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Gap Junctions Contribute to Spatial Buffering of Potassium
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Mice lacking the K � channel Kir4.1 or both connexin32 (Cx32) and Cx47 exhibit myelin-associated vacuoles, raising the possibility that
oligodendrocytes, and the connexins they express, contribute to recycling the K � evolved during neuronal activity. To study this possi-
bility, we first examined the effect of neuronal activity on the appearance of vacuoles in mice lacking both Cx32 and Cx47. The size and
number of myelin vacuoles was dramatically increased when axonal activity was increased, by either a natural stimulus (eye opening) or
pharmacological treatment. Conversely, myelin vacuoles were dramatically reduced when axonal activity was suppressed. Second, we
used genetic complementation to test for a relationship between the function of Kir4.1 and oligodendrocyte connexins. In a Cx32-null
background, haploinsufficiency of either Cx47 or Kir4.1 did not affect myelin, but double heterozygotes developed vacuoles, consistent
with the idea that oligodendrocyte connexins and Kir4.1 function in a common pathway. Together, these results implicate oligodendro-
cytes and their connexins as having critical roles in the buffering of K � released during neuronal activity.
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Introduction
Connexins, the channel-forming components of gap junctions,
are critical for normal myelination in both CNS and PNS. Myeli-
nating cells in both cases express multiple connexins, including
connexin32 (Cx32) (Scherer et al., 1995), Cx47 (Menichella et al.,
2003; Odermatt et al., 2003), and Cx29 (Altevogt et al., 2002;
Nagy et al., 2003). In humans, Cx32 (gene GJB1) mutations cause
X-linked Charcot-Marie-Tooth disease (Bergoffen et al., 1993), a
demyelinating neuropathy predominantly affecting the PNS with
occasional CNS involvement (Taylor et al., 2003), whereas Cx47
(gene GJA12) mutations cause abnormal CNS myelin in
Pelizaeus-Merzbacher-like disease (Uhlenberg et al., 2004). In
mice, loss of either Cx32 or Cx47 causes less prominent abnor-
malities than those observed in humans, but double knock-outs
(dKOs) of both connexin genes results in profound CNS dysmy-
elination and early mortality (Menichella et al., 2003; Odermatt
et al., 2003). Although both Schwann cells (SCs) and oligoden-
drocytes (OLs) require connexins, they are used in different ways.
In myelinating SCs, Cx32 forms reflexive gap junctions between

adjacent layers of the myelin sheath, likely linking the cell body to
its periaxonal cytoplasm (Balice-Gordon et al., 1998), but does not
participate in gap junctions with other cells. In contrast, ultrastruc-
tural studies have shown that myelinating OLs form extensive gap
junctions with astrocytes (Massa and Mugnaini, 1982; Waxman and
Black, 1984; Rash et al., 2001; Kamasawa et al., 2005).

A possible role for junctions between OLs and astrocytes
could be to facilitate absorption and removal of extracellular K�

released during neuronal activity. It has been proposed (Orkand
et al., 1966) that the strongly negative resting potential and rela-
tively high permeability to K� typical of astrocytes could result in
uptake of K� when the extracellular concentration was high, i.e.,
after extensive neuronal activity. Gap junctions could facilitate
the diffusion of the absorbed K� into available sinks, such as local
capillaries, by providing an intracellular pathway for dispersion.
The “spatial buffer” theory as originally proposed only involved a
network of highly coupled astrocytes. However, inclusion of oli-
godendrocytes into the network might improve its spatial buff-
ering capacity. In support of this hypothesis, there is a striking
similarity in the phenotypes of the Cx32/Cx47 dKO and the
knock-out of Kir4.1, an inwardly rectifying K� channel (Neusch
et al., 2001). Kir4.1 is highly enriched at the perivascular end feet
of astrocytes (Kalsi et al., 2004) and is known to be an important
contributor to K� homeostasis in the CNS (for review, see Ne-
usch et al., 2003). Both Cx32/Cx47 and Kir4.1 KOs display a
characteristic vacuolation of myelin not associated with muta-
tions in other murine myelin genes. Another unique feature of
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the Cx32/Cx47 dKO is strong region-specific differences in de-
myelination, which are not seen in other animal models of demy-
elination. For example, fiber disruption in the dKO pons and
optic nerve was severe, whereas corticospinal tract and trigeminal
nerve were relatively spared (Menichella et al., 2003). Higher
levels of activity in some regions (i.e., more K� release) could
lead to local pathological changes.

