1% glutaraldehyde in
PBS. Spinal cords were dissected and cryoprotected by incubation in 30%
sucrose overnight at 4°C, embedded in 2.3 M sucrose in PBS, and sec-
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tioned at 0.5 wm using a Leica (Nussloch, Germany) ultracryomic-
rotome. Slides were washed in PBS, blocked with 5% donkey serum and
0.1% Triton X-100 in PBS, and incubated overnight at 4°C with combi-
nations of the following primary antibodies: rabbit anti-Cx26 (catalog
#71-0500, 1:50 dilution; Zymed, San Francisco, CA), mouse anti-Cx26
(#33-5800, 1:100 dilution; Zymed), rabbit anti-Cx29 [1:10 dilution (Al-
tevogt et al., 2002)], guinea pig anti-Cx29 (1:2 dilution), mouse anti-
Cx30 (catalog #33-2500, 1:100 dilution; Zymed), mouse anti-Cx32
[7C6.C7, 1:2 dilution (Li et al., 1996)], goat anti-Cx32 (SC-7258, 1:200
dilution; Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-Cx43
(catalog #13-8300, 1:100 dilution; Zymed), rabbit anti-Cx43 (catalog
#71-0700, 1:50 dilution; Zymed), and rabbit anti-Cx47 [1:1000 dilution
(Menichella et al., 2003)]. Slides were washed with PBS and incubated
with combinations of the following secondary antibodies at 1:800 dilu-
tion: donkey anti-mouse IgG Cy2 (catalog #715-225-150; Jackson Im-
munoResearch, West Grove, PA), donkey anti-rabbit Cy2 (catalog #711-
225-152; Jackson ImmunoResearch), donkey anti-guinea pig Cy3
(catalog #706-165-148; Jackson ImmunoResearch), donkey anti-goat
Cy3 (catalog #705-165-147; Jackson ImmunoResearch), donkey anti-
rabbit Cy5 (catalog #711-175-152; Jackson ImmunoResearch), and don-
key anti-mouse IgG Cy5 (catalog #715-065-150; Jackson ImmunoRe-
search). Slides were processed and photographed as described in the
preceding paragraph. Toluidine Blue staining of adjacent sections and
differential interference contrast optics were used to differentiate white
and gray matter in the sections of spinal cord.

Results

All oligodendrocytes express Cx29, Cx32, and Cx47, each with
a unique subcellular distribution

Previously, we reported that oligodendrocytes ensheathing
small-diameter fibers strongly expressed Cx29 with a preferential
localization to the juxtaparanode, whereas large-diameter fibers
exhibited relatively little signal and none associated with a partic-
ular cellular domain (Altevogt et al., 2002). This could reflect a
selective expression of Cx29 in subpopulations of oligodendro-
cytes, a selective distribution of the protein, or both. To explore
these possibilities, we generated a Cx29 reporter mouse, in which
the Cx29 coding region was replaced with a nuclear-localized
B-gal (Fig. 1 A). The absence of Cx29 gene product was confirmed
by PCR and Western blot (Fig. 1B, C). Cx29 KO mice were viable
and fertile, and the ratio of genotypes obtained was mendelian.
Neither KOs nor heterozygotes displayed gross anatomic or mo-
tor deficits (data not shown).

Distribution of the 3-gal reporter in heterozygote brain (Fig.
1D) and spinal cord (data not shown) showed a pattern of ex-
pression consistent with an oligodendrocyte origin. Reporter was
observed in a large number of cells with small somata, particu-
larly abundant in white matter tracts but also evident in gray
matter. Reporter was also detected in the Purkinje cell layer of the
cerebellum (Fig. 1D, boxed area), which contains Purkinje cells
and Bergmann glia but not oligodendrocytes (Castejon et al.,
2002). To identify the cells expressing reporter in the Purkinje cell
layer, we double labeled sections with antibodies to B-gal and
parvalbumin, a well characterized marker for Purkinje neurons
(Celio and Heizmann, 1981). B-gal and parvalbumin did not
colocalize (Fig. 1E), suggesting that Cx29 was expressed by Berg-
mann glia.

