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Panglial networks are essential for normal physiology in the CNS, and the function of distinct connexins participating in these networks
is not well understood. We generated Connexin32 (Cx32)-deficient mice with additional deletion of astrocytic Cx43 to explore the role of
both connexins in panglial networks. Cx43/Cx32 double knock-out (dKO) mice revealed strong microglial activation in corpus callosum
and cingulum along with severe astrogliosis and scar formation. In addition, most of the fine myelinated fibers projecting from the corpus
callosum into the cortex were lost. Myelin loss was caused by a strong decrease of oligodendrocytes in the cingulum of Cx43/Cx32dKO
mice. Immunoblot analyses using newly generated specific Cx47 antibodies revealed that oligodendrocytic Cx47 is phosphorylated in
vivo depending on astrocytic Cx43 expression. In Cx43-deficient mice, Cx47 protein levels were strongly decreased, whereas Cx47 mRNA
levels were not altered. Using Cx43G138R/Cx30KO mice, we show that Cx47 expression depends on the presence of astrocytic Cx43 protein
and that its gap junctional channel function is not necessary for Cx47 stabilization. In consequence, Cx43/Cx32dKO mice additionally lack
Cx47 expression and therefore cannot form oligodendrocytic gap junctions, which explains the phenotypic similarities to Cx32/Cx47dKO
mice. Our findings provide strong evidence that phosphorylation and stability of oligodendrocytic Cx47 proteins is dependent on
astrocytic Cx43 expression. These results further unravel the complexity of panglial networks and show that results of previous studies
using astrocytic Cx43-deficient mice have to be reconsidered.

Introduction
Complex multicellular organisms are dependent on direct cell–
cell communication through gap junction (GJ) channels. GJ
channels are characterized by their ability to allow diffusion of
ions and metabolites (�1200 Da) (Bruzzone et al., 1996). They
are composed of two connexons (hemichannels), whereby each
connexon is provided by one adjacent cell. Each connexon is
composed of six connexin protein subunits. Identical connexons
form homotypic channels, whereas heterotypic channels are
composed of two different hemichannels. Neurons and macro-
glial cells express distinct sets of connexin isoforms. Astrocytes
express Connexin 30 (Cx30) and Cx43. In addition, Cx26 is ex-
pressed in a small subpopulation of gray matter astrocytes (Nagy
et al., 2011). Oligodendrocytes express Cx47, Cx32, and Cx29,
but Cx29 does not form functional GJ channels in vitro (Kleopa et

al., 2004). Expression of oligodendrocytic and astrocytic connex-
ins results in functional intra-astroglial (A:A), intraoligodendro-
glial (O:O), and interastro-oligodendroglial (A:O) coupling
(Wallraff et al., 2006; Maglione et al., 2010; Wasseff and Scherer,
2011).

Several connexin single and double knock-out mice (dKO)
have been investigated to understand the function of glial con-
nexins participating in panglial networks. Single KOs did not
result in gross morphological alterations (Sutor et al., 2000;
Odermatt et al., 2003; Teubner et al., 2003; Theis et al., 2003;
Eiberger et al., 2006; Nagy et al., 2011). Loss of both astrocytic
connexins (Cx30 and Cx43) leads to dismyelination and vac-
uolization of gray as well as white matter regions (Lutz et al.,
2009), whereas mice deficient for both oligodendrocytic con-
nexins, Cx32 and Cx47, show severe myelin abnormalities and
die at approximately postnatal day 42 (P42) (Menichella et al.,
2003; Odermatt et al., 2003). In addition, mice deficient for
one astrocytic (Cx30) and one oligodendrocytic (Cx47) con-
nexin show complete loss of A:O coupling, early onset my-
elin pathology, motor impairments, and 40% of Cx30/
Cx47dKO animals die between P42 and P90 (Tress et al.,
2012).

Altogether, these studies indicate that A:O coupling is essen-
tial for myelin maintenance and are in line with a theoretical
model of the coupling situation in the CNS based on cell culture
experiments, in which A:O coupling can be established by Cx30:
Cx32, Cx30:Cx47, and Cx43:Cx47 heterotypic channels, whereas
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combinations of Cx43 and Cx32 cannot
form functional channels (Orthmann-
Murphy et al., 2007; Magnotti et al.,
2011a).

Recently, a study on Cx43 and Cx32
double-deficient mice revealed severe
phenotypic abnormalities with astrocyte
loss, white matter vacuolization, and early
death at �16 weeks after birth (Magnotti
et al., 2011b). This was surprising because
Cx30:Cx47 channels should maintain func-
tional coupling among astrocytes and oligo-
dendrocytes in Cx43/Cx32dKO mice,
whereas O:O and A:A coupling should be
maintained by Cx47 and Cx30 expression,
respectively.

With the present study, we aimed to
identify the mechanism underlying the un-
expected phenotype of Cx43/Cx32dKO
mice and provide new insights into the
function and contribution of distinct oligo-
dendrocytic and astrocytic connexins. We
show that Cx47 is phosphorylated in vivo
and that Cx47 expression in oligodendro-
cytes and phosphorylation of Cx47 depend
on astrocytic Cx43 expression in the mouse
brain. Therefore, the phenotype of Cx43/
Cx32dKO mice results from loss of both oli-
godendrocytic connexins Cx32 and Cx47.

Materials and Methods
Animals. All mice used were kept under stan-
dard housing conditions with a 12 h dark/light
cycle and with food and water ad libitum. All
experiments were performed in accordance
with local and state regulations for research
with animals. hGFAP–Cre mice used by Mag-
notti et al. (2011b) are based on the human glial fibrillary acidic protein
(GFAP) promoter and suffer from a variable mosaic expression and
therefore unreliable excision of floxed Cx43 (Requardt et al., 2009). We
decided to choose the mGFAP–Cre mice, which show a more reliable
excision using the mouse GFAP promoter as driver for the Cre recombi-
nase (Garcia et al., 2004) to generate Cx43flox/Cx32KO:mGFAP–Cre
mice. For simplification, we named the Cx43flox/flox:mGFAP–Cre/
Cx32y/� mice as Cx43/Cx32dKO mGFAP mice. This means that, in the
so-called Cx43/Cx32dKO mGFAP mice, the floxed Cx43 allele is deleted by
a Cre recombinase, which is driven by the mouse GFAP promoter,
whereas Cx32 represents a nonconditional KO. Cx43/Cx32dKO mGFAP

mice and control littermates were obtained by breeding Cx43flox/flox:
mGFAP–Cre/Cx32y/� males and Cx43flox/flox:mGFAP–Cre/Cx32�/� fe-
males. Only male animals were used for our experiments. Cx43flox/flox and
Cx43flox/flox:mGFAP–Cre mice were used as control littermates.
Cx43floxG138R/floxG138R:Nestin–Cre/Cx30�/� mice in the text are designated
as Cx43ODDD mice. In addition, we generated Cx43flox/flox/Cx32y/�:Nestin–
Cre mice, which are termed Cx43/Cx32dKONestin in this study.
Cx43cKONestin mice are Cx43 conditional (single) deficient after Nestin–
Cre-mediated deletion of Cx43. Cx43cKOmGFAP are Cx43 conditional (sin-
gle) deficient mice after mGFAP–Cre-mediated deletion of Cx43.
Genotyping of the mice was performed as described previously (Cx30,
Teubner et al., 2003; Cx32, Nelles et al., 1996; Cx43, Theis et al., 2001; mG-
FAP–Cre, Lutz et al., 2009; and Nestin–Cre, Tronche et al., 1999).