To test the hypothesis that oligodendrocyte gap junctions are
important in buffering K� released during axonal activity, we
monitored vacuolation in the Cx32/Cx47 dKO in experimental
paradigms in which axonal activity is either suppressed or in-
creased. In both cases, the vacuolated pathology is remarkably
well correlated with axonal activity. Additional support for a role
of OL in K� buffering was provided by genetic complementa-
tion. Whereas neither Cx47 nor Kir4.1 heterozygotes display any
abnormal phenotypes in a Cx32-null background, Kir4.1/Cx47
compound heterozygotes develop myelin vacuoles. Together,
these data suggest that Kir4.1 and the connexins function in a
common pathway to regulate CNS K�.

Materials and Methods
Mice. Cx32/Cx47 dKOs were obtained and genotyped as described pre-
viously (Menichella et al. 2003). Kir4.1 heterozygous mice were obtained
from Taconic (Germantown, NY) and genotyped as described previously
(Neusch et al., 2001). For genetic complementation studies, Cx32�/�,
Cx47�/� females were crossed to Kir4.1�/� males. F1 offspring harbor-
ing the following genotypes were selected for study: Cx32�/Y, Cx47�/�,
Kir4.1�/�; Cx32�/Y, Cx47�/�, Kir4.1�/�; Cx32�/Y, Cx47�/�, Kir4.1�/�;
Cx32�/�, Cx47�/�, Kir4.1�/�, as well as Cx32�/�, Cx47�/�, Kir4.1�/�.

Tetrodotoxin/cholera toxin injections and surgical procedures. Intraocu-
lar tetrodotoxin (TTX) injections were performed as described previ-
ously (Stryker and Harris, 1986; Corriveau et al., 1998; Lein and Shatz,
2000). Postnatal day 11 (P11) mice were anesthetized with an isoflu-
orane/O2 mixture, and 2 �l of 100 �M TTX (Calbiochem, San Diego, CA)
dissolved in 0.9% NaCl was injected intraocularly with a 30 gauge needle
into the posterior chamber. The TTX injection was repeated 48 h later,
and the mice were killed at P15 (four dKO animals and two WT animals).
Cholera toxin injections were performed following previously published
protocols (Penn et al., 1998). P9 animals were anesthetized with an
isofluorane/O2 mixture, the fused eyelid was opened, and 2 �l of 0.125
�g/ml cholera toxin (Sigma, St. Louis, MO) in 0.9% NaCl was injected
with a 30 gauge needle into the posterior chamber of the eye. The animals
(four dKO and two WT) were then killed at P11. At the conclusion of
both (TTX and cholera toxin) experiments, the mice were killed with
chloral hydrate, and the visual cortex and optic nerves were processed for
RNA and histological analyses, respectively.

Semithin sections and quantitation of vacuolation in optic nerve. The
optic nerve from injected side and contralateral uninjected eyes were
removed from the globe to the chiasm, fixed [2.5% paraformaldehyde, 3%
glutaraldehyde in 0.1 M phosphate buffer (PB), pH 7.4] overnight at 4°C
rinsed in PB, postfixed in 2% OsO4 in 0.1 M PB for 1 h, dehydrated in graded
ethanols, infiltrated, and embedded in epoxy. Semithin sections were stained
with toluidine blue. Spinal cord and optic nerve from other mutant mice
(Cx32/Cx47 dKO; Cx32�/Y, Cx47�/�, Kir4.1�/�; Kir4.1�/�) were perfused
with fixative for optimal preservation, and the spinal cords were sliced into
1-mm-thick pieces and fixed overnight. Electron microscopy was done as
described previously (Menichella et al., 2003).

For quantitative analysis of vacuoles, we analyzed the optic nerves of
four animals in each experimental group (TTX or cholera toxin injected);
in each group, the uninjected eye served as a control. The optic nerve was
examined at four different distances (each �500 �m apart) from the eye
to the chiasm, to minimize differences attributable to the different timing
of myelination along the length of the optic nerve (Skoff et al., 1980). Five
1 �m sections were counted at each of the four levels for each nerve.
Qualitatively, vacuoles appeared to be distributed in a nonrandom man-
ner, but no correlation with distance from the nerve head was evident.
Blind analysis of the samples was attempted, but the often dramatic

differences between experimental and control conditions compromised
that effort. To minimize the effects of nonrandom distribution, we ana-
lyzed two different fields (110 � 80 �m) in each section. The numbers of
vacuoles per field, the area of each vacuole, and total vacuolated area per
field were measured using NIH ImageJ software (version 1.34n). Vacu-
oles were arbitrarily subdivided into small (�20 �m 2) and large (�20
�m 2). The values obtained at different levels [4 levels � 5 sections � 2
(110 � 80 �m) fields] were combined because there were no reproducible
differences at these levels and normalized to a unit area of 0.1 mm2. Myelin
sheaths per field were counted manually [4 levels � 2 sections � 1 (25 � 25
�m) field], and data were normalized to a unit area of 0.1 mm2.