The percentage of oligodendrocytes expressing Cx29 was as-
sessed by comparing reporter distribution to CC1 (Bhat et al.,
1996), a well characterized oligodendrocyte cell body marker. In
spinal cord (Fig. 2A), virtually every CCl-positive cell (green;
cytoplasm) also contained -gal (red; nuclear localized). Similar
results were obtained in cortex, corpus callosum, hippocampus,
and cerebellar white matter (data not shown). Together, these
data suggest that Cx29 is expressed by most if not all oligoden-
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Figure2. The majority of oligodendrocytes simultaneously transcribe (x29, (x32, and (x47.
A, In heterozygote spinal cord, 3-gal (red) was observed in every CC1-positive (green) cell. Note
the small soma consisting of large nucleus (red) and scant cytoplasm (green), typical of oligo-
dendrocytes. (x32-positive (B) and (x47-positive (C) puncta outline typical 3-gal-positive
cells and are distributed along proximal process. Scale bars, 10 m.

drocytes and Bergmann glia. In addition, most if not all oligoden-
drocytes expressed Cx32 and Cx47 in addition to Cx29. As illus-
trated in Figure 2, B and C, macular or punctate Cx32 and Cx47
staining was consistently associated with 3-gal-positive cell bod-
ies (Fig. 2B, C). The small soma and scant cytoplasm of the oli-
godendrocyte (compare the distribution of B-gal, which is spe-
cifically localized to the nucleus, with CCl, a soluble protein
restricted to the cytoplasm) make it more difficult to distinguish
plasma membrane from intracellular membrane connexin. Nev-
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ertheless, the number, size, and distribu-
tion of the puncta in Figure 2 suggested
gap junctional plaques. Perinuclear (intra-
cellular membrane) connexin staining is
generally diffuse and/or composed of very
numerous, very small puncta, whereas
Cx32 and Cx47 staining consisted of rela-
tively few, large puncta distinctly sepa-
rated from the nucleus by the extent of the
cytoplasm.

The spatial relationship of Cx29 to the
other oligodendrocyte connexins has not
been explored in detail. Previously, we re-
ported no overlap between Cx29 and
Cx32, but that study used unfixed, con-
ventional cryostat sections of rat spinal
cord white matter only (Altevogt et al.,
2002). Therefore, we examined the distri-
bution of the three oligodendrocyte con-
nexins by triple staining well fixed (see
Materials and Methods) semithin sections
(<1 wm) of mouse spinal cord (Fig. 3). In
all of the following images, cell bodies are
identified by 4',6'-diamidino-2-phenyl-
indole (DAPI) staining, which is pseudo-
colored white. Cx29 (blue) was much
more abundant in gray matter (GM) than
in white matter (WM). Cx29 labeling was
more diffuse and irregular in shape than
labeling for Cx32 (red) or Cx47 (green),
consistent with the notion that Cx29 was
not generally incorporated into gap junc-
tional plaques. However, glial processes
are so complex that cell-cell boundaries are
obscured, and it was not possible to deter-
mine whether Cx29 was present in gap junc-
tions, nonjunctional plasma membranes,
intracellular compartments, or some com-
bination of the three. A gray matter oligo-
dendrocyte cell body was examined at high
magnification in the panels at the bottom
of the Figure 3. Cx29 (blue) rarely colocalized with either Cx32
(red) or Cx47 (green). In contrast, Cx32 and Cx47 were highly
colocalized around oligodendrocyte somata and proximal pro-
cesses (Fig. 3, yellow) and displayed the characteristic punctate
appearance consistent with gap junctional plaques. In the white
matter, Cx32 and Cx47 also showed some colocalization at oligo-
dendrocyte somata (arrow); however, the degree of coincidence
was less than observed in the gray matter. Thus, oligodendrocytes
generally express three connexins, but each has a unique distri-
bution. Cx32 and Cx47 display a partial and regionally specific
overlap, whereas Cx29 has a completely non-overlapping
distribution.

L]

-
Oligodendrocyte (x29 does not associate with other oligodendrocyte connexins. Cross section of WT spinal cord at
low magnification triple stained for (x29, (x32, and (x47. (x29 (blue) is more abundant in the gray matter (GM) than in white
matter (WM). (x32 (red) and (x47 (green) are colocalized at oligodendrocyte cell bodies in gray matter (box) and white matter
(arrow). High-magnification views of the area enclosed by the white dashed box are present at the bottom of the figure. (x29

(blue) is distributed independently from (x32 (red) and (x47 (green), which almost completely overlap (yellow). All nuclei are
visualized by DAPI (pseudo-white). Scale bar, 10 wm.

