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Deletion of Astrocyte Connexins 43 and 30 Leads to a
Dysmyelinating Phenotype and Hippocampal CA1
Vacuolation
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Astrocytes are coupled via gap junctions (GJs) comprising connexin 43 (Cx43) (Gja1) and Cx30 (Gjb6), which facilitate intercellular
exchange of ions. Astrocyte connexins also form heterotypic GJs with oligodendrocytic somata and lamellae. Loss of oligodendrocyte gap
junctions results in oligodendrocyte and myelin pathology. However, whether loss of astrocyte GJs affects oligodendrocytes and myelin
is not known. To address this question, mice with astrocyte-targeted deletion of Cx43 and global loss of Cx30 [double knock-out (dKO)]
were studied using Western blotting, immunohistochemistry, electron microscopy, and functional assays. Commencing around postna-
tal day 23 and persisting into old age, we found widespread pathology of white matter tracts comprising vacuolated oligodendrocytes and
intramyelinic edema. In contrast, gray matter pathology was restricted to the CA1 region of the hippocampus, and consisted of edematous
astrocytes. No differences were observed in synaptic density or total NeuN � cells in the hippocampus, or olig2 � cells in the corpus
callosum. However, in dKO mice, fewer CC1-positive mature oligodendrocytes were detected, and Western blotting indicated reduced
myelin basic protein. Pathology was not noted in mice expressing a single allele of either Cx43 or Cx30. When compared with single
connexin knock-outs, dKO mice were impaired in sensorimotor (rotarod, balance beam assays) and spatial memory tasks (object
recognition assays). We conclude that loss of astrocytic GJs can result in white matter pathology that has functional consequences.

Introduction
Gap junctions (GJs) allow the intercellular exchange of ions and
small molecules and facilitate signaling important in the mainte-
nance of brain homeostasis. Cells of the astrocytic lineage express
the GJ proteins connexin 30 (Cx30) and Cx43, whereas oligoden-
drocytes express Cx47, Cx32, and Cx29 (for review, see Dermiet-
zel et al., 2000; Nagy et al., 2004; Theis et al., 2005). The formation
of heterotypic GJs between astrocytes and oligodendrocytic so-
mata and lamellae (Kamasawa et al., 2005; Orthmann-Murphy et
al., 2007b) has led to the suggestion that GJ connectivity forms
the molecular basis for a panglial syncytium important in supply-
ing glucose to neurons (Rouach et al., 2008), and in redistributing
potassium (K�) released into the periaxonal compartment after
neuronal activity (Kettenmann and Ransom, 1988; Newman,
1995; Wallraff et al., 2006). Indeed, ablation of oligodendrocyte
GJs (Sutor et al., 2000; Menichella et al., 2003; Odermatt et al.,
2003) and/or the potassium channel Kir4.1 (Neusch et al., 2001;

Menichella et al., 2006; Djukic et al., 2007) causes vacuolation of
myelin.

The syncytium becomes disrupted by neuroinflammatory
conditions that alter connexin expression. For example, Cx43 is
downregulated in astrocytes in response to interleukin-1 (John et
al., 1999; Duffy et al., 2000) or the double-stranded RNA ho-
molog polyI:C (Zhao et al., 2006), as well as in an animal model of
multiple sclerosis (MS) (Brand-Schieber et al., 2005; Roscoe et al.,
2007). However, how loss of astrocyte GJs might affect myelin
and oligodendrocytes is not known.

The astrocyte-targeted Cx43 knock-out mouse (Theis et al.,
2003) has enhanced stroke volume after middle cerebral artery
occlusion (Nakase et al., 2004), accelerated spreading depression,
and motor impairments (Theis et al., 2003; Frisch et al., 2003).
The remaining astrocyte:astrocyte coupling was abolished after
crosses with a mouse deficient in the other major astrocyte con-
nexin, Cx30 (Wallraff et al., 2006). These double knock-out
(dKO) mice have elevated hippocampal [K�]out in response to
neuronal activity, slower decay of [K�]out (even when normal-
ized for larger initial [K�]out), a decreased threshold for epilep-
tiform events (Wallraff et al., 2006), and display more severe
pathology in ischemia/reperfusion paradigms (Lin et al., 2008).
Together, these data indicate that astrocyte connexins play an
important role in maintaining ion homeostasis and minimizing
damage in the CNS.

In this study, we tested the effects of loss of astrocyte GJs on
myelin and oligodendrocytes in Cx43fl/fl Cx30�/� mice (Theis et
al., 2003; Teubner et al., 2003) expressing Cre under the murine
GFAP promoter (Garcia et al., 2004). Our findings revealed
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marked glial edema in nonmyelinated tis-
sues that was restricted to the CA1 region
of the hippocampus, and widespread
edema and vacuolation of oligodendro-
cytes and astrocytes in myelinated tissues
of the brain and spinal cord. Expression of
one allele of either Cx43 or Cx30 was suf-
ficient to protect against these aberrations.

Materials and Methods
Animals. mGFAP-Cre Cx43fl/fl Cx30�/� [dou-
ble knock-out (dKO)] mice were obtained by
breeding mGFAP-Cre mice (backcrossed to
C57BL/6 background for 9 generations) with
Cx43fl/fl (Gja1) Cx30�/� (Gjb6 ) mice (back-
crossed for 9 generations) resulting in deletion
of Cx43 in cells of the astrocytic lineage and
global deletion of Cx30. Mice expressing Cre
under a promoter cassette containing the full
murine GFAP gene sequence were used to en-
hance specificity of transgenic targeting to
GFAP expressing cells (line 73.12, a gift from
Dr. Michael Sofroniew; Garcia et al., 2004;
Herrmann et al., 2008). Cx43fl/fl Cx30�/� mice
were a gift from Dr. Klaus Willecke (Theis et al.,
2003; Teubner et al., 2003).