RNA preparation and real-time quantitative PCR analysis. Total RNA
was isolated from visual cortex using Trizol (Invitrogen, Carlsbad, CA).
cDNA was obtained using the iScript cDNA synthesis kit (Bio-Rad, Her-
cules, CA), and PCR oligonucleotide primers were designed using Prim-
er3 software (Whitehead Institute for Biomedical Research, Cambridge,
MA). The following primer sets were used for real-time PCR: brain-
derived neurotrophic factor (BDNF) sense, 5� aaaagtcccggtatccaaagg 3�;
BDNF antisense, 5�cttatgaatcgccagcca at 3�; hypoxanthine phosphoribo-
syltransferase (HPRT) sense, 5� tgctcgagatgtcatgaagg 3�; and HPRT anti-
sense, 5�tatgtcccccgttgactgat 3�.

Primer sets and subsequent PCR products were first evaluated by gel
electrophoresis to determine whether a single PCR product of predicted
size was generated. A typical real-time reaction mix contained 1� iQ
SYBR Green Supermix (Bio-Rad), 100 nM each oligonucleotide primers,
and 10 ng of cDNA in a 25 �l total volume. The reaction was performed
on a Smart Cycler system (Cepheid, Sunnyvale, CA). The relative amount
of BDNF mRNA was normalized to the level of an internal control
mRNA, HPRT (Thellin et al., 1999). Real-time PCR data analysis was
performed according to the comparative threshold cycle (CT) method,
which enables relative quantitation of template but eliminates the need
for a standard curve. The CT value is the cycle at which a significant
increase in SYBR Green fluorescence is first detected (exceeds an arbi-
trary threshold). The calculation for the quantitation starts with obtain-
ing the difference (�CT) between the CT values of the target (BDNF) and
the normalizer (HPRT) as follows: �CT 	 CT (target) � CT (normal-
izer). For each animal, this value is calculated for both experimental
sample (visual cortex contralateral to the TTX/cholera toxin injection)
and control sample (cortex ipsilateral to the injection). The comparative
��CT calculation used in determining gene expression involves finding
the difference between the CT of each experimental sample and the �CT

of the control for each cortex pair. The last step in the quantitation is to
transform these values into absolute values according to the following for-
mula: CEL 	 2��� CT, where CEL is comparative expression level. Because
SYBR Green intercalates all double-stranded DNA (including primer
dimers), all real-time PCR runs included a melt curve for product identifi-
cation and purity (for details, see the Smart Cycler Operator Manual), and
only reactions that resulted in a single product were considered valid.

To evaluate the significance of changes in BDNF ratios, each experiment
included a cohort of age- and genotype-matched mice in which no pharma-
cologic manipulation was performed. The ratios of contralateral and ipsilat-
eral BDNF levels for animals injected with TTX averaged 0.73
0.15 (n	4),
whereas the ratios for controls averaged 1.00 
 0.08 (n 	 3). A two-tailed t
test performed on these groups indicated a significant difference (p	0.039).
Ratios for mice injected with cholera toxin averaged 1.75 
 0.31 (n 	 4),
whereas controls averaged 1.01 
 0.12 (n 	 3). For these groups, the two-
tailed t test also shows a significant difference ( p 	 0.0127).

Results
Vacuolation in Cx32/Cx47 dKO optic nerves increases
after eye-opening
Region-specific hypomyelination and vacuolation are the most
pronounced pathological findings in Cx32/Cx47 dKO mice
(Menichella et al., 2003; Odermatt et al., 2003). Vacuolation is
characterized by enlarged extracellular space between axons and
their myelin sheaths. We tested the hypothesis that these changes
depend on levels of neuronal activity using the optic nerve, which
is well characterized with respect to myelination, and is severely
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affected in dKO mice. Furthermore, eye opening at P12–P14 pro-
vides a natural stimulus that increases retinal ganglion cell (RGC)
activity (Bansal et al., 2000), and, most importantly, it is possible to
pharmacologically manipulate axonal activity in the optic nerve.