Semiquantitative RT-PCR. Tissue samples were isolated from the cer-
ebellum, DNA-free mRNA was prepared, and semiquantitative (sq) RT-
PCR was performed as described previously (Tress et al., 2012). For
�-actin and Cx47 detection and quantification, a Taqman probe/primer
mix was used (Applied Biosystems). Water and mRNA from Cx47-

deficient cerebella were used as negative controls. A gene expression ratio
XCx47/X�-actin was determined (Tress et al., 2012). The amplification
efficiency, E, was 1.98 for Cx47 and 1.97 for �-actin.

Immunohistochemical staining on vibratome sections. At different ages,
mice were killed by injecting an anesthetic solution (0.3 mg of ketamine
and 0.03 mg of xylazine per gram body weight) intraperitoneally. Mice
were transcardially perfused with 30 ml of PBS followed by 30 ml of
phosphate-buffered 4% formaldehyde solution (Roti-Histofix; Roth).
Brains were rapidly prepared and postfixed in 2% phosphate-buffered
formaldehyde solution for at least 48 h at 4°C. Vibratome sections (25
�m) were obtained (VT 1200 S; Leica), and free-floating slices were
incubated in blocking solution [5% normal goat serum (NGS), 4% bo-
vine serum albumin (BSA), and 0.5% Triton X-100] for 1 h at room
temperature to avoid unspecific cross-reactivity. Primary antibodies di-
luted in blocking solution were applied overnight at room temperature.
After washing with PBS, sections were incubated with corresponding
biotin-conjugated secondary antibodies for 2 h at room temperature and
washed again. Vectastain Peroxidase ABC reagent (Vector Laboratories)
was applied according to the instructions of the manufacturers. After 30
min incubation in working solution, free-floating sections were washed
in PBS for 60 min and then transferred to distilled water for at least 5 min
before NovaRed (Vector Laboratories) staining. Sections were mounted
on glass slides, air dried at 42°C on a slide warmer, and coverslipped with
Entellan (Merck Chemicals). Rat primary antibodies directed against
myelin basic protein (MBP) (1:1000; Millipore Bioscience Research Re-
agents) were used for myelin staining; rabbit polyclonal antibodies against
ionized calcium binding adaptor molecule 1 (Iba1) (1:500; Wako Chemi-
cals) were used for staining of microglia. Rabbit polyclonal GFAP antibodies
(1:2000; Dako) were used for labeling of astrocytes, and rabbit polyclonal

Figure 1. Activated microglia and reactive astroglia in the CNS of Cx43/Cx32dKO mGFAP mice. Immunohistochemical analysis on
25 �m brain slices from 30- and 90-d-old mice were stained for Iba1, a microglia marker. Control mice showed normal distribution
of ramified microglial cells in all time points and regions tested (A, C, E, G). In Cx43/Cx32dKO mGFAP mice, a strong microglial
activation along the corpus callosum and in the cingulum was detected at P30 (B), whereas the cerebellum was not affected (D).
With advancing age, the intensity of the microglial activation in the cingulum decreased (F ), but on P90, microglial activation
occurred in the cerebellar white matter (H ). Immunohistochemical analysis of GFAP on brain slices of 30- and 90-d-old controls
showed the typical distribution of GFAP-positive cells in cortex and cerebellum (I, K, M, O). GFAP is only weakly expressed in the
corpus callosum and in some astrocytes surrounding blood vessels in the cortex, whereas it is prominent in the hippocampus. In
contrast, GFAP expression was highly increased in corpus callosum and especially cortex of Cx43/Cx32dKO mice on P30 (J ). There
were no differences between control (K ) and dKO (L) mice in cerebellar GFAP expression. During maturation, astrogliosis in the
cortex of Cx43/Cx32dKO mice increased. Nearly the entire cortical area was covered by strongly GFAP-positive cells on P90 (N ), and
astrogliosis was additionally detected in the cerebellum of dKO mice on P90 (P). Scale bars: 500 �m; insets, 100 �m.
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anti-glutathione S-transferase � (GST-�) (1:250; Millipore) was used for
labeling myelinating oligodendrocytes. Cells of the oligodendroglial lineage
were stained by rabbit polyclonal anti-oligodendrocyte transcription factor 2
(Olig2) (1:500; Millipore Bioscience Research Reagents).

Quantification of Olig2-positive cells. The numbers of Olig2- and GST-
�-positive cells were quantified in an area of 202,500 �m 2 located di-
rectly above the cingulum in 25 �m vibratome sections of at least three
mice per genotype and age. Regions were cut out from pictures with
identical magnification levels by manual selection using Photoshop soft-
ware (Adobe Photoshop CS4; Adobe Systems). Cell counting was per-
formed using MBF-ImageJ software (NIH ImageJ).

Immunofluorescence staining on vibratome sections. For immunofluo-
rescence labeling, vibratome sections (25 �m) were blocked with PBS
containing 0.5% Triton X-100, 5% NGS, and 4% BSA for 1 h at room
temperature. Sections were incubated with primary antibodies: rabbit
polyclonal anti-Cx43 [1:2500 (Wilgenbus et al., 1992)], mouse monoclo-
nal anti-2�,3�-cyclic-nucleotide 3�-phosphodiesterase (CNPase) (1:200;
Sigma-Aldrich), and polyclonal rabbit anti-Cx47 (1:2000, newly gener-
ated) at room temperature for 2 h in blocking solution, washed with
PBS-T (0.1% Triton X-100), and incubated for 1 h with corresponding
goat polyclonal secondary antibodies conjugated to Alexa Fluor-488,
Alexa Fluor-594, or Alexa Fluor-647 (1:1000; Invitrogen) diluted in
blocking solution. After PBS washes, sections were mounted with Per-
maFluor (Thermo Fisher Scientific), and images were taken with a Laser
Scanning Microscope (LSM 710; Carl Zeiss). The dye Hoechst33258 was
used for labeling DNA.

Immunoblotting. Mice were killed by cervical dislocation, and cerebella
were quickly dissected out and flash frozen in liquid nitrogen. Tissues
were stored at �80°C until extraction in modified RIPA buffer (50 mM

Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 mM NaF, 1% NP-40, and 0.25%
Na-deoxycholate, pH 7.4) containing protease inhibitors (Complete
Mini; Roche Diagnostics). The samples were homogenized using a Pre-
cellys24 tissue homogenizer (Peqlab). After centrifugation for 15 min at
10,000 � g and 4°C, the supernatant was retrieved in new 1.5 ml tubes
and kept at �80°C. HeLa–Cx47– eGFP cell lysates were prepared as de-
scribed previously (Tress et al., 2011). Before proteins were separated by
electrophoresis on a 8 –12% polyacrylamide gel, samples were prepared
by mixing lysates with Laemmli’s buffer (Laemmli, 1970). After SDS-gel
separation, proteins were transferred to Hybond ECL membrane (GE
Healthcare). Blots were preincubated in a blocking solution of 5%
milk powder (MP) in TBST (50 mM Tris, 150 mM NaCl, pH 7.5, and
0.1% Tween 20) for 1 h at room temperature, incubated with primary an-
tibodies overnight at 4°C, and after three washing steps, with horseradish
peroxidase (HRP)-conjugated antibodies (1:5000 to 1:20,000; Dianova).
Primary antibodies were polyclonal rabbit Cx43 [1:25,000 in 5% MP
(Wilgenbus et al., 1992)], polyclonal rabbit Cx47 (1:5000 in 5% MP, newly
generated), monoclonal mouse anti-tubulin (1:20,000 in 5% MP; Millipore
Bioscience Research Reagents), and monoclonal mouse anti-GAPDH. Pro-
tein bands were detected by incubation of the membranes with enhanced
chemiluminescence reagents (GE Healthcare) and development on x-ray
films. Densitometric analyses were performed with the MacBiophotonics
ImageJ software and by normalizing the band intensities to tubulin or
GAPDH values.