Appropriate deletion of Cx43 and Cx30 in
the adult CNS was determined using Western
blotting, immunostaining, and quantitative
PCR (supplemental Fig. S1, available at www.
jneurosci.org as supplemental material, and
data not shown). Supplemental Table 1, avail-
able at www.jneurosci.org as supplemental ma-
terial, lists the examined genotypes. Homozy-
gous floxed animals in the absence of Cre have
�75% reduced Cx43 expression compared
with Cx43�/� mice (supplemental Fig. S1 A,
available at www.jneurosci.org as supplemental
material). Therefore, we used two control pop-
ulations: mGFAP-Cre and Cx43fl/fl Cx30�/�.
Expression of the GJ protein Cx26, detected in
astrocytes by some groups (Nagy et al., 2001),
was unchanged (supplemental Fig. S1, available
at www.jneurosci.org as supplemental material,
and data not shown).

Mice were allowed ad libitum food and water in an SPF facility. Pro-
tocols designed to minimize discomfort were approved by the IACUC of
Albert Einstein College of Medicine. Tail DNA was isolated using Qiagen
DNeasy columns. Genotyping for Cx30 was performed using the follow-
ing primers: 5� GGT ACC TTC TAC TAA TTA GCT TGG; 5� AGG TGG
TAC CCA TTG TAG AGG AAG; 5� AGC GAG TAA CAA CCC GTC
GGA TTC; transgenic band 460 bp, WT band 544 bp. Primers for Cx43
were: 5� GGC ATA CAG ACC CTT GGA CTC C; 5� TCA CCC CAA GCT
GAC TCA ACC G; transgenic band 650 bp, WT band 500 bp. Primers for
Cre were: 5� ACC AGC CAG CTA TCA ACT C; 5� TAT ACG CGT GCT
AGC GAA GAT CTC CAT CTT CCA GCA G; 350 bp.

Tissue collection. Anesthetized animals were transcardially perfused
with PBS. Spinal cords were removed by insufflation and cut into cervi-
cal, thoracic and lumbar segments. For immunohistochemistry, tissue
was fixed overnight in 4% paraformaldehyde. For Western blotting, ce-
rebrum, hippocampus, cerebellum (brainstem removed), and cervical
spinal cord were sonicated on ice in lysis buffer (50 mM HEPES, 250 mM

NaCl, 0.1% Triton X-100, Protease Inhibitor Cocktail (Roche), 5 mM

EDTA, 5 mM NaF, 1 mM Na3VO4, 5 mM Na4P2O7, 1 mM PMSF) and
stored at �20°C.

Western blotting. Protein samples were separated on 10% or 4 –15%
SDS-polyacrylamide gels (Mini-PROTEAN; Bio-Rad) and transferred
onto polyvinylidene difluoride membranes (Millipore). After blocking in

5% milk/TBS/0.05% Tween 20, membranes were incubated with anti-
body overnight at 4°C, followed by HRP-coupled secondary (Pierce) and
enhanced chemiluminescence (SuperSignal West Pico Chemilumines-
cent Substrate, Pierce) on light-sensitive film (Biomax L; Sigma). Blots
were quantified using ImageJ (NIH). Protein was normalized to
�-tubulin or to total protein on the membrane using 0.05% Coomassie
Brilliant Blue.

Immunohistochemistry. Five micrometer paraffin sections were rehy-
drated and antigen retrieval was performed in sodium citrate buffer
heated to 100°C for 25 min. Representative sections were stained with
hematoxylin and eosin (H&E). For bright-field immunohistochemistry
using paraffin or 50 �m vibratome sections, endogenous peroxidase was
quenched using 3% H2O2 for 30 min. Nonspecific binding was blocked
with 2.5% horse serum. Sections were incubated with primary antibody
in PBS for 1 h at 22°C, incubated with ImmPRESS anti-mouse or anti-
rabbit Ig (Vector Laboratories), developed with diaminobenzidine (Vec-
tor Laboratories), counterstained with hematoxylin or toluidine blue,
dehydrated, cleared, and mounted in Permount. Sections were examined
using a Leica microscope with an attached Olympus DP12 camera. Pixel
density was measured with ImageJ.

For fluorescence immunohistochemistry, sections were blocked in
10% donkey serum for 1 h before incubation with primary antibody in
5% serum/PBS overnight at 4°C followed by Alexa-conjugated secondary

Figure 1. Gray and white matter pathology in H&E-stained sagittal brain sections of 6-month-old dKO mice. A–C, Low-power
views of mGFAP-Cre (A), Cx43del Cx30�/� (B), and dKO (C) mice show vacuolation in the corpus callosum and CA1 region of
hippocampus in dKO mice only. D, E, High-power views of CA1 in mGFAP-Cre and dKO mice. F, Percentage area white space in CA1
is significantly greater ( p � 0.01) in dKO compared with either Cx43del Cx30�/� or mGFAP-Cre mice. G–I, Low-power views of
cerebellum in the same animals as above show vacuolation in cerebellar white matter in dKO mice. J, K, High-power views of
cerebellar white matter from mGFAP-Cre and dKO mice. L, Percentage area of white space in deep cerebellar white matter is
significantly greater ( p �0.05) in dKO compared with either Cx43del Cx30�/� or mGFAP-Cre mice. Scale bars are 100 and 10 �m,
respectively, for low- and high-power figures.
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antibodies (Invitrogen) for 1.5 h at 22°C and 4�,6�-diamidino-2-
phenylindole (DAPI) to visualize nuclei (Invitrogen). Sections were
mounted using Prolong Gold AntiFade Reagent (Invitrogen) and exam-
ined using an Olympus IX 81 microscope with motorized stage, 20� or
60� optics, and a Cooke Sensicam QE air-cooled CCD camera in the
Einstein Analytic Imaging Facility.