To determine whether retinal activity driven by natural stim-
uli correlates with increased vacuolation, we compared the mor-
phology of dKO and wild-type (WT) optic nerves before and
during the period of eye opening. At P9, dKO and WT optic
nerves were indistinguishable: there were no myelinated axons
and no vacuoles (Fig. 1A). At P11, some myelinated axons were
evident in the WT and the dKO; a few, small vacuoles were de-
tected in the dKO. The number and the size of the vacuoles in-
creased dramatically by P13 and were even greater at P15, paral-
leling the increased density of myelinated axons. Morphometric
analysis documents a 40-fold increase in the vacuolated area in
the dKO between P9 and P15 (Fig. 1B). The increase in RGC
activity after eye opening was correlated with higher levels of
BDNF mRNA expression in visual cortex, as assessed by means of
quantitative reverse transcription-PCR (Schoups et al., 1995;
Lein and Shatz, 2000): between P11 and P15 (data not shown),
BDNF transcript levels increase by approximately threefold (data
not shown), in agreement with published data (Castren et al., 1992).
Thus, eye opening and the resultant naturally occurring increase in
RGC activity correlate well with the appearance of vacuoles.

Decreasing RGC activity diminishes the vacuolated pathology
We next tested whether decreasing axonal activity would reduce
the pathology in dKO optic nerves. To completely block RGC
activity in one eye, TTX was monocularly injected at P11, before
the development of significant vacuolation, and an additional
injection was performed on P13 (Stryker and Harris, 1986). The
corresponding treated and control optic nerves and bilateral pri-
mary visual cortex were harvested at P15. Vacuolation was as-
sessed morphometrically in semithin sections of nerve, and
BDNF transcript levels in the corresponding visual cortex was
used as a molecular readout of RGC activity (Fig. 2A).

The extent of vacuolation in the optic nerve associated with
the injected eye was dramatically reduced compared with that in
the contralateral control. In particular, the density of large (�20
�m 2) but not small (�20 �m 2) vacuoles was strikingly less in
TTX-injected eyes (Fig. 2B). Electron microscopy (data not
shown) confirmed that the vacuoles in the optic nerve typically
separated the axons from their myelin sheaths, as reported pre-
viously for the Cx32/Cx47 knock-out (Menichella et al., 2003;

Figure 2. Vacuolation in Cx32/Cx47 dKO optic nerves is reduced when axonal activity is
suppressed. Intraocular injections of TTX were performed at P11 and P13; optic nerves and
primary visual cortex were harvested at P15. A, Semithin sections from the optic nerve associ-
ated with an injected eye reveal a dramatic reduction in vacuolation compared with the con-
tralateral control nerve. Scale bars: top row, 100 �m; bottom row, 10 �m. B, Quantification of
small (�20 �m 2) and large (�20 �m 2) vacuoles, as well as the total vacuolated area (�m 2/
0.1 mm 2) and the number of myelinated axons (per 0.1 mm 2) in TTX-injected (�) and
-uninjected/contralateral (�) optic nerves. The BDNF mRNA levels were normalized to HPRT
mRNA and are presented as a ratio of contralateral injected visual cortex/contralateral unin-
jected visual cortex. Error bars indicate SEM. TTX injections result in fewer vacuoles, a reduction
in total vacuolated area, and lower BDNF mRNA ratios.

Figure 1. Massive vacuolation in the Cx32/Cx47 dKO optic nerves coincides with eye-opening. A, Toluidine blue-stained semithin sections of optic nerves from dKO mice and their WT littermates
at the indicated ages. Scale bar, 100 �m. B, Quantification of total vacuolated area (�m 2/0.1 mm 2) in dKO optic nerves. Error bars indicate SEM.
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Odermatt et al., 2003). To rule out the possibility that TTX might
reduce the number of vacuoles indirectly, by reducing the num-
ber of myelinated fibers (Demerens et al., 1996), we measured the
density of myelinated fibers in each nerve. As shown in Figure 2B,
the density tended to be higher in the optic nerves from TTX-
treated eyes, thus eliminating this possibility. Finally, BDNF
mRNA levels in primary visual cortex contralateral to the TTX-
injected eye were significantly reduced (Fig. 2B), confirming sup-
pressed RGC activity. Thus, activity blockade produced a signif-
icant amelioration of the dKO pathology.