Figure 3.

Astrocytes express three connexins forming at least two
different classes of gap junctions

Astrocyte Cx26, Cx30, and Cx43 also displayed striking regional
differences of distribution in spinal cord (Fig. 4A—C). Immuno-
staining for all three connexins was far more evident in gray
matter than in white. Immunofluorescent signals for these con-
nexins were generally punctate in character, suggesting associa-
tion with a gap junctional plaque. Overall, Cx43 (1.7 = 0.6/um?*)

Merge
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and Cx30 (1.3 * 0.6/um?) puncta were more numerous than
those containing Cx26 (0.6 = 0.3/um?).

To illustrate the relative distributions of astrocyte connexins,
the boxed areas in Figure 4 A—C are examined at higher magnifi-
cation in the panels located on the right. Cx30 (Fig. 4 A, red) and
Cx43 (Fig. 4A, green) displayed extensive overlap (yellow,
merged image). Because the ratio of Cx30 to Cx43 was variable,
some of the signal in the merged image is not yellow. However,
careful inspection of the separate channels reveals that the vast
majority of puncta contain both connexins (arrows). Cx30 and
Cx43 were essentially coincident in both white and gray matter
[98.2 £ 0.5% of Cx30-positive puncta also contained Cx43 (n =
481; three separate micrographs); 94.9 = 1.3% of Cx43-positive
puncta also contained Cx30 (n = 497)]. In contrast, although
occasional colocalization of Cx26 with Cx30 and Cx43 was evi-
dent (vide infra), the majority of puncta positive for Cx26 were
not positive for either of the other astrocyte connexins [4.0 *
1.2% of Cx26-positive puncta contained Cx30 (n = 202; three
separate micrographs; 6.4 = 1.4% of Cx26-positive puncta con-
tained Cx43 (n = 173)] (Fig. 4B,C, merge panels). Therefore,
assuming that these puncta represent gap junctional plaques, as-
trocytes form two classes of gap junction, one containing Cx43
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Figure 4.

(pseudo-white). Scale bars, 10 pum.

and Cx30 and the other containing Cx26. Potentially, one class
could be specific for astrocyte—astrocyte communication,
whereas the other could provide astrocyte—oligodendrocyte
communication. Alternatively, both classes could serve both
functions. To discriminate between these possibilities, we used
triple labeling to define the spatial relationship between astrocyte
and oligodendrocyte connexins.

Astrocyte—oligodendrocyte junctions use specific heterotypic
connexin pairings

Figure 5 compares the spatial relationship of oligodendrocyte
Cx29 to astrocyte Cx26 and Cx43, which exemplify the two
classes of astrocyte gap junctions. At low power, little overlap in
the distributions of any of these connexins is evident in either
white or gray matter of the spinal cord. This observation was
confirmed by examination of gray matter (boxed area) at higher
power in the panels located at the bottom of the figure. Oligoden-
drocyte Cx29 (red) is almost never associated with either Cx26
(blue) or Cx43 (green) [0.0% Cx26-positive puncta also con-

There are at least two classes of astrocyte gap junctions, those containing (x26 and those containing (x43 and (x30.
A, Atlow magnification, (x30 (red) and (x43 (green) are relatively more abundant in gray matter than in white matter. The boxed
areais displayed in the high-magnification panels on the right, which reveal that (x30 and (x43 are primarily colocalized (yellow).
Because the ratio of (x30 to (x43 was variable, not every puncta in the merged image appears yellow. However, careful
inspection of the separate channels reveals that the majority of puncta contain both connexins (arrows). 8, Alternatively,
(x26 (red) and (x43 (green) are mostly not colocalized. In addition, Cx43 puncta are more numerous than those containing
(x26. C, As predicted from the above results, (x26 (green) and (x30 (red) rarely colocalize. All nuclei are visualized by DAPI
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tained Cx29 (n = 53); 1.0 = 1.2% Cx43-
positive puncta also contained Cx29 (n =
189)]. These data suggest that either Cx29
does not contribute to astrocyte—oligo-
dendrocyte coupling or interacts with an
as yet unidentified astrocyte connexin.