Generation of new antibodies. The 22 aa peptide (CVGEQSRP-
GAQEQLATKPRAGS) corresponding to a part of the C terminus of
mouse Cx47 was synthesized by Prof. Maarten Egmond (University of
Utrecht, Utrecht, The Netherlands), coupled, and injected into two
guinea pigs and one rabbit by the Pineda Antibody Services. After six
boosts, final bleeding was performed, and the serum was further pro-
cessed in our laboratory. The serum was affinity purified with the same
peptide using a HiTrap affinity column (GE Healthcare). Glycine at
0.2 M, pH 2.5, was used for elution in combination with Tris-HCl, pH 8,
in the receiver tube. Directly after elution, the antibody solution was
dialyzed against PBS overnight at 4°C, and antibodies were concentrated
by Amicon Ultra-4 centrifugal filter devices with Ultracel-100 membrane
(Millipore) and finally stored in PBS with 1% BSA and 0.01% sodium
azide.

Statistical analyses. Data are expressed as means � SEM and analyzed
by Microsoft Excel software. Differences between groups of mice in

quantitative immunoblot, sqRT-PCR, and immunohistochemical stain-
ing were examined with the Student’s t test. p values �0.001 were con-
sidered statistically highly significant.

Results
In this study, we used several different connexin mutated mice.
We decided to abbreviate the correct genetic designations for easier
readability. Instead of Cx43flox/flox:mGFAP–Cre/Cx32y/�, these mice
are named Cx43/Cx32dKOmGFAP mice. Cx43floxG138R/floxG138R:
Nestin–Cre/Cx30�/� mice in the text are termed Cx43ODDD mice,
and Cx43flox/flox:Nestin–Cre/Cx32y/� mice are named Cx43/
Cx32dKONestin. Conditional Cx43 (single) deficient mice are named

Figure 2. Formation of vacuoles in the corpus callosum and loss of fine myelinated
fibers in the cingulum of Cx43/Cx32dKO mGFAP mice. Immunohistochemical staining
against MPB was performed on brain slices of 30- and 90-d-old mice. In control mice on
P30 (A, C), the myelin looks normal. Fine myelinated fibers spread out from the corpus
callosum to the cortical layers. In Cx43/Cx32dKO mice, this pattern is disturbed (B, D). At
higher magnifications, the tightly organized structure built up by fine myelinated fibers of
the cingulum can be seen (C), whereas the organization is partially lost in Cx43/Cx32dKO
brain (D). When comparing 90-d-old controls (E, G, I ) with 90-d-old dKOs (F, H, J ), a
strong loss of myelinated fibers in the cingulum can be observed. In addition, there is a
formation of vacuoles in the corpus callosum (J ) of dKO animals. At higher magnification,
only some islets of myelinated fibers are left in the cingulum of dKOs (H ), whereas in
control mice, a robust myelination is maintained (G). Scale bars, 200 �m.

May et al. • Oligodendrocytic Cx47 Depends on Astrocytic Cx43 J. Neurosci., May 1, 2013 • 33(18):7985–7996 • 7987



Cx43cKO with the promoter of the Cre-
recombinase used in superscript.

Activated microglia and reactive gliosis
in Cx43/Cx32dKOmGFAP mice
To investigate the phenotype of the Cx43
and Cx32 double-deficient mice, we cross-
bred Cx43flox mice (Theis et al., 2001) with
Cx32KO mice (Nelles et al., 1996) and
mGFAP–Cre mice (Garcia et al., 2004).
mGFAP–Cre-driven deletion of the
Cx43flox allele resulted mostly in Cx43-
deficient astrocytes.

Our initial experiments addressed
the question whether there is any in-
flammation or reactive gliosis in the
CNS of Cx43/Cx32dKO mGFAP mice. We
immunohistochemically stained for Iba1
and GFAP. Iba1 is expressed by microglia,
the resident immune cells of the CNS. Un-
der normal conditions, these cells have a
small cell body and cover the whole brain
with their fine protrusions. During activa-
tion, microglial cells change their shape
toward macrophage-like morphology.
Normal microglial morphology can be
seen in Figure 1, A, C, E, and G, which
shows sections of control mouse forebrain
and cerebellum stained for Iba1 on P30
and P90. In contrast, highly activated mi-
croglia were present in corpus callosum
and cingulum of Cx43/Cx32dKO mGFAP

mice on P30 (Fig. 1B). Remarkably, acti-
vated microglia align with white matter
tracts and myelinated fibers in dKO mice.
However, we did not find microglial acti-
vation in cerebellum of 30-d-old dKO
mice (Fig. 1D). Because myelination in
the mouse brain mainly takes place between P10 and P60
(Baumann and Pham-Dinh, 2001), we chose P90 as the time
point of completed myelin development in our study. We found
persistent microglial activation on P90 in corpus callosum and cin-
gulum, although microglial activation appeared less focused on my-
elin tracts (Fig. 1F) compared with P30. In addition, microglial
activation was present in cerebellar white matter on P90 (Fig. 1H).

Astrogliosis is a natural reaction to any harm on the CNS,
e.g., inflammation, ischemia, or neurodegenerative diseases
(Sofroniew, 2009). To detect harmed tissue, we performed im-
munostainings against GFAP. Under normal conditions, only
some GFAP-positive astrocytes are located in the cortex, as
shown for P30 in Figure 1, I and K, as well as for P90 control mice
(Fig. 1M,O). Severe astrogliosis occurred in cingulum and cortex
of 30-d-old Cx43/Cx32dKO mGFAP mice (Fig. 1J), whereas GFAP
staining in the cerebellar sections did not reveal any signs of
astrogliosis (Fig. 1L). The intensity of the astrogliosis increased
during development and resulted in glial scar formation in the
cortex of dKO mice on P90 (Fig. 1N). Furthermore, reactive
astrocytes could also be detected in cerebellar white matter at this
time point (Fig. 1P).

The extent of microglial activation seems to peak during my-
elination, whereas astrogliosis shows a progressive course of
events.