Increasing activity exacerbates vacuolation in the dKO
optic nerve
The relationship between the dKO pathology and neuronal activ-
ity was further evaluated by pharmacologically increasing RGC
activity with cholera toxin (Stellwagen and Shatz, 2002). Cholera
toxin was injected intraocularly at P9, a stage at which few if any
vacuoles are present in the dKO, and optic nerves and primary
visual cortex were harvested at P11. As shown in Figure 3A, an
increase in the size and number of vacuoles is readily apparent in
nerves associated with the injected eye. Quantitative analysis re-
vealed increased density of both small (�20 �m 2) and large (�20
�m 2) vacuoles compared with contralateral controls (Fig. 3B),
and the total vacuolated area was increased sevenfold (Fig. 3C).
BDNF mRNA levels were increased by 50 –100% in the visual
cortex contralateral to the injected eye, confirming increased
RGC activity (Fig. 3B). Because cholera toxin decreased the density
of myelinated axons (Fig. 3C), it is unlikely to have accelerated
myelination and thus the development of vacuoles. Furthermore,
intraocular injection of P9 WT mice with cholera toxin with an
identical regimen did not cause any vacuolation of the optic nerve
(data not shown). As in the case of TTX, electron microscopy
revealed no significant ultrastructural differences between vacu-
oles in cholera toxin-treated and untreated dKOs (data not
shown). Together, these data show that decreases and increases in
RGC activity have opposite effects on the dKO pathology.

Genetic evidence that Kir4.1 channels and oligodendrocyte
gap junctions function in a common pathway
Vacuolated myelin is an unusual phenotype but has also been
reported in mice lacking the inwardly rectifying potassium chan-
nel Kir4.1, which is expressed in both oligodendrocytes and as-
trocytes (Neusch et al., 2001). Because the precise relationship of
the vacuoles in Kir4.1-null mice to myelin sheaths has not been
extensively characterized, we performed an ultrastructural exam-
ination in P9 or P10 Kir4.1-null mice, just before the animals
become moribund (Neusch et al., 2001). Semithin sections
showed abundant vacuoles in the spinal cord white matter of all
Kir4.1�/� (n 	 5) mice (Fig. 4B) but not Kir4.1�/� littermates
(n 	 7) (Fig. 4A). Vacuoles were rare in spinal cord gray matter and
were not present in optic nerve, nor were there myelinated axons in
these locations at this early postnatal age (data not shown).

Electron microscopy of Kir4.1�/� spinal cords (n 	 3) re-
vealed that vacuoles were generally associated with the outer as-
pect of myelin sheaths (Fig. 4C,D,F, arrowheads). Even without
reconstructing vacuoles in three dimensions, in single cross sec-
tions, a myelin sheath formed a part of the perimeter in 82% of
vacuoles (37 of 45). Rarely, vacuoles were observed separating the
axon from sheath (Fig. 4E). This is a different pattern than we
observed in the Cx32/Cx47 dKO, in which the vacuoles generally
occur in the perixonal space (Menichella et al., 2003). In addition
to vacuolation, we observed apoptotic cells with the ultrastruc-
tural features of oligodendrocytes (no intermediate filaments,

abundant ribosomes) in one of the mice (Fig. 4F, compare with
oligodendrocyte with normal appearance in D). Together, these
results confirm that Kir4.1� /� mice have vacuoles associated
with CNS myelin and suggest that the vacuoles arise in conjunc-
tion with myelination.

Kir4.1 has a well documented role in buffering of K� gener-
ated during axonal activity (Newman, 1986; Kofuji and Newman,
2004). Although vacuoles in Kir4.1-null mice have a different
location relative to the myelin sheath than those in connexin
dKOs, our findings suggest that connexins also have a role in K�

buffering. To explore the idea that connexins and Kir4.1 function
in a common pathway, we looked for a genetic interaction: if they
function in a common pathway, then partial but coordinate re-
ductions in the levels of Cx32, Cx47, and Kir4.1 could result in
vacuolation. Therefore, we produced compound heterozygotes
of Cx47 and Kir4.1 in a Cx32-null background (Cx32�/Y,
Cx47�/�, Kir4.1�/�; n 	 5). Vacuolation was evaluated in the
spinal cord because vacuoles were not detected in optic nerves of