Cell counting. Image fields selected for examination were randomized
with respect to X, Y, and Z planes and cells were counted using the
“optical dissector” stereological technique (Mouton, 2002). Images were
collected with IPLab 4.0.8 and assembled in Adobe Photoshop 7.0 using
global manipulations to optimize signal-noise ratios. For some experi-
ments, z-series were deconvolved using ImageJ.

Antibodies. Primary antibodies were as follows: rabbit anti-Cx43 (1:
1000, Sigma); rabbit anti-Cx43 (1:100, Cell Signaling Technology);
mouse anti-Cx43 (1:250, Millipore); GFAP (1:2000, Cell Signaling Tech-
nology catalog #3670), GFAP (1:100, DAKO), Iba1 (1:500, Wako Chem-
icals USA), Olig2 (1:1000, Millipore), APC-CC1 (1:20, Calbiochem),
MBP (1:2000, Covance, clone SMI99), cleaved caspase 3 (1:200, Cell
Signaling Technology catalog #9661), cathepsin D (1:200, Millipore),
CNPase (1:1000, Covance, clone SMI91), Cx26 (1:1000, Abcam), Cx30
(1:100, Invitrogen), NeuN (1:80, Millipore), PCNA (1:1000, Sigma),
�-tubulin (1:2000, Sigma). Control sections were processed using
species- and isotype-matched irrelevant primary antibodies, IgG frac-
tions, or no primary antibody.

Terminal deoxynucleotidyl transferase dUTP nick end labeling. Termi-
nal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) was
performed on paraffin slides using In-Situ Cell Death Detection Kit with
alkaline phosphatase (Roche) according to manufacturer instructions
and developed using NBT/BCIP (Roche) in 0.1% Tween 20/dH2O with
neutral red counterstain. In all experiments, morphology was examined

for evidence of apoptosis (pyknotic chromatin,
membrane blebbing) and necrosis.

Electron microscopy. Anesthetized animals
were perfused with phosphate-buffered 2.5%
glutaraldehyde. Thin slices were taken from ce-
rebral hemispheres, cerebellum/brainstem, and
spinal cord at C7, Th3, L2, L5, L6, and S1, post-
fixed in cold 1% osmium tetroxide for 1 h to
preserve lipids, dehydrated, and embedded in
epoxy resin (Epon 812). One micrometer sec-
tions were stained with toluidine blue for light
microscopy. Ultrathin sections were mounted
on copper grids for examination in a Hitachi
H-600 electron microscope and H-6010A scan-
ning system.

G-ratios. The ratio of myelin sheath thickness
to axon diameter (g-ratio) was determined for
at least 100 fibers per field for 5 fields per geno-
type in electron micrographs using ImageJ. The
g-ratio was plotted against the axon diameter to
directly compare the extent of myelination
around a fixed axon size. Because not all axons
had a perfectly round shape, we averaged the
largest and smallest diameters of each myelin-
ated fiber.

Motor coordination. Latency to fall from a ro-
tating rod was scored using a Rotamex 5 ro-
tarod (Columbus Instruments). Motor coordi-
nation was determined by comparing the
latency to fall on the first trial (Lalonde et al.,
2003) and motor learning by increased latency
to fall over repeated trials (Kuhn et al., 1995). In
the balance beam task, a blinded observer re-
corded the number of times the mouse slipped
and the time elapsed while crossing a beam.

Spatial memory. In the initial 3 min of testing,
the time (sec) the mouse attended to two iden-
tical objects was recorded. After a 10 min reten-
tion period in the home cage, one object was
relocated, the mouse was returned to the arena,

and the time spent attending to each object was again recorded for 3 min.
To ensure scores were not influenced by center-avoidance (Dere et al.,
2003) objects were not located in the center of the open field. We pre-
sented data as a ratio of time spent exploring the relocated object to the
total object exploration time to avoid bias from the increased locomotor
activity reported in Cx43-deficient mice (Frisch et al., 2003).

An object preference score of 50% reflects equal probability that the
animal will investigate either object at any given time and indicates the
animal does not discriminate between the unmoved and the relocated
object. A higher preference score indicates better memory performance
(Mumby et al., 2002). Six-month-old male mice were tested in random
order, n � 5– 6 per genotype. Groups were Cre, CreCx43fl/fl Cx30�/�, and
dKO. Animals that failed to explore both objects during initial testing
were excluded from analysis. The visual memory task was similar, except
that during the retention period, one of the objects was replaced with a
new, novel object in the same location. These tests are based on those
described by Ennaceur and Aggleton (1994).