Figure 6 compares the relationship of
oligodendrocyte Cx32 (red) and Cx47
(green) with astrocyte Cx43 (blue). At low
magnification, it was evident that Cx43-
containing puncta (blue) were much more
numerous than those containing the two
oligodendrocyte connexins. This likely re-
flects the relative abundance of astrocyte—
astrocyte gap junctions compared with as-
trocyte—oligodendrocyte junctions (Rash
etal., 2001). A high-magnification view of
an oligodendrocyte cell body in the box
marked A is presented at the bottom of the
figure. In this typical oligodendrocyte, a
high degree of overlap for all three connex-
ins is evident (white puncta, raising the
question of whether astrocyte Cx43 prefer-
entially interacts with one or both of the
oligodendrocyte connexins (Cx32 and
Cx47). To discriminate between these pos-
sibilities, we searched for relatively rare ex-
amples in which oligodendrocyte Cx32
and Cx47 did not overlap. The box marked
B encloses one such example in which an
oligodendrocyte is closely surrounded
with Cx47 but not Cx32. Here, most Cx47-
containing puncta that are Cx32 negative
are associated with Cx43 (91.7 * 2.0%;
n = 293; three micrographs). In contrast,
the majority of Cx32-containing puncta
that are Cx47 negative are not associated
with Cx43 (3.4 = 1.2%; n = 147). Similar
associations were observed at cell bodies
and along processes in both white and gray
matter. Furthermore, we obtained identi-
cal results when comparing the distribu-
tion of Cx32 and Cx47 to astrocyte Cx30
(Fig. 7). To determine the oligodendrocyte
partner of Cx30, we again searched for examples in which oligo-
dendrocyte Cx32 and Cx47 did not overlap. A high-
magnification view of such an area (box) is presented at the bot-
tom of Figure 7. Overlap of Cx47 (green) with Cx30 (blue) would
be indicated by cyan, whereas overlap of Cx32 (red) with Cx30
(blue) would be indicated by purple. Overall, 91.6 * 5.8% of
Cx47-positive, Cx32-negative puncta contained Cx30 (n = 252;
five micrographs), whereas only 2.6 = 1.9% of Cx32-positive,
Cx47-negative puncta contained Cx30 (n = 247). Our data are
most consistent with a model in which Cx43 and Cx30 serve as
heterotypic partners for oligodendrocyte Cx47.

The observation that oligodendrocyte Cx47 generally associ-
ates with astrocyte Cx43/Cx30 raises the possibility that oligoden-
drocyte Cx32 specifically associates with astrocyte Cx26. This was
investigated by triple staining for Cx26, Cx32, and Cx47 and
looking for the relatively rare situations in which Cx32 and Cx47
were not colocalized (Fig. 8). As expected, Cx26-containing
puncta (green) were far more numerous than either of the two
oligodendrocyte connexins, and all three connexins were gener-
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ally associated (white) around oligoden-
drocyte cell bodies (arrow). However, in
the instances in which oligodendrocyte
Cx32 and Cx47 were not colocalized
(box), astrocyte Cx26 was far more often
associated with oligodendrocyte Cx32
(82.8 + 8.4%; n = 293) than with Cx47
(9.8 * 2.5%; n = 330). These data suggest
that astrocyte Cx26 preferentially forms
heterotypic channels with oligodendro-
cyte Cx32 instead of Cx47. Thus, we can
define at least four classes of glial intercel-
lular channels: two between astrocytes and
two between astrocytes and oligodendro-
cytes (see Discussion).

Distribution of glial connexins in

KO animals

On the basis of the above conclusions, we
predicted that loss of Cx29 would not af-
fect the distributions of the other five glial
connexins. Triple-labeling studies per-
formed on Cx29 KO spinal cord con-
firmed this prediction (data not shown).
On the other hand, we would predict that
loss of Cx32 would cause significant
changes in connexin distribution. If astro-
cyte Cx26 and oligodendrocyte Cx32 are
obligate heterotypic partners, and if Cx32
were not available, then Cx26 should not
accumulate around oligodendrocyte cell
bodes as it normally does. The first column
in Figure 9 compares the distributions of
astrocyte Cx26 in WT and Cx32 KO spinal
cord. Cx47 (green) was used as a marker to identify oligodendro-
cyte cell bodies (Menichella et al., 2003). As predicted, the asso-
ciation of astrocyte Cx26 (red) with oligodendrocyte cell bodies
in the WT (yellow) was lost in the Cx32 KO.

