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Abstract
Human genetic diseases and mouse knockouts illustrate that the maintenance of central nervous
system myelin requires connexin expression by both astrocytes and oligodendrocytes. Because
these cell types express nonoverlapping sets of connexins, the intercellular channels formed
between them must be asymmetric with regard to connexin content, defined as heterotypic. Here,
we show that oligodendrocyte Cx47 can form heterotypic channels with astrocyte Cx43 or Cx30
but not Cx26, whereas oligodendrocyte Cx32 can functionally interact with astrocyte Cx30 or
Cx26 but not Cx43. Thus, as many as four types of intercellular channels could be formed
between astrocytes and oligodendrocytes.
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INTRODUCTION
In the central nervous system, gap junctions are established between neighboring astrocytes,
between neighboring oligodendrocytes, and between astrocytes and oligodendrocytes
(Massa and Mugnaini, 1982; Maglione et al., 2010). In addition, astrocytes and
oligodendrocytes establish “reflexive” or “autologous” gap junctions within the same cell. In
oligodendrocytes, reflexive junctions between the layers of myelin and between successive
paranodal loops (Kamasawa et al., 2005) markedly shorten the pathway for diffusion
between periaxonal cytoplasm and cell body. Together, these gap junctions are thought to
link cells in a network that facilitates absorption and removal of extracellular K1 released
during neuronal activity (Orkand et al., 1966; Kettenmann and Ransom, 1988; Menichella et
al., 2006) and provide a critical pathway for the supply of glucose to neurons (Rouach et al.,
2008). Their importance is underscored by the association of mutations in several human
glial connexins with white matter abnormalities (Taylor et al., 2003; Loddenkemper et al.,
2002; Uhlenberg et al., 2004).
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Oligodendrocytes express three connexins; Cx29, Cx32, and Cx47 (Altevogt et al., 2002;
Scherer et al., 1995; Menichella et al., 2003; Odermatt et al., 2003) although Cx29 does not
localize to gap junctional plaques and thus may not form intercellular channels (Altevogt
and Paul, 2004). Astrocytes express a different set of three; Cx26, Cx30, and Cx43 (Nagy et
al., 2001; Kunzelmann et al., 1999; Giaume et al., 1991) although there are conflicting
reports regarding levels and distribution of Cx26 (Mercier and Hatton, 2001; Altevogt and
Paul, 2004; Filippov et al., 2003). Because oligodendrocytes and astrocytes express
nonoverlapping sets of connexins, the intercellular channels formed between them are
asymmetric with regard to connexin content, defined as heterotypic. Several models for
these heterotypic interactions have been proposed. In one, Cx47-Cx43 and Cx32-Cx30
heterotypic pairs provide two independent parallel pathways for communication between
oligodendrocytes and astrocytes (Nagy et al., 2003b). This model is supported by studies of
connexintransfected N2A cells (Orthmann-Murphy et al., 2007) in which Cx47-Cx43 and
Cx32-Cx30 pairings were functional but Cx47-Cx30 pairing was not. A second model based
on connexin co-localization in vivo proposes that Cx47 forms heterotypic channels with both
Cx43 and Cx30 while Cx32 forms channels with Cx26 (Altevogt and Paul, 2004). A recent
study of junctional communication in connexin knockout (KO) mouse lines (Maglione et al.,
2010) suggested a third model. In brain slices, oligodendrocyte-astrocyte communication
was not affected by loss of either Cx32 or Cx43 but was essentially eliminated by loss of
Cx47 or loss of Cx43 and Cx30 together but not Cx43 alone. One interpretation is that
oligodendrocyte-astrocyte communication relies principally on heterotypic channels
composed of oligodendrocyte Cx47 and astrocyte Cx30.

To explore these models, we evaluated the heterotypic interactions of glial connexins using
HeLa cells and communication-negative primary astrocytes. Using neurobiotin transfer as a
measure of junctional coupling, we found that oligodendrocyte Cx47 can form heterotypic
channels with astrocyte Cx43 or Cx30 but not Cx26, whereas oligodendrocyte Cx32 can
form channels with astrocyte Cx30 or Cx26 but not Cx43. Thus, four types of heterotypic
intercellular channels, Cx47-Cx43, Cx47-Cx30, Cx32-Cx30, and Cx32-Cx26, could
contribute to oligodendrocyte-astrocyte communication in vivo.