Statistical analysis. Statistical analysis was performed with Prism 4 soft-
ware (GraphPad), using ANOVA followed by Newman–Keuls post hoc
test for multiple comparisons, or two-tailed Student’s t test. p � 0.05 was
considered significant.

Results
Loss of astrocyte gap junctions is associated with widespread
cellular vacuolation
Coded slides of hematoxylin and eosin (H&E) stained sagittal
sections of brains of 6-month-old animals were evaluated by two
independent investigators. This analysis revealed marked vacuol-

Figure 2. Onset of vacuolation and deletion of Cx43 occurs approximately at postnatal day 23 and persists into adulthood. A–E,
H&E-stained sagittal brain sections through the hippocampus and corpus callosum of dKO and non-Cre (Cx43fl/fl Cx30�/�)
littermates at P4 (A), P15 (B), P23 (C), 2 months (D) and 12 months (E). F–I, Western blots of dKO and non-Cre brain, cerebellum,
and spinal cord at P4 (F ), P15 (G), P23 (H ), and P30 (I ) demonstrate that Cx43 expression becomes reduced in dKO pups between
P15 and P23. Western blots were stripped and stained for GFAP. mos, Months; Sp., spinal. Scale bar: (A), 400 �m; (B–E), 200 �m.
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ization of white matter and edema in gray
matter regions in dKO mice (Fig. 1). Using
ImageJ software, we found a significant in-
crease in white space present in the dKO
corpus callosum/subcortical white matter,
internal capsule, cerebellar white matter,
and within the CA1 region of the hip-
pocampus. Other gray matter regions in-
cluding adjacent areas of the hippocampus
were relatively spared. Despite extensive
vacuolation, the laminar organization of
dKO cerebellum was preserved. This is
consistent with previous reports of astro-
cyte GJ depletion on the C57BL/6 back-
ground (Wiencken-Barger et al., 2007).
Importantly, mice with other genotypes
did not display edematous pathology,
indicating that hypomorphic expression
of Cx43 (as noted in the Cx43fl/fl mice)
(supplemental Fig. S1, available at
www.jneurosci.org as supplemental ma-
terial) or heterotypic expression of Cx30
was sufficient to preserve wild-type
(WT)-like cellular structure.

Onset of pathology during development
To determine the relationship between
age, Cx43 levels, and extent of tissue vacu-
olation, mouse brains and spinal cords
were studied on postnatal day 2 (P2), P4,
P15, P23, P30, and at 2, 4, 6 and 12 months
(Fig. 2 and data not shown). Protein anal-
ysis showed that Cx43 expression was
markedly decreased by P15 in the spinal
cord, cerebellum, and spinal cord in dKO
mice, compared with Cx43 fl/fl Cx30�/�

controls. The earliest age at which edema-
tous pathology was noted was P23. The ex-
tent of pathology remained comparable in
brains from P23 to 13 months. Increased
immunoreactivity for GFAP occurred in
dKO gray and white matter, but not in
controls (GFAP-Cre or Cx43del Cx30�/�)
(Fig. 3).

Ultrastructural analysis of white
matter pathology
To determine the structural correlates of
this pathology in myelinated tracts, areas of the deep cerebellar
white matter, corpus callosum and spinal cord were studied by
light and electron microscopy (LM and EM). Three types of pa-
thology were observed: edematous astrocytes; oligodendrocyte
nuclei surrounded by large cytoplasmic vacuoles; and intramy-
elinic edema (Figs. 4, 5). Astrocytes were identified by their char-
acteristic elliptical nuclear morphology with marginal hetero-
chromatin, and bundles of filaments in the cytoplasm.
Oligodendrocytes were identified by nuclei with clumped hetero-
chromatin, relatively electron-dense cytoplasm, absence of fila-
ments, and presence of microtubules.

When compared with astrocytes in control tissue (Fig. 4A),
astrocytes in dKO mice demonstrated loss of cytoplasmic struc-
ture and well defined organelles (Fig. 4B). These astrocytes were
often in close contact with vacuolated oligodendrocytes (Fig.

4B). Extensively vacuolated oligodendrocyte cytoplasm sur-
rounded some myelinated fibers (Fig. 4C; detail, 4D).

To determine whether the distended vacuoles were within the
oligodendrocyte cytoplasm, or belonged to other cell processes
that abutted the oligodendrocyte, higher-power electron micro-
graphs were taken (Fig. 4E,F). These images showed narrow rib-
bons of oligodendrocyte cytoplasm connecting the perinuclear
material with the cytoplasm located at the edges of the cell, indi-
cating that the vacuoles were confined to the same oligodendro-
cyte cytoplasm (Fig. 4E,F). These vacuoles were typically bound
by a single membrane. At the LM level, the nuclei of these vacu-
olated cells were immunoreactive for oligodendrocyte markers
such as the transcription factor olig2 (inset, Fig. 4E). Intramy-
elinic edema was also observed (Fig. 4G).