Disturbed myelin maintenance in Cx43/Cx32dKOmGFAP mice
The Iba1 staining revealed that activated microglial cells were mainly
located at white matter tracts. To clarify whether myelin is affected
by these inflammatory responses, we performed immunohisto-
chemical stainings against MBP using 25 �m vibratome sections of
30- and 90-d-old mice. The cingulum as well as the fine fibers pro-
jecting from the cingulum to the cortex consistently expressed MBP
in control mice on P30 (Fig. 2A). In contrast, Cx43/Cx32dKOmGFAP

mice showed an irregular MBP expression pattern in the cortex (Fig.
2B). At higher magnifications, the strictly organized structure of the
fine myelinated fibers was visible in control mice (Fig. 2C), whereas
the staining in dKO mice looked patchy and revealed a partial loss of
MBP-positive fibers (Fig. 2D).

In the cortex of 90-d-old mice, MBP staining yielded the typical
pattern of fine fibers pervading the cortex (Fig. 2E). In contrast, MBP
staining in Cx43/Cx32dKOs revealed a mosaic pattern of myelinated
fibers and unstained tissue (Fig. 2F). Some remaining little islets of
myelinated fibers were visible at a higher magnification, whereas
most of the fine myelinated fibers were lost (Fig. 2H). Additionally,
vacuole formation was evident in the corpus callosum of Cx43/
Cx32dKOmGFAP (Fig. 2J) but not in control mice (Fig. 2I).

Oligodendrocyte population is decreased in the cingulum of
Cx43/Cx32dKOmGFAP mice
Next we evaluated oligodendrocyte numbers in demyelinated
cortical areas of Cx43/Cx32dKO mGFAP mice. We performed im-

Figure 3. Number of oligodendrocytes is decreased in cingulum of Cx43/Cx32dKO mGFAP mice. Olig2-positive cells have been
stained by immunohistochemistry in brain slices of 60-d-old mice. Normal number and distribution of Olig2-positive cells can be
seen in brain slices of WT animals (A), whereas there were less Olig2-positive cells in the cingulum of Cx43/Cx32dKO mice (B). For
better visualization, we provide higher magnifications of WT (E) and Cx43/Cx32dKO (F ) mice. To quantify the number of myeli-
nating oligodendrocytes, immunohistochemical staining against GST-� was performed on brain slices of 60-d-old mice. By
comparing WT mice (C, G) with Cx43/Cx32dKO mice (D, H ), a dramatic decrease of myelinating cells in the dKO animals becomes
obvious. The number of Olig2-positive cells per 202,500 �m 2 has been quantified for mice aged P30, P60, and P90 (I ), whereas the
number of GST-�-positive cells has only been quantified on P60 (J ). Scale bars: A–D, 200 �m; E–H, 100 �m. ***p � 0.001.
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munohistochemical stainings for two oligodendrocyte marker
proteins. First, we used antibodies to Olig2, which is expressed by
adult oligodendrocytes and oligodendrocyte precursor cells. We
quantified the number of Olig2-positive cells in an area of
202,500 �m 2 located above the cingulum (Fig. 3A,B, indicated
by the box). Olig2-positive cells were significantly decreased in
the cortex of 60-d-old Cx43/Cx32dKO mGFAP mice (Fig. 3F)
compared with control mice (Fig. 3E). Subsequently, we per-
formed immunostainings on brain sections of 30- and 90-d-old
mice. Quantification revealed that the number of Olig2-positive
cells in Cx43/Cx32dKOmGFAP mice (103 � 2; 4 mice; 25 areas quan-
tified) was decreased by 20% compared with control mice (129 � 2;
6 mice; 56 areas quantified) on P30. The number of Olig2-positive
cells in the cortex of Cx43/Cx32dKOmGFAP mice (68 � 3; 4 mice; 28
areas quantified) was further decreased by 60% in total compared
with control littermates on P60 (169 � 4; 3 mice; 20 areas quanti-
fied). Cx43/Cx32dKOmGFAP mice showed the most vigorous de-
crease by 76% in Olig2-positive cell numbers (51 � 2; 4 mice; 25
areas quantified) compared with control mice (212 � 4; 5 mice; 34
areas quantified) on P90. All differences were statistically highly sig-
nificant (p � 0.001).

To address the question whether the reduction in cell num-
bers is attributable to loss of early oligodendrocytes or loss of
myelinating oligodendrocytes, we performed immunohisto-
chemical staining for GST-�, a marker for myelinating cells. Im-
munostainings revealed a strong decrease in GST-�-positive cells
in Cx43/Cx32dKO mGFAP mice (Fig. 3D,H) compared with con-
trol mice (Fig. 3C,G). Quantification ascertained a decrease by
87% from control mice (129 � 6; 4 mice; 22 areas quantified) to
Cx43/Cx32dKO mGFAP mice (17 � 1; 5 mice; 36 areas quantified;
p � 0.001) showing that Cx43/Cx32 deficiency results in a strik-
ing loss of myelinating cells in the cortex of 60-d-old mice.

Generation and characterization of new polyclonal
Cx47 antibodies
To quantify the amount of Cx47 protein in the different trans-
genic connexin mouse mutants, we had to generate new Cx47
antibodies because commercially available Cx47 antibodies were
found to give a false-positive signal at �47 kDa in immunoblot
analyses of Cx47KO tissues. We used a synthetic peptide corre-
sponding to a Cx47 C-terminal region as well as a GST-fusion
protein carrying the whole Cx47 C terminus (amino acid residues
332– 436) as antigens. Both were independently used to immu-
nize rabbits. The newly generated antibodies were tested by
immunofluorescence and immunoblot analysis. GST-fusion
protein derived antibodies showed similar false-positive bands
just like commercially available Cx47 antibodies and therefore
were disposed. The peptide-derived antibodies were used for im-
munofluorescence analysis on wild-type (WT) mouse brain sec-
tions, in which we obtained a typical Cx47-staining pattern (Fig.
4A), whereas labeling of Cx47KO brain slices (Fig. 4B) showed no
signals at all. Furthermore, we verified the antibodies by immu-
nostainings of Cx47-expressing HeLa cells as a positive control
(Fig. 4C). Subsequently, we performed immunoblot analyses us-
ing cerebellar tissue lysates and HeLa control lysates (Fig. 4D).
The immunoblots showed a strong signal for Cx47 in lysates of
WT mice at 47 kDa, whereas no signal was detected in Cx47KO
lysates. The HeLa–Cx47 cell lysates, which were used as positive
control, yielded a signal at 47 kDa, whereas HeLa WT controls did
not give any immunosignal. GAPDH immunoblots were used as
loading controls, indicating that WT and Cx47KO cerebellum
contain similar amounts of protein. HeLa–Cx47 lysates showed

no signal for GAPDH because of the low amount of total protein
loaded to prevent superimposing of Cx47-positive signals.