MATERIALS AND METHODS
HeLa Cell Lines

HeLa cell lines were obtained from ATCC (CCL-2; Manassas, Virginia) and from John
Blenis (Harvard Medical School, Boston, MA), Dan Goodenough (Harvard Medical School,
Boston, MA), Felix Bukauskas (Albert Einstein College of Medicine, Bronx, NY), David
Corey (Harvard Medical School, Boston, MA), and Junying Yuan (Harvard Medical School,
Boston, MA). Except for CCL-2, the origin and history of the lines were unknown. Only the
cells obtained from the Yuan laboratory were completely communication-negative in our
assay. All cells were cultured in high glucose Dulbecco's Modified Eagle Media (dMEM;
Invitrogen, Carlsbad, CA) with sodium pyruvate containing 10% FBS (HyClone, Logan,
UT) and 1% penicillin/streptomycin (Invitrogen).

Generating Glial Connexin Expression Constructs
Rat connexin32 (rCx32) cDNA (Paul, 1986) was subcloned into the EcoRI site of pIRES2-
eGFP, and rat connexin26 (rCx26) cDNA (Zhang and Nicholson, 1989) was subcloned into
the BglII site of pIRES2-eGFP. The coding regions of mouse Cx47 and mouse Cx30 were
amplified by PCR and subcloned into the XhoI and XmaI sites in the same vector. Plasmids
containing human connexin47 (hCx47), human connexin43 (hCx43), and human
connexin30 (hCx30) were kindly provided by Dr. Steve Scherer (University of
Pennsylvania, Philadelphia, PA) in the pIRES2-eGFP vector (Clontech, Mountain View,
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CA) as described in Orthmann-Murphy et al., 2007. The lentiviral expression vector
pRRLSIN.cPPT.PGK-GFP.WPRE (Addgene, Cambridge, MA) was modified by replacing
the PGK-GFP cassette with CMV-IRES2-Venus or -Cerulean. Finally, connexins were
removed from pIRES2-eGFP by NheI/BamHI digestion and transferred into
pRRLSIN.cPPT.CMV-IRES2-Venus/Cerulean.WPRE. For virus production, 1 μg of the
transfer construct, 1 μg of the psPAX2 packaging plasmid (Addgene), and 1 μg of the
pMD2.G envelop-encoding plasmid (Addgene) were co-transfected into 293FT cells at 80%
confluence in a 6-cm dish using Lipofectamine and the PLUS reagent (Invitrogen). The
medium was collected after 48 h, filtered through a 0.45-μm pore size filter and stored at
−80°C until use. All experiments described in this study involving Cx47 and Cx30 used the
human iso-forms because the mouse counterparts did not express well in our system for
unknown reasons.

Generating HeLa cell lines expressing glial connexins
HeLa cells were seeded into 6-well plates at a density of 1 × 105 cells per well. One
milliliter of viral supernatant was added to 1 ml fresh medium supplemented with 4 μg/ml
Polybrene (Sigma-Aldrich, St. Louis, MO), and the cells were incubated overnight. The next
day, the medium was replaced with fresh medium. Expression levels were analyzed 48-72
hours post infection. Depending on the connexin, between 5 and 50% of the HeLa cells were
infected as determined by expression of the fluorescent protein. Where necessary, cultures
were expanded and sorted by fluorescence activated cell sorting to obtain populations of
HeLa cells that were >90% positive.

Dye Transfer
Three days before the dye transfer assay, cells were plated on 35-mm glass bottom
Fluorodishes (World Precision Instruments, Sarasota, FL) and incubated in culture media as
described above plus 400 ng/μl unlabeled avidin (Sigma). Cells were grown to confluence
and transferred to a 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffered solution
containing 150 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, and 10 mM D-glucose,
pH 7.4 immediately before dye transfer assay. The nonfluorescent tracer neurobiotin (MW 5
287, +1 charge; Vector Laboratories, Burlingame, CA) was dissolved at 10% along with 3%
dextran-Cascade Blue, (MW = 10,000; Invitrogen) in a 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid buffered solution of 140 mM KCl, 2 mM MgCl2, 6 mM
EGTA, and 5 mM CsCl. Pipettes were backfilled with tracer solution and iontophoretic
injection was carried out by applying alternating currents of −1 nA and +1 nA at 200 ms
each for a total of 1 min. Ten injections were performed per dish and the total time of the
experiment never exceeded 15 min. A minimum of 3 dishes were used for each cell type for
a total of 30 injections. For neurobiotin detection, cells were fixed in 4% paraformaldehyde
for 15 min, blocked with 1% fish skin gelatin in phosphate buffered saline (PBS) containing
0.1% Tween-20 for 30 min, and incubated in NeutrAvidin, tetramethylrhodamine
conjugated (1:1000; Invitrogen) for 1 hour at room temperature.