Figure 3. Vacuolation in Cx32/Cx47 dKO optic nerves is increased when axonal activity is
stimulated. Intraocular injections of cholera toxin were performed at P9; optic nerves and visual
cortex were harvested at P11. A, Optic nerves associated with the injected eye show a dramatic
increase in vacuolation. Scale bars: top row, 100 �m; bottom row, 10 �m. B, Quantification of
small (�20 �m 2) and large (�20 �m 2) vacuoles, total vacuolated area (�m 2/0.1 mm 2),
and the number of myelinated axons per 0.1 mm 2 optic nerve, from cholera toxin-injected (�)
and contralateral (�) eyes, as well as the BDNF mRNA ratio. Cholera toxin injections result in
more vacuoles, an increase in vacuolated area, and higher BDNF mRNA levels.
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P10 Kir4.1-null mice. Unlike Cx32/Cx47
dKO animals, which develop a severe
tremor, seizures, and die within the first
few postnatal weeks, these mice display no
gross behavioral abnormalities. However,
when their spinal cords were examined
between 4 and 8 weeks of age, abundant
vacuoles were observed, mostly in the gray
matter (Fig. 5C). Ultrastructural examina-
tion (n 	 3) demonstrated that vacuoles ap-
peared to be associated with the outer aspect
of myelin sheaths. In single cross sections, a
myelin sheath forms part of the circumfer-
ence of 95% (40 of 42) of the vacuoles (Fig.
5F). Thus, the vacuoles are similar to those
found in the Kir4.1-null mice rather than the
connexin dKO, which are typically located
between the axon and its myelin sheath
(Menichella et al., 2003; Odermatt et al.,
2003).

Triple heterozygotes (Cx32�/�,
Cx47�/�, Kir4.1�/�) develop vacuoles
(Fig. 5A) but not nearly as many as in the
Cx32�/Y background (Cx32-/Y, Cx47�/�,
Kir4.1�/�). Interpretation of Cx32 gene
dosage effects are complicated by
X-chromosome inactivation, which pro-
duces some oligodendrocytes with normal
levels of Cx32 and others with none. The
mild phenotype in the triple heterozygote
could result from compensation of null
oligodendrocytes by normal ones. In
any case, vacuoles were not detected in
Cx32�/Y, Cx47�/�, Kir4.1�/� (Fig. 5B)
or Cx32�/�, Cx47�/�, Kir4.1�/� (data
not shown) spinal cords. Regardless of the
location of the vacuoles, these data establish
an epistatic relationship between connexin
and Kir4.1 genes, consistent with the hy-
pothesis that OL connexins and Kir4.1 func-
tion in a common pathway.

Discussion
Both Kir4.1 and connexin knock-outs dis-
play myelin-associated vacuoles, raising
the possibility that oligodendrocytes, and
the connexins they express, contribute to
recycling the K� evolved during neuronal
activity. We tested this hypothesis using
two independent approaches. First, we ex-
amined the effect of neuronal activity on
the appearance of vacuoles in mice lacking oligodendrocyte con-
nexins. We found that the size and number of vacuoles dramati-
cally increased when axonal activity was increased, by either a
natural stimulus (eye opening) or pharmacological treatment
(intraocular injection of cholera toxin). Conversely, we found
that vacuoles were dramatically reduced when axonal activity was
suppressed by injection of TTX. Second, we used genetic comple-
mentation to test for a relationship between the function of the
Kir4.1 and oligodendrocyte connexins. In a Cx32-null back-
ground, haploinsufficiency of either Cx47 or Kir4.1 did not affect
the structural integrity of myelin sheaths, but double heterozy-
gotes developed vacuoles, consistent with the idea that oligoden-

drocyte connexins and Kir4.1 function in a common pathway.
Together, these results suggest that oligodendrocytes and their
connexins have critical roles in the buffering of K� released dur-
ing neuronal activity.

The notion that astrocytes could serve as “spatial buffers” of
K� was first suggested by Orkand et al. (1966). They showed that
stimulation of amphibian optic nerve caused a slow, transient
depolarization of glial cells. They proposed the depolarization
was caused by an increase in extracellular [K�] attributable to
neuronal activity and that astrocytes, by virtue of their high per-
meability to K� and their extensive electrical coupling, could
spatially buffer K� by redistributing it from areas of high extra-
cellular concentration to areas in which the extracellular concen-