Nestin–Cre mediated deletion of Cx43 and the effects on Cx47
protein expression
In a previous study, Lutz et al. (2009) reported that mGFAP–Cre-
mediated deletion of the floxed Cx43 allele resulted in an incom-
plete KO of Cx43 in the CNS. To investigate the extent of
remaining Cx43 expression in the forebrain, we performed im-
munofluorescence analyses, which revealed a nearly complete
loss of Cx43 in cortex, hippocampus, and corpus callosum,
whereas in the thalamus, many Cx43-positive signals remained
(see Fig. 9C,D). To achieve deletion of Cx43 in all astrocytes, we
crossbred Cx43flox mice with mice expressing the Cre recombi-
nase under control of the Nestin promoter (Tronche et al., 1999).
To verify the deletion efficacy of the Nestin promoter-driven Cre
recombinase, immunofluorescence analyses were performed as
shown in Figure 5. Anti-Cx43 immunostainings on WT brain
sections resulted in robust staining in all brain regions except for
white matter tracts including the corpus callosum, in which only
moderate staining was observed (Fig. 5A,E). After Cre-mediated
deletion, Cx43-positive signals were only found in meninges and
some large blood vessels, in which Cx43 is expressed in smooth
muscle cells (Little et al., 1995) (Fig. 5B,F). Our study shows that
Nestin–Cre-mediated deletion of Cx43 is more efficient than
mGFAP–Cre-mediated deletion and more reliable than hGFAP–
Cre-mediated deletion, which was used in previous studies
(Requardt et al., 2009).

Deletion of one glial connexin can influence the expression
pattern or levels of the other glial connexins. For example, dele-
tion of Cx47 leads to a relocalization and removal of Cx43, Cx30,
and Cx32 from astrocyte to oligodendrocyte GJ plaques (Li et al.,

Figure 4. Validation of newly generated Cx47 antibodies by immunofluorescence and im-
munoblot analysis. Immunofluorescence analysis using our newly generated rabbit polyclonal
Cx47 antibodies in the cingulum of WT (A) and Cx47-deficient (B) mouse brain slices. Cx47
signals are shown in red, and nuclear staining by Hoechst33258 is shown in blue. In addition,
anti-Cx47 reactivity was confirmed using Cx47-expressing HeLa cells (C). Immunoblot analyses
(D) using 50 �g of cerebellar tissue lysate show strong Cx47 expression in WT but no Cx47
expression in Cx47KO cerebellum. HeLa WT and HeLa–Cx47 cells were used as controls, whereas
GAPDH was used for standardization of immunoblots. Scale bars, 100 �m.
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Figure 5. Verification of Nestin–Cre-mediated Cx43 deletion and loss of Cx47 in Cx43-deficient brain sections. Immunostaining of Cx43 (green) in 25 �m brain slices of 60-d-old mice shows that
the Cx43 protein is abundantly expressed in the cortex (A) and thalamus (E) of control mice. After Nestin–Cre-mediated deletion, the exhaustive distribution of (Figure legend continues.)
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2008). Because GJ channels formed by Cx43 and Cx47 play a role
in panglial networks, we investigated whether Cx43 deletion af-
fects Cx47 expression pattern and level. Thus, we performed im-
munostainings for Cx47 using Cx43flox:Nestin–Cre mice and
Cx43flox mice as controls. Immunostainings on control mouse
brain slices showed strong signals for Cx47, especially in the cin-
gulum and the cortical area surrounding the cingulum (Fig. 5C)
as well as in the thalamus (Fig. 5G). Furthermore, double immu-
nostainings for CNPase and Cx47 were performed. Cx47-positive
immunosignals were located at the cell somata and at the pro-
cesses contiguous to the soma as described previously (Fig. 5 J,N)
(Li et al., 2004). Immunostainings in Cx43-deficient mice re-
vealed strong loss of Cx47-positive signals (Fig. 5R,V). CNPase
was used as oligodendrocyte marker. No differences in CNPase
staining intensities were found between control mice (Fig. 5K,O)
and Cx43cKO mice (Fig 5S,W).

Cx47 protein and mRNA levels after Cre-mediated deletion
of Cx43
In view of the fact that the occurrence of Cx47 immunosignals on
oligodendrocytes (presumed to represent gap junctional
plaques) was strongly decreased in Cx43-deficient mice, we per-
formed immunoblot analyses using newly generated Cx47 anti-
bodies. Surprisingly, the banding pattern showed three specific

bands for Cx47 in control lysates, whereas
no signal was detected in Cx47KO lysates
(Fig. 6A). Because certain connexin iso-
forms may be phosphorylated (for review,
see Johnstone et al., 2012), we performed
a dephosphorylation assay using � protein
phosphatase (�PP). After dephosphoryla-
tion of WT lysates, the immunoblots
showed an altered banding pattern for
Cx47 (Fig. 6C). We conclude that the
Cx47 protein is phosphorylated in vivo
and shows two phosphorylated forms in
immunoblot analyses.

Next, we determined whether the loss
of Cx47 immunosignals is accompanied
by changes in the Cx47 protein levels in
mice deficient for astrocytic Cx43. We
performed immunoblot analyses com-
paring WT and Cx43cKO Nestin cerebellar
lysates of 60-d-old mice. As shown in
Figure 6B, the protein levels in Cx43-
deficient mice were strongly reduced.
Quantitative immunoblot analysis of
cerebellar lysates and subsequent Stu-
dent’s t test analysis revealed that Cx47
levels were significantly ( p � 0.001; n �
4 for each genotype) reduced to 6% in
Cx43cKO Nestin mice (Fig. 6D). Further-

more, the banding pattern of Cx47 was changed in Cx43-
deficient mice. The typical banding pattern for Cx43cKO Nestin

mice is illustrated in Figure 6B, showing only the lower band
for Cx47. Loss of Cx43 leads to an altered Cx47 phosphoryla-
tion and protein amount in the cerebellum.

Cx47 immunosignals were unexpectedly lost and oligoden-
drocytic Cx47 protein level was strongly decreased after Cre-
mediated deletion of astrocytic Cx43. To evaluate Cx47 mRNA
expression levels, we performed sqRT-PCR analysis with RNA
obtained from cerebella of 60-d-old mice. Expression levels were
normalized to Cx47 levels in cerebellum of Cx43flox mice, and
�-actin expression levels were used as internal standard.
Cx43cKO mGFAP mice (1.15 � 0.11; n � 3) showed no significant
difference from control mice (1 � 0.08; n � 3) (Fig. 6E). Speci-
ficity of the sqRT-PCR analysis was verified using RNA obtained
from Cx47KO cerebellum as negative control.

Our results indicate that Cx47 immunosignals and protein
levels are significantly decreased independent of mRNA expres-
sion levels in mice deficient for astrocytic Cx43. This suggests a
posttranslational mechanism regulating the level of oligodendro-
cytic Cx47 protein via its dependence on Cx43 expression in con-
tacting astrocytes.

Cx47 immunosignals and protein phosphorylation depend on
the presence of Cx43 but not its GJ channel function
Oligodendrocytic Cx47 immunosignals and phosphorylation
were impaired after Cre-mediated deletion of astrocytic Cx43.
For the following experiments, we used Cx43floxG138R:Nestin–
Cre/Cx30KO mice (Cx43 ODDD) to assess whether the presence of
the Cx43 protein in the plasma membrane is sufficient to main-
tain Cx47 protein expression, phosphorylation, and plaque
formation or whether Cx47 immunosignals and protein phos-
phorylation depend on functional GJ channels. It had been
shown that Cx43G138R GJ channels are not functional
(Dobrowolski et al., 2007) and Cx30KO leads to loss of Cx26 in

4

(Figure legend continued.) Cx43-positive immunosignals is lost (B, F). The remaining Cx43-
positive signals are located in the meninges and endothelium of blood vessels. Immunostaining
of Cx47 (red) in control mice shows prominent signals in cingulum/corpus callosum (C) and
thalamus (G). Nestin–Cre-mediated deletion of Cx43 results in strong loss of Cx47-positive
signals in all CNS areas tested (D, H). For better visualization of Cx47 immunosignals, immuno-
fluorescence analyses of higher magnification were performed. Typical somatic Cx47 localiza-
tion can be seen in brainstem slices obtained from WT mice (J, N), whereas a strong decrease in
Cx47 immunosignals could be observed in Cx43cKO mice (R, V). Additionally, nuclear staining (I,
M, Q, U) and staining for CNPase (K, O, S, W), an oligodendrocyte and myelin marker, were
performed. Merged stainings of nuclei, Cx47, and CNPase (L, P, T, X). Scale bars, 100 �m.