We also performed g-ratio analysis to quantify myelin sheath

Figure 3. Pathology in dKO animals is associated with astrogliosis in gray and white matter. A–C, Low-power views of GFAP
immunostaining in hippocampus and corpus callosum in mGFAP-Cre (A), Cx43del Cx30�/� (B), and dKO (C) mice. D, E, Higher-
power views of boxed region in C illustrating GFAP immunoreactivity in association with vacuolated areas of CA1. F, Percentage
area GFAP immunoreactivity in the CA1 region of the hippocampus is significantly greater ( p � 0.01) in dKO versus control
(mGFAP-Cre and Cx43del Cx30�/�) mice. G, H, Higher-power views of vacuolated areas of the corpus callosum (CC) in dKO mice.
I, Percentage area GFAP immunoreactivity in the corpus callosum was significantly greater ( p � 0.05) in dKO versus control
(mGFAP-Cre and Cx43del Cx30�/�) mice. J–L, Low-power views of GFAP immunoreactivity in cerebellum of mGFAP-Cre (J ),
Cx43del Cx30�/� (K ), and dKO (L) mice. M, N, Higher-power views of vacuolated areas of the cerebellar white matter in dKO mice.
O, Percentage area GFAP immunoreactivity in the deep cerebellar white matter was significantly greater ( p �0.01) in dKO versus
control (mGFAP-Cre and Cx43del Cx30�/�) mice. Scale bar: (A–C, J–L), 200 �m; (D, G, M ), 50 �m; (E, H, N ), 10 �m.
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thickness in cerebellar white matter. Figure 4, H and I, shows
regression lines of these comparisons and the frequency distribu-
tion of axon sizes. The extent of myelination and the average axon
size were comparable in dKO and controls. In areas of the cord

lacking evidence of myelin pathology, EM
images showed no differences between
mice of different genotypes in myelin
compaction, as determined by the period-
icity of major and minor dense lines (data
not shown).

Within the spinal cord, distribution of
oligodendrocyte and myelin pathology
showed no predilection for sensory versus
motor tracts (data not shown). Myelin
stripped from the axon was frequently
contained within enlarged oligodendro-
cyte cytoplasm (Fig. 5D). Fasciculation of
myelin, evidence of Wallerian degenera-
tion, and intramyelinic edema were also
noted (Figs. 4G, 5E–G). In the dorsal cu-
neate, pathology was observed in 14 � 4%
of myelinated axons in dKO, versus 2 �
1% in controls, indicating that not all as-
trocytes, oligodendrocytes and/or myelin
sheaths were affected (see Figs. 4C, 5B–D).

Fewer mature CC1 positive
oligodendrocytes were present in
the dKO
In wild-type mice, Cx43 GJ plaques are
found within the corpus callosum in asso-
ciation with interfascicular arrays of oligo-
dendrocytes (arrows, Fig. 6A). To deter-
mine how the absence of astrocyte gap
junctions, and the ensuing astrocyte and
oligodendrocyte pathology, might impact
myelination, we performed immunohis-
tochemical staining and Western blotting
for myelin basic protein. Western blots of
homogenates prepared from corpus callo-
sum (Fig. 6B; quantification in 6C) and
cerebellum (data not shown) indicated
that MBP was 51% reduced in dKO mice
when compared with other genotypes
( p � 0.05 vs Cre).

To assess numbers of oligodendro-
cytes, unbiased morphometric criteria
were used to count DAPI�, olig2� oligo-
dendrocyte nuclei throughout the rostral-
caudal axis of the corpus callosum. Al-
though no difference was noted in the
number of olig2� oligodendrocytes, the
percentage of olig2� cells also labeled with
the mature marker CC1 was 60% de-
creased in dKO mice (Fig. 6D–G) ( p �
0.01 vs Cre). These data indicated a selec-
tive deficiency in mature oligodendro-
cytes. Additionally, there was a two-fold
increase in the presence of olig2� cells in
the corpus callosum of dKO mice ( p �
0.05; data not shown).

We next sought to determine the con-
sequences of myelin pathology using be-

havioral tests sensitive to white matter lesions (Kuhn et al., 1995).
In the rotarod assay, dKO mice were impaired in motor coordi-
nation and sensorimotor adaptation over repeated trials (Fig.
6H). In the balance beam task, dKO mice slipped more fre-

Figure 4. Electron micrographs depicting oligodendrocyte vacuolation within dKO white matter. A, Astrocyte (As) and oligo-
dendrocyte (olig) in white matter of wild-type spinal cord. The astrocyte can be identified by marginal chromatin and cytoplasmic
intermediate filaments. B–G, Vacuolated oligodendrocytes and astrocyte in dKO white matter. B, Vacuolated oligodendrocyte
abutting edematous astrocyte in dKO cerebellar white matter. The oligodendrocyte is identified by marginal chromatin, micro-
tubules, and relatively electron-dense cytoplasm. Note that the astrocyte also shows extensive pathology with loss of well defined
cytoplasmic organelles. The oligodendrocyte is outlined in red. C, Highly compartmentalized oligodendrocyte cytoplasm. D,
Higher-power view of the field in C helps identify the compartmentalized cytoplasm as oligodendrocytic due to the presence of
microtubules and lack of filaments, and because its membranes are contiguous with compact myelin. E, An oligodendrocyte
containing numerous membrane-bound vacuoles within its cytoplasm. The oligodendrocyte is outlined in red. Inset: immunohis-
tochemical staining showing the nucleus of a vacuolated cell positive for both DAPI (blue) and olig2 (red). Note the unaffected,
olig2-negative nucleus at right (arrow). F, Detail from E showing a continuous ribbon of oligodendrocyte cytoplasm connecting
the perinuclear cytoplasm and plasma membrane between two vacuoles, demonstrating that the vacuoles are contained within
the oligodendrocyte. G, Intramyelinic edema. H, I, dKO and wild-type g-ratios (H ) and axon diameter (I ) are not significantly different in
the cerebellum. Magnification: (A), 4000�; (B), 2600�; (C), 6000�; (D), 35,000�; (E), 5000�; (F ), 21,000�; (G), 3600�.
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quently and had greater latency to cross
than did single-KO controls (Fig. 6 I, J).