RT-PCR
Total RNA was isolated using the RNA Easy Mini Kit (Qiagen, Hilden, Germany). Five
microgram of RNA was DNase treated and first strand cDNA was synthesized using random
primers and the Superscript-II preamplification system (Invitrogen). Primers were designed
to detect a ~500-bp fragment in the coding region of each connexin. Primer sequences are
listed in Table 1. cDNA synthesis was confirmed by primers amplifying GAPDH (Clontech,
Mountain View, CA).

MAGNOTTI et al. Page 3

Glia. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Mice
The generation of Cx43flx/flx mice (Liao et al., 2001) as been described previously. The
hGFAP-Cre transgenic line was obtained from The Jackson Laboratory (Bar Harbor, ME).
Primary astrocyte cultures used for this study were obtained from mice that were positive for
the hGFAP-Cre transgene and heterozygous for the floxed Cx43 allele (GFAP-Cre+,
Cx43flx/+; control cultures) or positive for the hGFAP-Cre transgene and homozygous for
floxed Cx43 (GFAP-Cre1, Cx43flx/flx; KO cultures). Animals were maintained as approved
by the Institutional Animal Care and Use Committee at Harvard Medical School.

Primary Astrocyte Cultures
Primary astrocytes were purified from P5-P6 mouse cerebella by selective preplating.
Cerebella were excised, and the meninges were removed in Dulbecco's PBS (Invitrogen),
under a dissecting microscope. The tissue was cut into small pieces and incubated in 1%
trypsin (Invitrogen) and 0.02% deoxyribonuclease (DNase; Worthington, Freehold, NJ) in
PBS for 20 min at 37 C. The trypsin was inactivated by addition of high glucose dMEM
without sodium pyruvate containing 10% FBS, and the tissue was gently triturated using
fire-polished glass Pasteur pipettes of successively decreasing bore size. Cells were
centrifuged at 750g for 5 min and resuspended in fresh medium. To separate out astroglia,
cells were plated onto a noncoated 100 mm tissue culture dish and incubated at 37°C for 30
min to allow fibroblasts to attach. Unattached cells (neurons and glia) were removed and
plated onto a poly-D-lysine (0.5 μg/ml; Sigma-Aldrich) -coated dish. After incubation for 30
min at 37°C, unattached cells (primarily neurons) were removed, and the dish was washed
gently with dMEM to remove loosely adherent cells. The remaining cells, primarily glia,
were incubated in astrocyte media (high glucose dMEM, 10% FBS, and 2 mM L-
glutamine). The cells were passaged 5-6 days later, a step that removed any remaining
neurons, producing a glial culture >95% GFAP-positive. All cells were incubated at 37°C
with 5% CO2.

Immunostaining
Cells were grown on glass bottom dishes (MatTek, Ashland, MA) or coverslips, fixed with
4% paraformaldehyde for 15 min at room temperature, blocked with 10% FBS in PBS
containing 0.2% Tween-20, and incubated for 1 hour at room temperature in appropriate
combinations of the following primary antibodies: rabbit anti-Cx43 (1:10,000 dilution;
Sigma C-6219), mouse anti-Cx43 (1:100, Zymed 13-8300), rabbit anti-Cx47 (1:1000,
Menichella et al., 2003), rabbit anti-Cx32 (1:100; Zymed 34-5700), mouse anti-Cx32
(1:100, Zymed 13-8200), rabbit anti-Cx26 (1:50; Zymed 71-0500), mouse anti-Cx26 (1:100,
Zymed 33-5800), rabbit anti-Cx30 (1:1000; Zymed 71-2200), or rabbit anti-GFAP(1:250
dilution; Dako, Carpinteria, CA). After incubation with primary antibodies, cells were
washed and incubated with appropriate secondary antibodies (rhodamine-labeled goat anti-
rabbit (1:200, Chemicon, Temecula, CA); Alexa568-labeled goat anti-mouse, (1:500,
Invitrogen); Alex647-labeled goat anti-rabbit (1:1000, Invitrogen); Cy5-labeled donkey anti-
goat (1:500, Jackson ImmunoResearch, West Grove, PA); or Cy3-labeled donkey anti-rabbit
(1:500, Jackson ImmunoResearch). Because both anti-Cx47 and anti-Cx30 primary
antibodies were raised in rabbit, to perform a double labeling, we first applied one of the
primary antibodies, blocked it with goat anti-rabbit IgG Fab fragments (AffiniPure, 1:500,
Jackson ImmunoResearch), then labeled with the second primary followed by anti-rabbit
and anti-goat secondary antibodies.