Figure 6. Immunoblots showing Cx47 expression in control animals, dephosphorylation assay, and Cx47 expression in
Cx43cKO Nestin mice as well as quantification of protein decrease and mRNA levels. Immunoblot analyses were performed with
cerebellar protein lysates obtained from 60-d-old control mice, Cx43cKO Nestin mice, and Cx47KO mice. Using our newly generated
Cx47 antibodies, we found that there are three distinct specific bands detectable for Cx47 in control mice, whereas there are no
bands for Cx47 in Cx47KO mouse lysates (A). Interestingly, in Cx43cKO Nestin mice relative to control mice, there is only one band
instead of three bands for Cx47 and the total amount of Cx47 is decreased (B). The household protein GAPDH was used as a loading
control. Dephosphorylation assays were performed using 50 �g of crude WT protein lysate. After dephosphorylation by �PP, the
Cx47 banding pattern changes and only the lowest band corresponding to 47 kDa remained on the immunoblot (C). Quantification
of decreased Cx47 protein in Cx43cKO Nestin mice resulted in a reduction by 94% compared with control mice (D). Cerebellar RNA
was used for sqRT-PCR analyses, which revealed no alterations in Cx47 mRNA expression between Cx43cKO mGFAP mice and control
mice (E). ***p � 0.001.
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astrocytes (Lynn et al., 2011). As a result, the astrocytes in the
Cx43floxG138R:Nestin–Cre/Cx30KO mice only express the
nonfunctional Cx43G138R. Thus these mice represent a useful
biological tool for our study. First, we performed immunofluo-
rescence analyses to check whether Cx43 is normally expressed in
the brain of these mice. The expression pattern of the mutated
Cx43G138R in the cingulum of mouse brain (Fig. 7A) is similar to
Cx43 in WT mice. Subsequently, immunostainings for Cx47
were performed. Cx47 immunosignals were normally distributed
in sections of the CNS, e.g., in the cingulum (Fig. 7B), in which
Cx47-positive puncta were mainly localized at somata as ex-
pected. Furthermore, immunoblot analyses using cerebellar tis-
sue lysates of these mice were performed. We confirmed previous
findings that Cx43G138R is not phosphorylated in vivo. Cx47
phosphorylation pattern in immunoblots (Fig. 7C) was similar to
WT controls. We conclude that the Cx43 GJ channel function is
not necessary for Cx47 protein stability and phosphorylation.

Maintained myelination and lack of microglial activation in
Cx43G138R/Cx30KO mice
In Cx43G138R/Cx30KO mice astrocytes should be completely
uncoupled from each other as well as from oligodendrocytes,
whereas oligodendrocytes should remain coupled among each
other by Cx32 and Cx47. We performed immunostainings for
GFAP, Iba1, Olig2, and MBP to clarify whether uncoupling of
astrocytes results in inflammation or dismyelination. Immunos-
tainings for MBP revealed no obvious deficits regarding myelin
maintenance (Fig. 8A) in 50-d-old mice.
Subsequent analysis of microglial cells by
Iba1 immunostainings showed no inflam-
matory responses (Fig. 8B) in contrast to
Cx43/Cx32dKO mGFAP mice (Fig. 1B). Mi-
croglial cells showed the normal ramified
morphology in cingulum (Fig. 8B, inset).
Interestingly, strong vacuolization of
white matter tracts was visible in sections
stained for MBP or Iba1 expression (Fig.
8A,B). Immunostainings for GFAP re-
vealed astrogliosis in the cortex (Fig. 8D)
and cerebellum (Fig. 8F, arrows) of
Cx43G138R/Cx30KO mice. Distribution
and number of Olig2-positive cells in the
forebrain of Cx43G138R/Cx30KO mice
was normal, as shown by Olig2 immuno-
histochemical analyses (Fig. 8G,H). Loss
of A:A and A:O coupling resulted in severe
vacuole formation in white matter tracts
as well as astrogliosis in the CNS of
Cx43G138R/Cx30KO mice.

Phenotypical alterations in
Cx43/Cx32dKONestin mice are more
extensive compared with
Cx43/Cx32dKOmGFAP mice
Phenotypic alterations in Cx43/Cx32dKO mGFAP mice were
mainly restricted to the cingulum, the cortex, and the corpus
callosum (Fig. 1). Immunostainings for GFAP in sections of con-
trol mice (Fig. 9A) as well as Cx43/Cx32dKO mGFAP mice (Fig. 9B)
yielded only sparse GFAP-positive astrocytes in the thalamus.
The regional restriction of the phenotypic alterations might re-
sult from an incomplete deletion of Cx43 (Fig. 9C,D) in the thal-
amus of Cx43/Cx32dKO mGFAP mice. Thus, we generated Cx43/
Cx32dKO Nestin mice to achieve complete deletion of astrocytic

Cx43. GFAP immunostainings revealed strong astrogliosis in
the cortex of Cx43/Cx32dKO Nestin mice (Fig. 9F) compared with
control mice (Fig. 9E), similar to Cx43/Cx32dKO mGFAP mice. In
addition, we detected strong astrogliosis in the thalamus of Cx43/
Cx32dKO Nestin mice (Fig. 9H) in contrast to control mice (Fig.
9G). Additional immunohistochemical analyses of Iba1 (Fig.
9I–L) and MBP (Fig. 9M–P) showed activated microglial cells
and mild changes in myelination in the thalamus in addition to
the severe phenotypical alterations in the cortex. Together, the
Cx43/Cx32dKO Nestin mice revealed similar phenotypical alter-

Figure 7. Cx43 and Cx47 expression and phosphorylation in Cx43floxG138R/Cx30KO Nes-
tin–Cre mice. Immunostainings for Cx43G138R (A; green) and Cx47 (B; red) were performed on
25 �m brain slices of 50-d-old Cx43 ODDD mice. Both connexins are expressed at the cingulum of
Cx43 ODDD mice. Immunoblot analysis (C) shows that Cx43G138R is not phosphorylated. Similar
to WT (Fig. 3), Cx47 protein is phosphorylated in Cx43 ODDD mice. Fifty micrograms of protein per
lane were loaded onto the SDS-gel. Tubulin was used as loading control. Scale bar, 100 �m.