If astrocyte Cx43 and Cx30 are obligate heterotypic partners
for oligodendrocyte Cx47, then their distributions should be un-
altered in the absence of Cx32. Indeed, colocalization of Cx43
(red) and Cx47 (green) at oligodendrocyte cell bodies was unaf-
fected in the Cx32 KO (Fig. 9, second column, yellow). However,
astrocyte Cx30 (red) and oligodendrocyte Cx47 (green) were no
longer associated in the KO (Fig. 9, third column). The general
coincidence of Cx30 and Cx43 is not affected in the KO (data not
shown), only their colocalization around oligodendrocyte soma.
One explanation for this result is that Cx30 and Cx32 are hetero-
typic partners. However, Cx30 does not colocalize with Cx32 in
WT spinal cord (Fig. 8). Therefore, we propose that loss of Cx30
at oligodendrocyte cell bodies in the KO most likely represents a
compensatory change attributable to the absence of Cx26/Cx32
heterotypic channels (see Discussion).

Figure 5.
dendrocyte (x29 (red) and astrocyte (x26 (blue) or (x43 (green) at low magnification in any region of the spinal cord. This is
confirmed at higher magnification of the boxed area. All nuclei are visualized by DAPI (pseudo-white). GM, Gray matter; WM,
white matter. Scale bar, 10 um.

Discussion

Our data suggest that astrocytes form two distinct classes of gap
junctions with each other: one containing Cx26 (Fig. 10a) and a
second containing Cx43 and Cx30 (Fig. 10b,c). This notion is
consistent with in vitro expression studies demonstrating that
Cx26 forms neither heteromeric channels with Cx43 (Beyer et al.,
2001) nor heterotypic channels with Cx30 (Manthey et al., 2001).
If Cx30 and Cx43 interact to form heteromeric connexons, which
has not yet been demonstrated, then the second class of astrocyte
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Oligodendrocyte (x29 does not associate with any astrocyte connexin. There is no obvious overlap between oligo-

gap junction would consist primarily of heteromeric, heterotypic
intercellular channels (Fig. 10b). If Cx30 and Cx43 do not form
heteromeric connexons, then the second class of astrocyte gap
junction might contain multiple types of intercellular channel
(Fig. 10¢). Our findings also suggest an unexpected complexity
for gap junctions between astrocytes and oligodendrocytes.
These gap junctions are not separated into obligatory classes.
However, it appears that all astrocyte—oligodendrocyte gap junc-
tions contain heterotypic channels. Our data suggest that astro-
cyte Cx26 associates mainly with oligodendrocyte Cx32, whereas
astrocyte Cx43 and Cx30 associate with oligodendrocyte Cx47. If,
as illustrated in Figure 10d, Cx30 and Cx43 form heteromeric
connexons, then two types of astrocyte—oligodendrocyte inter-
cellular channels are expected. If they do not, then three or four
different types might be encountered. Regardless, our data pro-
vide the first direct evidence for the segregation of astrocyte con-
nexins into different locations and the existence of naturally oc-
curring heterotypic channels.

The relative abundance of immunoreactive puncta in the gray
matter relative to the white matter is reasonably consistent with
other studies of astrocyte connexin distribution using in situ hy-
bridization, immunocytochemistry, or cell fractionation (Nagy
et al., 1999; Lynn et al., 2001; Condorelli et al., 2002). It is not
clear whether this results from regional differences in gene ex-
pression, in astrocyte number, or both. In vivo, morphological
differences between white matter (fibrous) and gray matter (pro-
toplasmic) astrocytes have been well established in mammalian
species, supporting the notion of regional differences in gene
expression. Subpopulations of astrocytes have also been defined
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in culture [type 1 and type 2 (Raff et al., 1983)]. Strikingly, type 2
astrocytes neither establish functional intercellular channels with
each other nor express Cx26, Cx32, or Cx43 (Sontheimer et al.,
1991; Belliveau and Naus, 1994). Although the relationship of
type 2 astrocytes to fibrous white matter astrocytes is not clear,
the presence of two astrocyte subpopulations in culture is at least
consistent with the notion of regional difference in astrocyte gene
expression. Thus, the regional difference in connexin levels may
reflect a difference in metabolic requirements of astrocytes in
white and gray matter. On the other hand, connexin levels may
reflect a difference in the numbers of white matter and gray mat-
ter astrocytes. In support of this notion, white matter contains far
fewer astrocytes than gray matter in zebrafish (Kawai et al., 2001)
and bullfrog (Sasaki and Mannen, 1981) spinal cord. However, all
direct comparisons of cell numbers have been hampered by the
lack of a simple method by which all astrocytes can be unequiv-
ocally identified.