RESULTS
To assess intercellular communication, we performed microinjection of neurobiotin, a low
molecular mass (287 Da) compound known to permeate homotypic gap junction channels
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comprised of each of the five glial connexins considered in this study (Elfgang et al., 1995;
Orthmann-Murphy et al., 2007; Manthey et al., 2001). After injection, neurobiotin was
aldehyde fixed and detected with fluorescently labeled avidin. As an expression system for
the glial connexins, we used HeLa cells, which have been reported to be communication
negative and have been widely used for analysis of connexin function (Elfgang et al., 1995).
However, many HeLa strains have been established over the years (Masters, 2002) and they
can differ strikingly in their behavior. Therefore, we tested eight HeLa strains for
endogenous coupling. Seven of eight lines were coupled, as defined by transfer of
neurobiotin to two or more adjacent cells (data not shown). Only one line consistently
showed no neurobiotin transfer (Fig. 1). In the course of screening the cell lines, we
observed a faint but consistent avidin-dependent signal in all cells (Fig. 1A) possibly
reflecting the presence of biotin-containing compounds in mitochondria (Hollinshead et al.,
1997). Because the sole source of cellular biotin is the fetal bovine serum (FBS) added to the
culture media, we used unlabeled avidin to absorb it. After 3 days of culture using absorbed
media, a major increase in signal-to-noise was achieved (Fig. 1B—photographic exposure
equal to Fig. 1A) with no effects on cell growth or morphology. Thus, absorption
significantly improved the sensitivity of our assay.

All Glial Connexins form Homotypic Junctions but only Certain Combinations of
Heterotypic Interactions Are Functional in HeLa Cells

We used a lentiviral expression system (Zufferey et al., 1998) to generate cell lines
expressing a glial connexin or an empty vector control. To identify cells expressing
connexins, we included an internal ribosome entry site (IRES) to drive expression of a
fluorescent marker. Thus, the connexins were not modified by fusion to a marker protein,
which can affect trafficking and assembly (Hunter et al., 2005). Lines in which >90% of the
cells expressed both the marker and the connexin were obtained. In each case,
immunostaining revealed an orthodox pattern of connexin distribution that included puncta
localized to apposing membranes of adjacent cells (Fig. 2A-E). Furthermore, HeLa cells
expressing any of the glial connexins were able to transfer neurobiotin (Fig. 2F-J), whereas
an empty vector control did not (Fig. 2K). Thus, all the glial connexins can form functional
homotypic intercellular channels in our HeLa strain.

The ability of oligodendrocyte Cx47 to form functional heterotypic channels with other glial
connexins was tested by plating Cx47-positive cells with those expressing a different
connexin and a different fluorescent marker. Cells expressing Cx47 (Fig. 3A-E, Venus) were
plated with cells expressing Cx32 (Fig. 3A-Cerulean), Cx26 (Fig. 3B-Cerulean), or an
empty vector control (Fig. 3C-Cerulean). When a Cx47-positive cell was injected,
neurobiotin was detected only in Cx47-positive cells. Complementary results were obtained
when Cx32- or Cx26-positive cells were injected (data not shown). Furthermore, double-
label immunofluorescence microscopy did not reveal significant co-localization of Cx47 and
Cx32 (Fig. 3F) or Cx47 and Cx26 (Fig. 3G) consistent with the notion that heterotypic
intercellular channels were not formed. In contrast, when cells expressing Cx47 were plated
with Cx43- or Cx30-positive cells (Fig. 3D, E-Cerulean), injection of Cx47-positive cells
resulted in neurobiotin transfer to all connexin-positive cell types. Complementary results
were obtained when Cx43- or Cx30-positive cells were injected (data not shown). As
expected, co-localization of Cx47 with Cx43 (Fig. 3H) or Cx30 (Fig. 3I) was robust. Thus,
Cx47 forms functional heterotypic channels with either Cx43 or Cx30. This result conflicts
with an earlier report in which communication between Cx47- and Cx30-expressing cells
was not observed (Orthmann-Murphy et al., 2007).