Figure 8. Myelin, microglia, astrocytes and oligodendrocytes in Cx43 ODDD mice. Immunostainings on brain slices of 50-d-old
mice show normal myelination (A) and non-activated microglial cells (B). Strong astrogliosis is visible in cortex and cerebellum
(arrows) of Cx43 ODDD mice (D, F) compared with control mice (C, E). Normal distribution of Olig2-positive oligodendrocytes in
cingulum and cortex of Cx43 ODDD mice (H) compared with controls (G). Vacuoles are mostly found in white matter regions across
the brain of Cx43 ODDD mice (A, B, D, F, H). Scale bars, 100 �m.
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ations as the Cx43/Cx32dKO mGFAP mice, but in the CNS of
Cx43/Cx32dKO Nestin mice, additional subcortical brain regions
were affected.

Discussion
The common model of panglial networks is based on cell culture
experiments, which revealed functional and nonfunctional com-
binations of glial connexins (Orthmann-Murphy et al., 2007;
Magnotti et al., 2011a). In WT mice, Cx30 and Cx43 GJ channels
allow for A:A coupling, and O:O coupling is maintained by Cx32
and Cx47 GJ channels. Furthermore, A:O coupling may be me-
diated by Cx30:Cx32, Cx30:Cx47, and Cx43:Cx47 heterotypic
GJs (Fig. 10A). Impaired panglial coupling attributable to dKO of
astrocytic connexins (Wallraff et al., 2006; Lutz et al., 2009), oli-
godendrocytic connexins (Menichella et al., 2003; Odermatt et
al., 2003), or Cx30/Cx47 double deficiency (Tress et al., 2012)
results in severe phenotypical alterations. Recently, astrocyte loss,
white matter vacuolization, and early death at �16 weeks of age
were reported for mice deficient in Cx43 and Cx32, but the un-
derlying mechanism remained elusive (Magnotti et al., 2011b).

The strong phenotypic abnormalities in Cx43/Cx32dKO mice are
surprising because panglial networks should still be formed ac-
cording to previous studies (Orthmann-Murphy et al., 2007;
Magnotti et al., 2011a). Thus, A:A coupling should be maintained
by Cx30, O:O coupling should be maintained by Cx47, and A:O
coupling should be maintained by Cx30:Cx47 (Fig. 10B) hetero-
typic channels.

To clarify the mechanism causing the surprisingly strong phe-
notype, we generated Cx43/Cx32dKO mice in our laboratory.
Although Cx43/Cx32dKO mGFAP mice showed strong phenotypic
abnormalities, the mGFAP–Cre-driven deletion of Cx43 re-
mained incomplete among astrocytes. The regional deletion of
Cx43 correlates to the GFAP expression pattern in mice, but not
all astrocytes express GFAP. To achieve a complete KO of astro-
cytic Cx43, we used Nestin–Cre mice, which express Cre in the
entire CNS under control of the rat Nestin promoter (Tronche et
al., 1999). Nestin–Cre-driven deletion resulted in complete as-
trocytic Cx43 deficiency, whereas Cx43 immunosignals re-
mained in meninges and large blood vessels. Although the Nestin

Figure 9. Immunohistochemical analyses of Cx43/Cx32dKO Nestin mice and comparison with Cx43/Cx32dKO mGFAP mice. Immunohistochemical staining for GFAP on brain slices of 60-d-old
Cx43/Cx32dKO mGFAP mice revealed normal distribution of GFAP-positive astrocytes in the thalamus (A, B). mGFAP–Cre-driven deletion of Cx43 is incomplete; immunostainings for Cx43 show
several Cx43-positive puncta remaining in the thalamus of Cx43/Cx32dKO mGFAP mice (C, D). Analyses of the phenotypic alterations in Cx43/Cx32dKO Nestin mice were performed by immunohisto-
chemical stainings for GFAP, Iba1, and MBP on brain slices of 60-d-old-mice. Control mice exhibit normal distribution of GFAP-positive astrocytes in the cortex (E) and thalamus (G), whereas
Cx43/Cx32dKO Nestin mice suffer from strong astrogliosis in the cortex (F) and thalamus (H). This is in contrast to Cx43/Cx32dKO mGFAP mice, which show no astrogliosis in the thalamus. Control mice
show normal morphology of microglial cells (I, K), but in Cx43/Cx32dKO Nestin mice, microglial cells are activated throughout myelinated areas (J, L). Myelin staining shows strong loss of fine
myelinated fibers in the cortex of Cx43/Cx32dKO Nestin mice (N) compared with controls (M). In the thalamus, the myelin appears less dense in Cx43/Cx32dKO Nestin mice (P) compared with controls
(O). Scale bars, 100 �m.
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promoter is active in neural precursor cells and Cx43 expression
in radial glia has been shown to be important for neuronal pre-
cursor migration (Elias et al., 2007), Nestin–Cre-mediated Cx43
deficiency did not result in obvious migration defects or any
phenotypic abnormalities. Our data provide new insights into the
extent of Nestin- and mGFAP-driven Cre-mediated deletion in
the brain, which should be considered in future studies.

The dKO of Cx43 and Cx32 resulted in strong microglial ac-
tivation, astrogliosis, and loss of myelin in the forebrain, whereas
the cerebellum was moderately affected in adult mice. Further-
more, we found a strong decrease in the number of oligodendro-
cytes, especially myelinating oligodendrocytes, in the cingulum
of the Cx43/Cx32dKO mGFAP mice in accordance with glial scar
formation and most vigorous inflammation. Thus, we hypothesize
that loss of oligodendrocytes may be a result of an inflammatory
process attributable to a disturbed oligodendrocyte physiology. We
carried out TUNEL assays to identify apoptotic cells, but no differ-
ences between Cx43/Cx32dKOmGFAP mice and controls were de-
tected (data not shown). Our results suggest that activated microglia
are involved in oligodendrocyte loss by internalization of ei-
ther damaged oligodendrocytes or cell debris resulting from
oligodendrocyte necrosis.

Surprisingly, immunostainings revealed loss of Cx47 immu-
nosignals in Cx43-deficient brain sections, suggesting depen-
dency of oligodendrocytic Cx47 GJ channel stability on astrocytic
Cx43 expression. Loss of Cx43 effects the expression of several
astrocytic genes in cell culture experiments (Iacobas et al., 2003).
Transcellular gene regulation of Cx47 in oligodendrocytes after
loss of Cx43 in astrocytes cannot be excluded but appears un-
likely. Accordingly, we found unchanged Cx47 mRNA levels, in-
dicating posttranslational regulation of Cx47 protein levels in
Cx43-deficient mice. By �PP assays, we identified the absence of
Cx47 protein phosphorylation in cerebellar lysates obtained from
Cx43-deficient mice. Our results confirm a filter-assisted sample
preparation method-based brain phosphoproteome study that
showed that Cx47 is phosphorylated in vivo (Wiśniewski et al.,
2010). Furthermore, we found that in vivo phosphorylation of
Cx47 is dependent on Cx43 expression in contacting astrocytes.