One unexpected finding was that Cx29 rarely colocalized with
any of the other five glial connexins. Cx29 staining cannot corre-

Astrocyte (x43 preferentially associates with oligodendrocyte (x47. Triple labeling for (x32 (red), (x43 (blue), and
(x47 (green) in adult WT spinal cord demonstrates a high degree of overlap of all three connexins (white puncta) at oligodendro-
cyte cell bodies and proximal processes in the gray matter. Box A illustrates a typical oligodendrocyte cell body in which all three
connexins are colocalized. Box B illustrates a rare oligodendrocyte cell body in which (x47 and (x32 do not colocalize. In these
circumstances, (x43 associates only with (x47 (cyan) and not with (x32. All nuclei are visualized by DAPI (pseudo-white). Scale
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spond to gap junctions between adjacent
oligodendrocytes, because gap junctions
between these cells are rarely if ever ob-
served (Massa and Mugnaini, 1982; Rash
et al., 2001). Because we cannot conclu-
sively establish whether Cx29 signal arises
from plasma membranes using morpho-
logic criteria, it is possible that Cx29 is ac-
tually restricted to intracellular mem-
branes. A second possibility is that Cx29
forms heterotypic astrocyte—oligodendro-
cyte junctions involving an as yet uniden-
tified connexin. To address this issue, we
performed reverse transcription-PCR on
microdissected spinal cord white matter
and detected several additional connexin
transcripts (data not shown). It will be of
interest to determine their cellular origin.
A third possibility is that Cx29 does not
form intercellular channels but forms
connexons that display channel activity in
a single plasma membrane. Such “hemi-
channel” activity has been reported for a
number of connexins, including Cx43 (Li
etal., 1996) and Cx32 (Castro et al., 1999),
and in a number of different cell types, in-
cluding astrocytes (Stout et al., 2002; Ye et
al., 2003). Although Cx29 hemichannel ac-
tivity has not yet been reported, its subcel-
lular distribution in Schwann cells (Al-
tevogt et al., 2002) is most consistent with
a hemichannel function allowing glial up-
take of K™ from the small, private extra-
cellular space between axon and Schwann
cell (Brophy, 2001).

Some of our findings conflict with re-
ports in which extensive colocalization of
Cx43/Cx30 with Cx26 was observed using
light microscopic immunocytochemistry
(Nagy et al., 2001). Although the origins of
this discrepancy are not clear, there were
several substantive differences in the ex-
perimental approaches. First, our study
was focused exclusively on the spinal cord,
which was not examined using light microscopy in the previous
study. Second, we used semithin (<1 um) frozen sections,
whereas the previous study used conventional 10 wm cryostat
sections and confocal microscopy. Third, our fixation protocol
included glutaraldehyde, which dramatically improved tissue
morphology compared with fixation with formaldehyde alone, as
assessed by bright-field microscopy of histologically stained
specimens (data not shown). Surprisingly, the majority of our
anti-connexin antibodies could be used successfully on semithin
sectioned, glutaraldehyde-fixed materials. Fourth, accurate as-
sessment of the relationships between multiple connexins was
facilitated in our study by triple immunolabeling, which has not
been performed previously. Furthermore, the use of semithin
sections allowed the connexin distributions to be analyzed in the
same area of the cord, minimizing any problem of regional vari-
ability attributable to sample preparation or other extrinsic
factors.