The ability of Cx32, the other major oligodendrocyte connexin, to support heterotypic
communication was tested in a similar fashion. Cells expressing Cx32 (Fig. 4A-D, Venus)
were mixed with cells expressing Cx43 (Fig. 4A, Cerulean) or empty vector control cells
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(Fig. 4B, Cerulean). Neurobiotin injection into Cx32-positive cells resulted in transfer only
to other Cx32-positive cells. In addition, no significant co-localization of Cx32 and Cx43
(Fig. 4E) was observed, indicating that heterotypic channels were not formed. In contrast,
mixed populations of cells expressing Cx32 or Cx30 (Fig. 4C) and Cx32 or Cx26 (Fig. 4D)
exhibited neurobiotin transfer between all cells and co-localization was observed in both
cases (Fig. 4F,G) consistent with the formation of heterotypic pairs.

Primary Astrocytes Derived from Mice Lacking Cx43 Are Uncoupled
As our results differed significantly from those of Orthmann-Murphy et al. (2007), we
developed a second expression system to assess connexin interactions consisting of primary
astrocyte cultures derived from Cx43KO mice. Because constitutive loss of Cx43 is peri-
natal lethal due to cardiac abnormalities (Reaume et al., 1995), we achieved a nervous
system-specific deletion of Cx43 by crossing a conditional Cx43 line (Liao et al., 2001) and
a transgenic line in which the glial fibrillary acidic protein (GFAP) promoter drives Cre
(Zhuo et al., 2001). Astrocytes derived from a similar cross were reported to be
communication-negative as assessed by injection of the fluorescent dye Lucifer yellow
(Theis et al., 2004).

Primary astrocyte cultures were 95% pure as demonstrated by expression of GFAP (Fig.
5A). A reverse transcription-polymerase chain reaction (RT-PCR) screen (Fig. 5B) revealed
that at 18 days in vitro (DIV), control astrocytes expressed abundant Cx43, whereas
astrocytes derived from the conditional Cx43 KO exhibited very weak expression of Cx43,
likely reflecting contamination of the culture with nonastrocytic cells and/or a small
population of astrocytes, which escaped recombination. A Cx26 signal was consistently
found in both wildtype (WT) and Cx43 KO astrocyte cultures but at levels below one
mRNA copy per cell on average. Cx30 was detected in neither WT nor KO cells (data not
shown), consistent with the late onset of its expression in vivo (~P21) and in primary
cultures (21-28 DIV) (Kunzelmann et al., 1999). Similarly, RT-PCR screens for the
remaining 17 murine connexins did not reveal consistent expression for any (data not
shown).

The general loss of Cx43 was confirmed by immuno-staining astrocyte cultures. Although
control astrocytes displayed multiple puncta reminiscent of gap junctions (Fig. 5C), most
KO astrocytes lacked any detectable signal (Fig. 5D). We also tested both control and KO
astrocytes for endogenous coupling by neurobiotin injection. Control astrocytes showed
extensive transfer of neurobiotin (Fig. 5E), whereas KO astrocytes exhibited none (Fig. 5F).
Therefore, we conclude that most primary astrocytes from the conditional Cx43KO do not
express any connexin at significant levels and do not exhibit detectable levels of endogenous
coupling.

Heterotypic Pairings that Were Functional in HeLa Cells Are also Functional in Primary
Astrocytes

Lentiviral transduction of astrocytes was at least as efficient as in HeLa cells, which allowed
experiments to be completed well before (≤15 DIV) the appearance of endogenous Cx30
(21-28 DIV). Expression of the glial connexins was verified by immunohistochemistry
(Supp. Info. Fig. 1A-E) and each glial connexin induced homotypic coupling in the
previously uncoupled KO astrocytes (Supp. Info. Fig. 1F-K). We first mixed astrocytes
expressing Cx47 (Fig. 6A-D, Venus) with astrocytes expressing Cx32, Cx26, Cx43 and
Cx30 (Fig. 6A-D, Cerulean). Neurobiotin transfer was not observed in Cx47-Cx32 (Fig. 6A)
or Cx47-Cx26 pairs (Fig. 6B) but was readily detected in Cx47-Cx43 (Fig. 6C) and Cx47-
Cx30 (Fig. 6D) pairs. Thus, Cx47 can form heterotypic channels with either Cx43 or Cx30
in both HeLa cells and primary astrocytes. Next, we mixed astrocytes expressing Cx32 (Fig.
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6E-G, Venus) with astrocytes expressing Cx43, Cx30, or Cx26 (Fig. 6E-G, Cerulean). As in
HeLa cells, Cx32-Cx43 pairs (Fig. 6E) were unable to transfer neurobiotin while Cx32-
Cx26 (Fig. 6F) and Cx32-Cx30 (Fig. 6G) pairs did so robustly. Thus, regulation of
heterotypic channel formation is the same in astrocyte primary cultures as in HeLa cells.