Gray matter pathology is comprised of
edematous astrocytes and has
functional consequences
Within the CA1 region of the hippocam-
pus, EM analysis showed swollen cells with
features characteristic of astrocytes, in-
cluding intermediate filaments and thin
marginal chromatin (Fig. 7A). Consistent
with their identification as astrocytes,
these cells had processes abutting normal-
appearing blood vessels, neurons, and syn-
apses (Fig. 7A–D). Other areas of hip-
pocampus such as dentate gyrus were
unaffected (Fig. 7E).

We hypothesized that loss of astrocyte
GJs, and the concomitant swelling of CA1
astrocytes, might lead to hippocampal dys-
function and/or neuronal losses. To test
this hypothesis, we challenged dKO and
control mice with spatial memory tasks
designed to assay hippocampal function,
and subsequently performed neuronal cell
counts. The spatial memory task measures
preference for an object which has been
relocated to a novel location. Mice of all
genotypes exhibited comparable explor-
atory behavior (data not shown). How-
ever, dKO mice failed to preferentially ex-
plore a relocated object, indicating
impaired spatial working memory ( p �
0.05) (Fig. 7F). We also determined that
dKO animals and controls performed sim-
ilarly in a visual recognition task thought
to be less dependent on hippocampal cir-
cuitry (data not shown). These data indi-
cate that loss of astrocyte connexins and
concomitant glial edema causes marked
deficiencies in some types of memory.

We next examined the number of CA1
neurons. We found no difference in the
number of NeuN� neurons present in the
CA1 layer of dKO, CreCx43 fl/fl Cx30�/�,
and mGFAP-Cre brains (supplemental
Fig. S2, available at www.jneurosci.org as
supplemental material; n � 4 –5 brains per genotype). Synaptic
density, as assessed by immunoreactivity for the presynaptic ves-
icle protein synaptophysin, was unchanged (data not shown). No
differences were noted between dKO and control hippocampi in
immunoreactivity for other neuronal proteins including calbi-
ndin and MAP2 (data not shown).

Cell death/proliferation
To test the possibility that neurons or mature oligodendrocytes in
the dKO mice might be undergoing apoptosis, we used immuno-
staining for the cleaved, active form of the downstream apoptotic
effector caspase 3, and performed TUNEL staining for frag-
mented DNA. Increased apoptosis was noted in dKO brains ( p �
0.05 versus mGFAP-Cre) (Fig. 7G–I and data not shown). Sub-
cellular distribution of cathepsin D indicated no evidence of ly-
sosomal rupture or fusion with intracytoplasmic vacuoles, argu-

ing against necrotic/autophagic cell death (supplemental Fig. S3,
available at www.jneurosci.org as supplemental material) (Sato et
al., 2008). We then addressed the possibility that clearance of
cellular debris would result in microglial activation; however, we
observed no differences in Iba1� microglial morphology or dis-
tribution (supplemental Fig. S3, available at www.jneurosci.org
as supplemental material). To test for cellular proliferation, we
used an antibody against proliferating cell nuclear antigen
(PCNA). No differences were noted in occurrence of PCNA�

cells in the hippocampus, corpus callosum, or cerebellum (data
not shown).

Discussion
The glial syncytium is comprised of networks of astrocytes and
oligodendrocytes which are highly interconnected via GJs. It has
been hypothesized that GJ connectivity is important in the spatial

Figure 5. Myelin pathology in dKO white matter. A–C, Toluidine blue stained 1 �m epoxy sections of the dorsal cuneate of the
lumbar spinal cord of non-Cre (Cx43fl/fl Cx30�/� (A) and dKO (B, C) mice. D, Electron micrograph showing enlarged oligodendro-
cyte cytoplasm interpolating between an apparently normal axon and its myelin sheath. Inset depicts ectopic expression of myelin
in one of several locations within the oligodendrocyte cytoplasm. E, Myelin whorls, likely representing Wallerian axonal degen-
eration. F, G, Edema and splitting of myelin sheaths. Scale bar: (A, B), 100 �m; (C), 10 �m. Magnification: (D), 4000�, inset:
15,000�; (E), 9000�; (F ), 8000�; (G), 13,000�, inset: 4000�.
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buffering of ions such as K� (Orkand et al., 1966) accompanied
by water to facilitate osmotic equilibrium. Dynamic changes in
glial volume are recorded as a consequence of physiologic synap-
tic transmission and also in pathological situations (Hansson,
1994; MacVicar et al., 2002; Risher et al., 2009).

Astrocyte Cx43 and Cx30 are known for their roles in GJ
connectivity between astrocyte processes and as partners in the
formation of heterotypic GJs between astrocytes and oligoden-
drocytes. Oligodendrocyte/astrocyte channels composed of
Cx47/Cx43 predominantly localize to oligodendrocyte somata
whereas oligodendrocyte/astrocyte Cx32/Cx30 channels localize
to myelin lamellae and oligodendrocyte somata (Menichella et
al., 2003; Altevogt and Paul, 2004; Li et al., 2004; Kamasawa et al.,
2005; Orthmann-Murphy et al., 2007a). In mice, the double-
deletion of oligodendrocyte Cx47 and Cx32 causes myelin vacu-
olation and demyelination (Menichella et al., 2003; Odermatt et

al., 2003). However, whether loss of astro-
cyte GJs causes oligodendrocyte and mye-
lin pathology has not been investigated.