A study by Nagy and colleagues (Lynn et al., 2001) also in-
cluded freeze-fracture electron microscopic immunolabeling
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(FRIL) demonstrating colocalization of
Cx30 and Cx26 in gap junctions between
astrocytes in rat spinal cord, which is not
consistent with the patterns of staining we
observed using light microscopy. One ex-
planation may reflect a difference in sensi-
tivity between the labeling procedures. For
example, in their micrograph displaying
an astrocyte—astrocyte gap junction, FRIL
labeling for Cx30 consists of a single gold
particle, whereas Cx26 is represented by
numerous particles. On the other hand,
FRIL labeling of gap junctions between as-
trocytes and oligodendrocytes contain
equal numbers of particles representing
both connexins, which is consistent with
our data. Thus, Cx30 may be a minor com-
ponent of astrocyte—astrocyte junctions
containing Cx26, reconciling the discrep-
ancy between the FRIL study and our
results.

In addition to the conflicts discussed
above, a recent study reported that CNS
expression of Cx26 was limited exclusively
to meningeal cells (Filippov et al., 2003).
This study noted an absence of marker ex-
pression in the embryonic brain paren-
chyma of Cx26-B-galactosidase knock-in .
mice and a lack of Cx26 in situ hybridiza-
tion signal in the adult brain of WT mice.
However, transcription from the modified
allele was severely reduced, which would
preclude the detection of all but the stron-
gest signals. In this regard, using immuno-
cytochemistry, Mercier and Hatton (2001)
found Cx26 much more abundant in sub-
ependymal, subpial, and perivascular zones containing leptome-
ninges but still found Cx26 in GFAP-positive astrocytes through-
out the brain parenchyma. Furthermore, Filippov et al. (2003)
did not examine marker expression in adult spinal cord, the area
of concentration in our study. Thus, regional variation in con-
nexin expression might also contribute to the discrepancies be-
tween Filippov et al. and the studies using immunocytochemis-
try. In fact, regional variation in Cx26 levels was reported
previously in astrocytes (Nagy et al., 2001). For our study, anti-
body staining was validated by using two different commercially
prepared anti-Cx26 antibodies, a mouse monoclonal and an
affinity-purified rabbit anti-peptide antibody, which gave similar
results. However, we cannot rule out the possibility that both
preparations of antibodies produce similar artifacts.

The distribution of glial connexins in WT spinal cord sug-
gested the existence of four or more distinct classes of intercellu-
lar channels (Fig. 10), a notion that was tested by examination of
connexin distribution in the Cx32 KO. Our model suggested that
the colocalization of Cx47 and Cx26 at oligodendrocyte cell bod-
ies (Fig. 8, low magnification) actually reflects the heterotypic
association of oligodendrocyte Cx47 with astrocyte Cx43/Cx30
and of oligodendrocyte Cx32 with astrocyte Cx26. If true, then
Cx26 should no longer be associated with oligodendrocyte cell
bodies in animals lacking Cx32. Indeed, association of Cx26 with
oligodendrocyte cell bodies (defined by the presence of Cx47-
positive puncta) was lost in the Cx32 KO. Our model is further
supported by in vitro expression studies demonstrating that Cx32

Figure 7.

white). Scale bar, 10 pm.

Altevogt and Paul * Glial Connexins

Cx32

Cx47 Cx30

Astrocyte (x30 preferentially associates with oligodendrocyte (x47. Triple labeling for (x32 (red), (x30 (blue), and
(x47 (green) adult WT spinal cord demonstrates a high degree of overlap of all three connexins (white puncta) at oligodendrocyte
cell bodies and proximal processes in the gray matter. To determine the oligodendrocyte partner of (x30, we searched for
examples in which oligodendrocyte (x32 and (x47 did not overlap (box). Extensive overlap of (x47 (green) with (x30
(blue) was observed (cyan), whereas (x32 (red) was unassociated with (x30. All nuclei are visualized by DAPI (pseudo-

forms functional heterotypic intercellular channels with Cx26
(Rubin et al., 1992; Bukauskas et al., 1995).