DISCUSSION
Our studies establish the types of interactions between connexins expressed in
oligodendrocytes and astrocytes that produce functional intercellular channels. We show that
in two different cell types, Cx47 can form heterotypic channels with either Cx43 or Cx30
but not Cx26, whereas Cx32 can do so with either Cx30 or Cx26 but not Cx43. Thus, as
many as four parallel pathways for gap junctional communication between oligodendrocytes
and astrocytes are theoretically possible.

Our data differ from those of a similar study in which functional channels between Cx47 and
Cx30 were not observed (Orthmann-Murphy et al., 2007). The difference in our results
could reflect a cell-type specific regulation of intercellular channel assembly, as the
expression system used by Orthmann-Murphy et al. was based on the N2A neuroblastoma
cell line. However, we obtained identical results with two different cell types, HeLa cells
and primary astrocytes. Another difference between the two studies was the assay for
coupling; intercellular movement of a small, microinjected tracer in ours and dual whole-cell
patch clamping in Orthmann-Murphy et al. (2007). Dual whole-cell voltage clamping is
considered a very sensitive method because it is capable of revealing the activity of single
intercellular channels in real time. In contrast, tracer injection is often considered a low
sensitivity method, in part because the most widely used tracer, Lucifer yellow, is relatively
large (443 Da) and permeates gap junctions comprised of some connexins poorly
(Beltramello et al., 2003) or not at all (Teubner et al., 2000). However, neurobiotin
permeates most if not all junctional channels. Ultimately, the sensitivity will depend on the
rate of permeation by the solute, the rate of loss from recipient cells and the signal-to-noise
of the detection system. In our study, rate of permeation was optimized by using a fixable
tracer of low molecular mass and signal-to-noise was improved by preincubation of the
cultures with unlabeled avidin to eliminate background due to endogenous biotin. It remains
unclear why Cx47-Cx30 channels were not detected in the previous study. In whole-cell
mode, soluble components of the cytoplasm are rapidly lost, which could conceivably affect
activity of those channels. Regardless, it is more difficult to explain the presence of
junctional coupling as an artifact of methodology than its absence.

Although it is clear that functional Cx47-Cx30 heterotypic channels can form in vitro, there
is conflicting evidence regarding their formation in vivo. By light microscopic
immunolabeling, Cx43 and Cx30 co-localize at junctions between neighboring astrocytes,
whereas Cx43, Cx30, Cx47, Cx32 all robustly co-localize in puncta on gray matter
oligodendrocytes somata presumed to include astrocyte-oligodendrocyte junctions. (Rash et
al., 2001; Nagy et al., 2003b; Altevogt and Paul, 2004; Li et al., 2004; Kamasawa et al.,
2005). However, Cx47 and Cx32 display a lower degree of coincidence in white matter than
in gray, providing an opportunity to identify preferentially co-localizing astrocyte
connexins. In white matter, Altevogt and Paul (2004) described preferential associations of
Cx47 with Cx43 and Cx30, consistent with the functional heterotypic pairing we report here.
Furthermore, recent studies of astrocyte-oligodendrocyte coupling in the corpus callosum
using slice preparations (Maglione et al., 2010) showed that loss of Cx43 had little effect on
coupling, whereas loss of Cx47 or loss of Cx43 and Cx30 together dramatically reduced it.
This suggests that astrocyte-oligodendrocyte coupling is largely mediated by heterotypic
junctions containing oligodendrocyte Cx47 and either astrocyte Cx30 alone or Cx30 and
Cx43 together. In contrast, it was reported that Cx30 is no longer detected at
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oligodendrocyte somata in Cx32 KO mice (Nagy et al., 2003b; Altevogt and Paul, 2004) and
that Cx43 is similarly absent in Cx47 KO mice (Li et al., 2008). The simplest interpretation
of these immunolocalization studies is that the preferential heterotypic interactions at
oligodendrocyte somata are Cx32-Cx30 and Cx47-Cx43. However, it is possible that
connexin KOs provoke compensatory changes excluding particular connexins from
junctional plaques at oligodendrocyte somata. Thus, it is difficult to reconcile the conflicting
evidence regarding in vivo interactions of Cx47 and Cx30.