To address this question, mice with
global deletion of Cx30 (Teubner et al.,
2003) and floxed Cx43 (Theis et al., 2003)
were crossed with mice expressing Cre re-
combinase under the mouse GFAP pro-
moter (Garcia et al., 2004; Herrmann et al.,
2008). Within CNS white matter in these
animals, widespread edema and vacuola-
tion affected oligodendrocytes, myelin,
and astrocytes, whereas gray matter pa-
thology was restricted to hippocampal
CA1 astrocytes.

Pathology was only noted in dKO mice.
Expression of a single allele of either Cx43
or Cx30 was sufficient to protect against
glial edema, indicating that these connex-
ins are at least partially redundant. The
ability of Cx30 to compensate for Cx43 in-
dicates that protein-protein interactions
mediated by the long cytoplasmic tail of
Cx43 (Sorgen et al., 2004) are not essential
for preventing cellular edema. Likewise,
this compensation argues against a role for
Cx43 hemichannels. Rather, we suggest
that the function of Cx43 and Cx30 in lim-
iting cellular edema is performed by a
characteristic common to both Cx family
members, such as GJ intercellular commu-
nication. The distinct pathologies ob-
served in myelinated and nonmyelinated
tissues may reflect specialized functions
attributable to astrocyte:oligodendrocyte/
myelin GJs versus astrocyte:astrocyte
GJs. This is the first report of a structural
phenotype in astrocytes and oligoden-
drocytes as a consequence of loss of as-
trocyte connexins.

Oligodendrocyte and myelin pathology
in dKO mice
Affected white matter in adult dKOs in-
cluded the corpus callosum, subcortical
white matter, internal capsule, anterior
commissure, cerebellar white matter, and

corticospinal tracts. The principle finding in white matter of the
dKO CNS was intracytoplasmic vacuolation of oligodendrocytes.
Vacuoles were typically bound by single membranes. Although
the etiology of these vacuoles is uncertain, they are unlikely to be
of lysosomal origin (supplemental Fig. S3, available at www.
jneurosci.org as supplemental material). Pathology was first
noted at P23, a time-point coincident with the developmentally
regulated expression of Cx30 (Dahl et al., 1996; Nagy et al., 1999) and
with the loss of Cx43 in our dKO mice (Fig. 2). Aged animals (12
months) exhibited similar pathology, albeit slightly less severe.

The distribution and appearance of the myelin-associated
vacuoles in Cx43/Cx30 dKO mice bore a striking resemblance to
Cx47/Cx32 dKO mice, where vacuoles are located mostly in the
periaxonal space (Menichella et al., 2003; Odermatt et al., 2003);
to mice with compound haploinsufficiencies for Cx47, Cx32, and
the inwardly rectifying potassium channel Kir4.1, where vacuoles

Figure 6. Myelin and oligodendrocyte abnormalities are associated with sensorimotor deficits in dKO mice. A, Immunohisto-
chemistry for Cx43 (red) and myelin basic protein (MBP; green) demonstrates Cx43 puncta adjacent to oligodendrocytes in an
interfascicular chain (arrows) in the corpus callosum of a wild-type mouse. Blue, DAPI nuclear stain. B, C, Representative Western
blot shows 40% reduced MBP in dKO corpus callosum homogenates relative to �-tubulin ( p � 0.05). D–G, Immunohistochem-
istry for olig2 (red) and the mature marker CC1 (green) demonstrates that although total numbers of oligodendrocytes in control
and dKO corpus callosum are similar, there are fewer mature oligodendrocytes in the dKO ( p � 0.01). Asterisks in E mark white
matter vacuoles. Blue, DAPI. H, dKO mice (�) fall off of the rotarod more quickly than do Cx43fl/fl Cx30�/� control mice
(Cx30 �/�, ●) control mice. I, J, dKO mice (blue bars) have more slips (I ) and are slower (J ) than controls (black bars) while
crossing wide and narrow balance beams. B–G, n � 5– 6 mice per genotype. H–J, n � 3 mice per genotype.
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develop in association with external layers
of myelin (Menichella et al., 2006); and to
Kir4.1�/� mice (Neusch et al., 2001). Both
oligodendrocytes and astrocytes express
Kir4.1 (Poopalasundaram et al., 2000; Hi-
gashi et al., 2001; Neusch et al., 2001). Fur-
thermore, vacuolation in Cx47/Cx32
dKOs correlates with neuronal stimula-
tion (Menichella et al., 2006). The similar
pathology noted in these different animal
models is consistent with a common role
for oligodendrocyte/astrocyte GJs in spa-
tial buffering of [K�] ions (and metabo-
lites) released during neuronal activity.

Using immunostaining and Western
blotting, we also detected a significant de-
fect in oligodendrocyte maturation and
hypomyelination without changes in oli-
godendrocyte cell number. Oligodendro-
cytes derived from Kir4.1�/� mice have
also been noted to have a less mature phe-
notype (large soma, fewer oligodendro-
cytes elaborating myelin sheaths) without
changes in total cell number (Neusch et al.,
2001). Together with our findings, this
raises the possibility that oligodendrocyte
differentiation is influenced by astrocyte
GJ communication.