To clarify whether functional Cx43 channels are necessary for
phosphorylation and stabilization of Cx47 or whether the mere
presence of Cx43 protein is sufficient for Cx47 GJ plaque forma-
tion, we used Cx43G138R/Cx30KO mice. The mutated
Cx43G138R is transported to the plasma membrane, but the pre-
sumably formed GJ channels are not functional (Dobrowolski et
al., 2007). Immunofluorescence and immunoblot analyses
showed that Cx47 is normally expressed and phosphorylated in
Cx43G138R/Cx30KO mice. Therefore, Cx47 phosphorylation is
dependent on the presence of the Cx43 protein in the membrane
regardless of Cx43 GJ channel function. We hypothesize that
direct interaction after docking of an astrocytic Cx43 connexon
to an oligodendrocytic Cx47 connexon leads to a conformational
change in the C-terminal region of Cx47, allowing access for
kinase(s). This phosphorylation may then stabilize the Cx47 pro-
tein, and the Cx43/Cx47 heterotypic channels remain in the
plasma membrane (Fig. 10D). The formation of homotypic Cx47
channels, whose importance for O:O coupling has been discussed

Figure 10. Scheme of panglial network coupling (A) and hypothetical model for Cx47
stabilization by docking to Cx43 hemichannels (B). A, In WT mice, A:A coupling is estab-
lished by homotypic Cx30 and Cx43 channels, whereas O:O coupling is maintained by
homotypic Cx32 and Cx47 channels. For the coupling of astrocytes to oligodendrocytes,
three possible heterotypic connexin channels can be formed: Cx30:Cx32, Cx30:Cx47, and
Cx43:Cx47. B, The previous notion for mice lacking Cx43 and Cx32 considered Cx30:Cx47
heterotypic channels for coupling between astrocytes and oligodendrocytes, whereas A:A
coupling could be maintained by Cx30 and O:O coupling could be maintained by Cx47. C,
Based on our new results, connexin expression pattern in Cx43/Cx32dKO mice differs from
the previous notion. Because of the loss of Cx47, A:O and O:O coupling should not be
possible. Only A:A coupling should occur via Cx30 channels. D, In WT mice, Cx47 is trans-
ported as well as integrated into the plasma membrane and can dock to Cx43. This may
induce a conformational change that allows phosphorylation (inset) at the C terminus and
may stabilize the protein. Internalization and degradation may take place at the normal
rate. In mice lacking Cx43 in astrocytes, Cx47 is presumably also transported and integrated

4

into the membrane, but no Cx43 hemichannels are present as docking partner. Therefore, a
conformational change is not induced and phosphorylation sites cannot be accessed by ki-
nase(s). Cx47 protein is not stabilized (inset), presumably resulting in higher internalization and
protein degradation.
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previously (Maglione et al., 2010; Wasseff and Scherer, 2011),
may not be covered by this model. We could not identify strong
Cx47-positive immunosignals in brain slices of Cx43cKO mice,
which corresponds to the strong reduction of protein levels ob-
served by immunoblot analyses. However, we cannot exclude
that the remaining amount of Cx47, which may not be detected
by immunofluorescence analysis, may still form homotypic O:O
GJs. Nevertheless, in Cx43/Cx32dKO mice, these low amounts of
Cx47 cannot prevent the occurrence of phenotypical alterations.
The role and the formation of homotypic Cx47 O:O GJs in the
brain needs to be further clarified in the future.

The unexpected impact of Cx43 on phosphorylation and sta-
bility of Cx47 dramatically changes the coupling situation in the
Cx43/Cx32dKO mice, in which remaining Cx30 channels only
provide A:A coupling whereas A:O and O:O coupling are inter-
rupted (Fig. 10C). This results in the phenotypic abnormalities of
the Cx43/Cx32dKO mice described here, which are similar to
the phenotype of Cx32/Cx47dKO mice published previously
(Menichella et al., 2003; Odermatt et al., 2003). The lack in early
mortality as described for Cx32/Cx47 dKO mice in Cx43/
Cx32dKO mGFAP mice could be attributable to incomplete dele-
tion of Cx43 and subsequently Cx47. Inflammation in the Cx43/
Cx32dKO mGFAP mice was restricted to GFAP-positive areas,
whereas thalamus, brainstem, and deep cerebellar white matter of
the cerebellum were not affected in accordance with the incom-
plete deletion of Cx43. The phenotypic alterations observed by
Magnotti et al. (2011b) are partly consistent with our results,
although we did not observe astrocyte loss and early mortality in
the mGFAP–Cre:Cx43/Cx32dKO mice. Differences in the ob-
served phenotypical alterations may be based on the different Cre
recombinases used. Magnotti et al. (2011b) used the hGFAP–Cre
recombinase, driven by the human GFAP promoter, which is
active from embryonic day 12.5 onward, and may have a different
onset and pattern of expression than the mouse GFAP–Cre re-
combinase (Zhuo et al., 2001; Garcia et al., 2004).

The complete deletion of astrocytic Cx43 in Cx43/
Cx32dKO Nestin mice resulted in astrogliosis and inflammation in
all regions in which myelinating oligodendrocytes were located.
In addition, progressive demyelination was taking place in the
whole cortex, and the myelin in the thalamus appeared to be less
dense. We could not record early mortality because all mice were
used for experiments.

Based on the newly identified dependence of Cx47 on the
presence of Cx43 protein, results of several previous studies have
to be readdressed. Lutz et al. (2009) also used Cx43flox:mGFAP–
Cre mice and claimed that loss of the astrocytic connexins leads to
a structural phenotype in astrocytes and oligodendrocytes. Here,
we show that mGFAP–Cre:Cx43 fl/fl mice are essentially deficient
in Cx47 protein. Therefore, it is likely that loss of A:O and addi-
tionally decreased O:O coupling contributes to the phenotypical
alterations observed in mGFAP–Cre:Cx43 fl/fl/Cx30�/� mice.

Cx43G138R/Cx30KO mice show Cx47 expression similar to
WT levels, but lack of A:A and A:O coupling makes them a useful
tool to study the impact of A:O coupling on myelination and
oligodendrocyte survival. We observed a great number of vacu-
oles located in CNS white matter tracts accompanied by strong
astrogliosis. Surprisingly, there were no signs for microglial acti-
vation and myelination appeared unaffected, including the fine
myelinated fibers in the cingulum. Therefore, we hypothesize
that A:O coupling is not necessary for myelination and oligoden-
drocyte survival in the presence of Cx32- and Cx47-mediated
O:O coupling. Conversely, vacuoles are caused by loss of A:A and
A:O coupling, possibly by insufficient potassium buffering ca-

pacity. As a consequence, we assume that O:O coupling is suffi-
cient for myelin formation and maintenance under normal
physiological conditions. However, after loss of Cx47 function,
A:O coupling becomes essential for the myelin maintenance as
shown by Tress et al. 2012.

Taken together, we showed that Cx43 is essential for the sta-
bilization and phosphorylation of Cx47 in vivo. Because Cx43 is
expressed in astrocytes and Cx47 is expressed by oligodendro-
cytes, this is a so far unknown regulation of connexins from one
cell type to another. Based on this finding, we further clarified
that phenotypic abnormalities of Cx43/Cx32 double-deficient
mice are caused by the loss of oligodendrocytic connexins Cx32
and Cx47. Thus, our results provide new insights into the com-
plexity of panglial networks and the regulation of connexins
involved.
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Deutsch U, Pohl U, Willecke K (2001) Endothelium-specific replace-
ment of the connexin43 coding region by a lacZ reporter gene. Genesis
29:1–13. CrossRef Medline

Theis M, Jauch R, Zhuo L, Speidel D, Wallraff A, Döring B, Frisch C, Söhl G,
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Wallraff A, Köhling R, Heinemann U, Theis M, Willecke K, Steinhäuser C
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