The functions of Cx29, the third oligodendrocyte connexin, remain unclear. Although
abundantly expressed in both oligodendrocytes and Schwann cells, Cx29 does not associate
with junctional plaques or co-localize with other connexins (Nagy et al., 2003a; Kleopa et
al., 2004; Altevogt and Paul, 2004; Ahn et al., 2008). Furthermore, astrocyte-
oligodendrocyte coupling in the murine corpus callosum is not affected by loss of Cx29
(Maglione et al., 2010). Cx29 has a diffuse localization consistent with a role in reflexive
communication but Cx29 does not form functional channels when expressed in Xenopus
oocytes or HeLa cell pairs (Altevogt et al., 2002; Ahn et al., 2008). However, Cx29 KO
mice develop a defect in Schwann cell myelin specifically restricted to somata of spiral
ganglion neurons, leading to hearing loss (Tang et al., 2006) and Cx29 mutations have also
been associated with hearing loss in humans (Yang et al., 2007). Thus, Cx29 might also
have subtle effects in oligodendrocytes, which could affect interpretation of studies of glial
connexin function and interaction.

It is not clear why glial cells express so many connexins and why astrocytes and
oligodendrocytes express nonoverlapping sets. Initial studies of KO mice suggested that
oligodendrocyte Cx47 and Cx32 provide redundant functionality because single KOs do not
exhibit clinical phenotypes (Scherer et al., 1998; Odermatt et al., 2003), whereas the double
KO dies by the 5th or 6th postnatal week (Menichella et al., 2003). However, both Cx47 and
Cx32 KO mice develop subtle ultrastructural abnormalities of myelin (Odermatt et al., 2003;
Sargiannidou et al., 2009). Furthermore, human mutations in Cx32, which cause the
peripheral neuropathy X-linked Charcot-Marie-Tooth disease, have been associated with
transient central nervous system symptoms (Kleopa et al., 2002; Paulson et al., 2002;
Hanemann et al., 2003; Takashima et al., 2003) and Cx47 mutations cause Pelizaeus-
Merzbacher-Like disease, a hypomyelinating leukodystrophy with severe clinical correlates
(Uhlenberg et al., 2004). Taken together, it seems likely that oligodendrocyte connexins
have nonredundant functions. Whether these nonredundant functions reflect a requirement
for the presence of heterotypic channels to achieve particular biophysical or regulatory
properties remains to be determined.
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Fig. 1.
Incubation of HeLa cells with unlabeled avidin reduces background for neurobiotin
injections. A) This HeLa strain does not exhibit gap junctional coupling as the junction-
permeant tracer neurobiotin was detected only in the injected cell. However, a fine granular
cytoplasmic background, likely reflecting biotin-containing compounds in HeLa
mitochondria, reduces the sensitivity of the assay. B) Three days after the addition of
unlabeled avidin to the culture media, a dramatic decrease in background was observed.
Camera exposure time was identical to A. Scale bar: 50 μm.
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Fig. 2.
All glial connexins can form functional homotypic channels in HeLa cells. Lentiviral
transduction was used to generate lines expressing specific glial connexins. Immunostaining
(A-E) reveals an orthodox distribution including puncta localized to apposing membranes of
adjacent cells (Scale bar: 30 μm). HeLa cells expressing individual glial connexins were able
to transfer neurobiotin (F-J), whereas an empty vector control was not (K). Scale bar: 50
μm.
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Fig. 3.
Oligodendrocyte Cx47 cannot form functional heterotypic channels with Cx32 or Cx26 but
does so readily with Cx43 or Cx30. Cells expressing Cx47 (A-E, green) were plated with
cells expressing Cx32 (A, blue), Cx26 (B, blue), an empty vector control (C, blue), Cx43 (D,
blue) and Cx30 (E, blue). Neurobiotin injection revealed heterotypic transfer only for Cx47-
Cx43 and Cx47-Cx30 pairs. Consistent with these data, no co-localization of Cx47 with
either Cx32 (F) or Cx26 (G) was evident, whereas co-localization of Cx47 with Cx43 (H) or
Cx30 (I) was robust (arrowheads). Scale bar: 50 μm.
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Fig. 4.
Oligodendrocyte Cx32 can form functional heterotypic channels with Cx30 or Cx26. Cells
expressing Cx32 (A-D, green) were mixed with cells expressing Cx43 (A, blue), empty
vector controls (B, blue), Cx30 (C, blue), or Cx26 (D, blue). Neurobiotin injection revealed
heterotypic transfer only in Cx32-Cx30 and Cx32-Cx26 pairs (scale bar: 50 lm. Consistent
with these data, Cx32 (E-G, red) did not co-localize with Cx43 (E, green) but did overlap
(arrowheads) with Cx30 (F, green) and with Cx26 (G, green) when adjacent cells expressed
those combinations of connexins. Scale bar: 50 μm.
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Fig. 5.
Primary astrocytes lacking Cx43 are communication negative. A) Primary astrocyte cultures
were 95% GFAP-positive. B) RTPCR screen of control astrocytes reveals abundant Cx43
while astrocytes derived from a conditional Cx43KO showed very weak expression of Cx43,
likely reflecting contamination of the culture with non-astrocytic cells. Both WT and KO
cells express very low levels of Cx26 signal (< one copy per cell on average). No other
connexin transcript was consistently observed (data not shown). C) Control astrocytes
displayed multiple Cx43-positive puncta reminiscent of gap junctions. D) Most KO
astrocytes lacked any detectable signal. E) Control astrocytes displayed extensive transfer of
neurobiotin. F) Cx43KO astrocytes exhibited no transfer.
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Fig. 6.
The pattern of heterotypic communication in primary astrocytes is identical to HeLa cells.
Lentiviral transduction of astrocytes was at least as efficient as in HeLa cells allowing
experiments to be completed well before (≤15 DIV) the appearance of endogenous Cx30
(21-28 DIV). As with HeLa cells, neurobiotin (NB) transfer was not observed in pairings of
Cx47-Cx32 (A), Cx47-Cx26 (B), or Cx32-Cx43 (C) but was readily detected in pairings of
Cx47-Cx43 (D), Cx47-Cx30 (E), Cx32-Cx30 (F), and Cx32-Cx26 (G). Scale bar: 50 μm.
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TABLE 1