Oligodendrocyte pathology might con-
tribute to motor deficits detected on the
rotarod assay, which is sensitive to pathol-
ogy in the white matter (Kuhn et al., 1995).
The ability to overcome initial deficits on
the rotarod by dKO mice was similar to
that noted in Cx43-deficient mice, indicat-
ing that upregulation of Cx30 does not
compensate for the delayed motor learn-
ing (Frisch et al., 2003).

Gray matter pathology in dKO mice
In nonmyelinated tissues, edema was pri-
marily restricted to astrocytes in the CA1
region of the hippocampus, and was not
associated with loss of neurons or synaptic
density. Astrocytes modify synaptic trans-
mission by releasing bioactive nucleotides
(“gliotransmitters”), neurotransmitter
uptake, and synthesis of substrates for
neuronal activity (Araque et al., 1999;
Allen and Barres, 2005; Deitmer et al.,
2006). Therefore, astrocyte dysfunction
could impact efficacy of synaptic transmission in a behaviorally
measurable way, without neuronal or synaptic loss. Our studies
demonstrated impairment in hippocampal-dependent spatial
learning, and are consistent with previous results in Cx30-null
mice (Dere et al., 2003). Similar deficits have not been detected in
astrocyte-targeted Cx43 KO mice (Frisch et al., 2003).

The restricted distribution of gray matter edema suggests that
vulnerability of gray matter astrocytes varies depending on the
microenvironment. In this regard, it is of interest to note that
measurements of tetramethylammonium diffusion indicate that
the CA1 region of the hippocampus has less extracellular volume
than other hippocampal regions, potentially increasing local ex-

tracellular concentrations of ions such as K� which are released
during physiologic or pathologic neuronal activity (McBain et al.,
1990; Pérez-Pinzón et al., 1995). We speculate that the pro-
nounced swelling observed in dKO CA1 astrocytes represents an
attempt to restore osmotic equilibrium against ionic concentra-
tions that have exceeded a critical threshold. This would be con-
sistent with the observation that dKO mice have increased hip-
pocampal [K�]out and increased susceptibility to epileptiform
events (Wallraff et al., 2006).

An alternative possibility is that the driving force for astrocytic
edema in CA1 is the accumulation of glucose, or its metabolites,
at these sites. In agreement with Rouach et al. (2008), we found

Figure 7. Astrocyte pathology in the CA1 pyramidal cell layer of the hippocampus and spatial memory impairment. A–C,
Electron micrographs depicting edematous astrocyte (As) processes identified by the presence of glycogen granules and interme-
diate filaments within the CA1 region of the hippocampus of a 4-month-old dKO mouse. B, Astrocyte processes flank pyramidal
neurons, identified by Nissl substance. C, Astrocyte foot processes abutting blood vessels (bv) are enlarged and depleted of most
cytoplasmic organelles. D, E, Toluidine blue-stained 1 �m sections through the CA1 pyramidal cell layer (D) and dentate gyrus (E)
demonstrate that pathology is not present in other regions of the hippocampus. Arrows, blood vessels. F, dKO mice fail to
preferentially explore a relocated object, indicating impaired spatial memory ( p � 0.05 versus mGFAP-Cre mice). Cumulative
data from two experiments with 5– 6 mice per genotype are shown. G–I, TUNEL assay shows a significant increase in apoptotic
cells in dKO brains ( p � 0.05, n � 4 brains per genotype). Some apoptotic cells were apparent in close proximity to vacuoles (G).
Magnification: (A), 4000�; (B), 4000�; (C), 5000�. Scale bar: (in D) D, E, 10 �m.
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immunoreactivity for Cx43 and Cx30 in the CA1 region of the
hippocampus was enriched in perivascular endfeet (supplemen-
tal Fig. S1E, available at www.jneurosci.org as supplemental ma-
terial, and data not shown). Rouach et al. (2008) showed that
astrocyte GJs at this site constitute the molecular basis for inter-
cellular trafficking of blood-derived glucose and its metabolites,
resulting in the release of lactate to neurons. Thus, in the absence
of GJ connectivity, water could also follow an osmotic gradient
formed by glucose trapped within the cytoplasm of perivascu-
lar astrocytes. The passive water channel aquaporin-4, which
is the rate-limiting step in the development of intracellular
edema (Yang et al., 2008), is also enriched on these astrocytic
perivascular endfeet, and this did not change in the dKO mice
(data not shown).

Astrocyte swelling has been well characterized in a number of
diseases, including hepatic encephalopathy (Norenberg, 1977),
traumatic brain injury (Bullock et al., 1991), and stroke (Kimel-
berg, 1995). These conditions are associated with high mortality
rates, and effective therapies are limited. Intracellular edema also
occurs in mouse models including water intoxication, focal cere-
bral ischemia (Manley et al., 2000; Feustel et al., 2004) and bac-
terial meningitis (Papadopoulos and Verkman, 2005). These sce-
narios are characterized by movement of water from the
vasculature into the parenchyma across an intact blood brain
barrier, leading to astrocyte swelling and decreased extracellular
space. Consequences include pathologically elevated extracellu-
lar concentrations of [K�] and excitatory amino acids.

These results add information to the model of water/ion reg-
ulation in the brain, namely that astrocyte GJs are important
direct or indirect contributors to water regulation. These data are
in agreement with the growing consensus that astrocytes play
important roles in modulating brain function. Our findings pro-
vide compelling evidence that astrocyte GJs have an essential role
in maintaining astrocytic and oligodendrocytic structural and
functional integrity.
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