Figure 4. Pathological findings in Kir4.1-null mice. These are images of transverse sections of P10 spinal cords from Kir4.1-null
mice or their WT littermates. Semithin sections show abundant vacuoles (v) in the white matter of Kir4.1-null (B) but not WT (A)
spinal cords, in which a capillary (c) is indicated. C–F, Electron micrographs of Kir4.1-null white matter. C, D, F, Typical vacuoles
that are associated with sheaths (arrowheads). E, An atypical vacuole that separates an axon (ax) from its myelin sheath. D, Part
of a normal appearing oligodendrocyte (n). F, Part of an apoptotic oligodendrocyte (a). Scale bars: A, B, 10 �m, C–F, 1 �m.
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tration was lower, without any net change in glial intracellular
[K�]. This spatial buffering hypothesis was widely accepted and
ramifications of the hypothesis were extensively explored in
mammalian astrocytes (Connors et al., 1982; Ransom et al., 2000)
and Muller glia (Newman, 1986; Kofuji and Newman, 2004).
Several mechanisms to account for astrocyte K� uptake and re-
lease have been proposed, including Na,K-ATPases, ion cotrans-
porters, and K� channels, especially Kir4.1 (Kofuji and Newman,
2004). In addition to these pumps, exchangers, and K� channels,
astrocytes also express aquaporin-4, an H2O channel (Nielsen et al.,
1997). Astrocytes swell when optic nerves are electrically stimulated,
presumably because H2O diffusing through aquaporin channels fol-
lows altered ion gradients (MacVicar et al., 2002).

However, the classic model in which
astrocytes are solely responsible for spatial
buffering/siphoning does not fully con-
sider the possible effects of myelination on
K� redistribution. The amphibian optic
nerve studied by Orkand et al. (1966) is
essentially unmyelinated and K� release is
likely not spatially restricted to particular
regions of the axolemma. In contrast, my-
elination in rodent optic nerve is accom-
panied by a concentration of the voltage-
gated K� channels KCNQ2 and KCNQ3
into the nodal axolemma (Devaux et al.,
2004; Pan et al., 2006) and Kv1.1 and
Kv1.2 into the juxtaparanodal axolemma
(Wang et al., 1993; Vabnick and Shrager,
1998). Furthermore, myelination is ac-
companied by dramatic decreases in the
amount of extracellular K� detected dur-
ing neuronal activity (Connors et al.,
1982), in the extracellular volume (Ran-
som et al., 1985) and in the effects of K�

channel blockers (Devaux et al., 2002).
Changes in K� channel distribution are
likely in part responsible for those physio-
logical changes. Consistent with the classic
model, K� released through nodal chan-
nels could enter perinodal astrocytic pro-
cesses for redistribution. However, K� re-
leased from juxtaparanodal channels
would enter the periaxonal space between
oligodendrocyte and axon and additional
movement would be impeded by the
paranodal axoglial junctions, which
electrically isolate the nodal and inter-
nodal compartments (David et al., 1993;
Arroyo and Scherer, 2000). The volume
of the periaxonal compartment is lim-
ited and thus K � concentration in this
space could be significantly higher than
that measured using extracellular elec-
trodes (Connors et al., 1982).

The fate of the K� accumulating in the
periaxonal space is unknown. Figure 6 de-
picts several possible different routes for
dispersal. Some K� might diffuse past the
axoglial junctions or be removed by Na,K-
ATPase (Ransom et al., 2000). One Na,K-
ATPase isoform, �3, is localized on inter-
nodal axonal membranes (McGrail et al.,

1991) and could promote axonal uptake. A different isoform, �2,
is expressed by oligodendrocytes (Fink et al., 1996) and might
facilitate import of K� into the periaxonal cytoplasm. Glial con-
nexins could contribute to redistribution of K� from periaxonal
cytoplasm is two ways. First, as suggested by Kamasawa et al.
(2005) “reflexive” gap junctions between the layers of myelin at
paranodes could dramatically shorten the distance for diffusion
from the inner/adaxonal to the outer/abaxonal cytoplasm, as has
been shown to be the case for myelinating Schwann cells (Balice-
Gordon et al., 1998). Second, gap junctions between astrocytes
and oligodendrocytes could allow oligodendrocyte K� access to
astrocyte cytosol. Finally, as proposed in the original spatial buffer
hypothesis, extensive gap junctional coupling of astrocytes provides

Figure 5. Genetic evidence that Kir4.1 channels and gap junctions function in a common pathway: pathological findings in
Cx32�/Y, Cx47�/�, Kir4.1�/� spinal cords. Low-magnification images of toluidene blue-stained semithin transverse sections of
spinal cord gray matter reveal the extent of vacuolation in Cx32�/Y, Cx47�/�, Kir4.1�/� mice (C) but not in controls (A, B). D–G,
These are images of transverse sections of spinal cord gray matter from 5-week-old mice. Capillaries (c) but not vacuoles (v) are
present in this field from a Cx32�/�, Cx47�/�, Kir4.1�/� (D), but vacuoles are abundant in Cx32�/Y, Cx47�/�, Kir4.1�/�

(E–G) spinal cords. Electron microscopy shows a typical vacuole that is partly surrounded by a myelin sheath (F ), as well as
electron-dense cellular processes (G; asterisks), which are also a feature of this genotype. Scale bars: A, B, 10 �m; C, D, 1 �m.
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a mechanism for dispersal of K� to distal locations, for release by
passive mechanisms. The latter include release at capillaries and pia
mater via Kir4.1, which is highly concentrated at astrocytic end feet
(Newman, 1986; Kofuji and Newman, 2004). Thus, the inclusion of
oligodendrocytes into a “glial syncytium” should enhance the ability
of CNS glia to redistribute K�.

Double KOs of Cx32 and Cx47 display severe CNS dysmyeli-
nation, with prominent vacuolation (Menichella et al., 2003;
Odermatt et al., 2003). Although not directly tested, the expecta-
tion from immunocytochemical studies (Altevogt and Paul,
2004; Kamasawa et al., 2005) is that loss of both Cx32 and Cx47
would dramatically reduce or eliminate both astrocyte:oligoden-
drocyte (A:O) coupling and reflexive coupling between oligoden-
drocyte cell body and periaxonal cytoplasm. The finding that
Kir4.1-null mice also developed vacuoles in myelinated regions
suggested that A:O coupling and/or oligodendrocyte reflexive
coupling might share a function with Kir4.1, a notion supported
by genetic complementation in which vacuolation was observed in
compound connexin-Kir4.1 heterozygotes (Cx32� /Y, Cx47�/�,
Kir4.1�/�). We propose that the vacuoles are a pathological accu-
mulation of ions and H2O that are unable to redistribute in the
mutant mice. The vacuoles in Cx32/Cx47 dKO (Kir4.1�/�) mice are
mostly in the periaxonal space, between the axon and the myelin

sheath. Because reflexive coupling should be strongly affected, these
vacuoles could result from an inability to redistribute the K� re-
leased through Shaker-type Kv1.1 and Kv1.2 channels into the peri-
axonal space (Wang et al., 1993; Devaux et al., 2002).

In contrast, vacuoles in both Kir4.1�/� and Cx32� /Y,
Cx47�/�, Kir4.1�/� mice develop mostly in association with the
outside of the myelin sheaths. This ultrastructural difference
could reflect a difference in the locations of K� accumulation. In
Cx32� /Y, Cx47�/�, Kir4.1�/� mice, K� efflux from oligodendro-
cyte perikarya might be more affected than in the connexin dKO
because both direct K� release through Kir4.1 (Kalsi et al., 2004)
and transfer to astrocytes through gap junctions would be impacted.
The Cx32� /Y, Cx47�/�, Kir4.1�/� oligodendrocytes would experi-
ence somewhat increased [K�] in several compartments rather than
a large increase mainly in the periaxonal space as we postulate for the
connexin dKO. The appearance of vacuolation associated with the
outside rather than the inside of the myelin sheath in Cx32� /Y,
Cx47�/�, Kir4.1�/� animals could reflect a greater sensitivity of this
compartment to elevations in [K�]. This model is consistent with
the known localization of Cx32 and Cx47 at both paranodal regions
and perikarya (Menichella et al., 2003; Kamasawa et al., 2005) and
Kir4.1 predominantly in oligodendrocyte perikarya and astrocyte
end feet (Kalsi et al., 2004).

Our data suggest that, in addition to their well known role in
facilitating saltatory conduction, oligodendrocytes have an impor-
tant function in spatial buffering of K� released during axonal ac-
tivity. A:O and reflexive coupling may also be important in patho-
logical states, because proper K� and water homeostasis affect
epileptogenesis (Dudek et al., 1998; Hinterkeuser et al., 2000; Stein-
hauser and Seifert, 2002; Amiry-Moghaddam et al., 2003; Eid et al.,
2005). Perhaps diminished K� buffering contributes to the seizures
that are seen in human patients and mouse models in which oligo-
dendrocyte function is compromised, including those lacking con-
nexin genes (Sidman et al., 1964, 1985; Young et al., 1989; Wang et
al., 2001; Eriksson et al., 2002; Menichella et al., 2003; Odermatt et
al., 2003; Uhlenberg et al., 2004). We propose that oligodendrocytes
are part of the network of cells that redistribute extracellular K�

generated during activity and could serve as a novel therapeutic tar-
get for diseases related to excessive excitability.
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