Screening Primers for Mouse Connexins

Mouse connexin 5′ PCR primer (5′→3′) 3′ PCR primer (5′→3′) Size

cx26 CCCCAAAGCTCCCAAACAAAGG CACGCCAGTGATGAATACAATAGGTG 520 bp

cx29 ATCTGTGCTGTGCTATTTGGAGT GAAGGAAGCGCCCCACAGG 350 bp

cx30 GCCAGGGTGCAAGAACGTCTGC GGCATGGTTGGGGTGGTTTCTC 550 bp

cx30.2 CGCTTCTGGCTCTTCCACATCC GACGGCGAAGTAGAAGACCACG 365 bp

cx30.3 TTCCGGGTGCTGGTGTATGTGG ACACTCCCTTCGCCCATTTTCC 750 bp

cx31 TCGGCCCACGGAGAAGAAGG AGAGCCCAGCACCCACAAATACC 412 bp

cx31.1 AGCGGGGTGGACTCTGGTGG TTGCTCATCGGTGCCTTCGTG 734 bp

cx32 GTGGCGTGAATCGGCACTCTAC CTCCGCCACGTTGAGGATAATG 750 bp

cx33 GTGCGCCTCTGGCTCCTC CCTCCGCTTTTCTCATACGATTC 511 bp

cx36 GCGGAGGGAGCAAACGAGAAG CTGCCGAAATTGGGAACACTGAC 560 bp

cx37 AGAGCGGTTGCGGCAGAAAGAGG TGGATGAGAGCCCGTTGTAGGTG 551 bp

cx39 GTGGTGGTCTTGGCAGGGTCACC CCCACTGCGTGGTCCTCAGTGTC 517 bp

cx40 AAGCTAAAGAGGCCCACCGCACTG TTCCGGGAGCCCATGTTATTACTG 535 bp

cx43 CACGGCAAGGTGAAGATGAGAGG CTCCACGGGAACGAAATGAACAC 500 bp

cx45 GAGGTGGGCTTTCTAATAGGGCAG ATGGGGGTTGTTTTGGTGATGG 528 bp

cx46 TCTACGCCCACCCTCATCTATCTG GGCTTGCTGGCTGGAGTCTGC 782 bp

cx47 ACGGCCGCGCACAGCATC AGGGCCCCGGAGAAGACACG 460 bp

cx50 TCATCGTGGGCCATTACTTCCTG TTCTGGGGCCACCTTCTCTGC 584 bp

cx57 TCCAGGCCCACAGAGAAGAC TGGGGCCAAAGACAGAATG 475 bp

GAPDH TGAAGGTCGGTGTGAACGGATTTGGC CATGTAGGCCATGAGGTCCACCAC 1 kb
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