Another prediction was that the association of Cx43/Cx30
with Cx47 should be undisturbed in the Cx32 KO. This was true
for Cx43, but, unexpectedly, it was not true for Cx30. The redis-
tribution of both Cx26 and Cx30 in the Cx32 KO are similar to
those reported recently by Nagy et al. (2003). Importantly, the
Cx32 KO did not exhibit changes in the expression levels of the
other glial connexins (data not shown). In addition, the dissoci-
ation of Cx43 and Cx30 was limited specifically to gap junctions
located near oligodendrocyte cell bodies, presumably gap junc-
tions between astrocytes and oligodendrocytes, whereas the gen-
eral association of Cx43 and Cx30, presumably representing as-
trocyte—astrocyte gap junctions, was not changed. One
interpretation, favored by Nagy et al. (2003), is that astrocyte
Cx30 may interact with oligodendrocyte Cx32 to form hetero-
typic channels. Functional heterotypic interactions between
these connexins have been observed in vitro (Dahl et al., 1996).
However, in WT spinal cord, we did not find Cx30 colocalized
with Cx32 except in the presence of Cx47 (Fig. 8), arguing against
a heterotypic Cx30/Cx32 interaction in vivo. An alternative ex-
planation is that the loss of heterotypic Cx26—-Cx32 intercellular
channels in the Cx32 KO is compensated by the specific exclusion
of Cx30 from astrocyte—oligodendrocyte gap junctions. If so, the
remaining astrocyte—oligodendrocyte channels (heterotypic
Cx43—Cx47) should exhibit properties of conductance and/or
permselectivity different from Cx30/Cx43—-Cx47 channels. It will



Altevogt and Paul * Glial Connexins

Figure 8.

be of interest to closely examine the physiological properties of
junctions formed from biologically relevant combinations of glial
connexins.

CNS glia are unusual in the number of connexins expressed
and the complexity of their distribution. What is the purpose of
such complexity? One possibility is functional redundancy. In
support of this idea, a loss of an individual oligodendrocyte con-
nexin does not cause a dramatic central phenotype [Cx47
(Menichella et al., 2003; Odermatt et al., 2003), Cx32 (Sutor et al.,
2000; Kleopa et al., 2002), and Cx29 (this study)], whereas loss of
two connexins causes severe demyelination and early mortality
[Cx32 and Cx47 (Menichella et al., 2003;0dermatt et al., 2003)].
However, a requirement for redundancy does not explain why
astrocytes and oligodendrocyte express non-overlapping sets of
three connexins. A clue may come from our observation that
Cx30 is selectively lost from astrocyte—oligodendrocyte gap junc-
tions in the Cx32 KO, which could reflect a compensatory adap-
tation to the loss of Cx26—Cx32 heterotypic channels. The avail-
ability of additional connexins may provide flexibility in
achieving relatively subtle alterations in the properties of inter-
cellular channels, necessary for maintaining the glial network.
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bodies in the (x32 KO. Indeed, colocalization (yellow) of (x26 (red) and (x47 (green) (column 1, WT) is lost in the (x32 KO (column
1,(x32K0). Also as predicted, (x43 (red) continues to colocalize (yellow) with (x47 (green) at oligodendrocyte cell bodies in (x32
KO (column 2). Unexpectedly, colocalization of (x30 (red) and (x47 (green) (column 3) at oligodendrocyte cell bodies is lost in the
(x32 KO, indicating that (x43 and (x30 are no longer heteromeric partners (see Results). All nuclei are visualized by DAPI
(pseudo-white). Scale bar, 10 m.
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Figure 10.  Multiple types of gap junctions and intercellular channels formed by astrocytes
and oligodendrocytes. Astrocytes form two classes of gap junctions with each other. One class
contains only (x26 (), whereas a second class contain only (x30 and (x43 (b, ¢). It has not yet
been determined whether Cx30 and Cx43 form heteromeric connexons. If so, then the second
class of astrocyte junction likely contains a single type of heteromeric, heterotypic intercellular
channel (b). If not, then they could contain several types of intercellular channels (c). In con-
trast, gap junctions between astrocytes and oligodendrocytes are not separated into obligatory
classes. However, all astrocyte— oligodendrocyte gap junctions contain heterotypic channels (d,
e). Astrocyte (x26 preferentially associates with oligodendrocyte (x32, whereas astrocyte (x30
and (x43 preferentially associate with oligodendrocyte (x47. It remains to be determined
whether (x47 interacts with heteromeric connexons containing both (x30 and (x43 (d) or
whether (x30 and (x43 are separated (e). Adapted from Makowski et al. (1977).
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