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Megalencephalic leucoencephalopathy with subcortical cysts (MLC) is a rare congenital leucodystrophy
caused by mutations in MLC1, a membrane protein of unknown function. MLC1 expression in astrocyte
end-feet contacting blood vessels and meninges, along with brain swelling, fluid cysts and myelin vacuo-
lation observed in MLC patients, suggests a possible role for MLC1 in the regulation of fluid and ion homeo-
stasis and cellular volume changes. To identify MLC1 direct interactors and dissect the molecular pathways
in which MLC1 is involved, we used NH2-MLC1 domain as a bait to screen a human brain library in a yeast
two-hybrid assay. We identified the b1 subunit of the Na,K-ATPase pump as one of the interacting clones
and confirmed it by pull-downs, co-fractionation assays and immunofluorescence stainings in human and
rat astrocytes in vitro and in brain tissue. By performing ouabain-affinity chromatography on astrocyte
and brain extracts, we isolated MLC1 and the whole Na,K-ATPase enzyme in a multiprotein complex that
included Kir4.1, syntrophin and dystrobrevin. Because Na,K-ATPase is involved in intracellular osmotic con-
trol and volume regulation, we investigated the effect of hypo-osmotic stress on MLC1/Na,K-ATPase relation-
ship in astrocytes. We found that hypo-osmotic conditions increased MLC1 membrane expression and
favoured MLC1/Na,K-ATPase-b1 association. Moreover, hypo-osmosis induced astrocyte swelling and the
reversible formation of endosome-derived vacuoles, where the two proteins co-localized. These data suggest
that through its interaction with Na,K-ATPase, MLC1 is involved in the control of intracellular osmotic con-
ditions and volume regulation in astrocytes, opening new perspectives for understanding the pathological
mechanisms of MLC disease.

INTRODUCTION

Megalencephalic leucoencephalopathy with subcortical cysts
(MLC, OMIM 604004) is a rare inherited, autosomal recessive
form of spongiform leucodystrophy affecting children (1).
MLC patients manifest macrocephaly, motor function deterio-
ration, ataxia, spasticity, epileptic seizures and variable levels
of mental impairment. The disease is also characterized by a
slowly progressive clinical course that can be worsened by
minor stress, particularly minor head trauma and common

viral infections (1,2). White matter swelling and the presence
of subcortical cysts in the fronto-parietal and temporal regions
are the two main features characterizing MLC disease by mag-
netic resonance imaging (2). In brain biopsies of MLC
patients, the white matter was vacuolated and liquid vacuoles
were localized between the outer lamellae of the myelin
sheaths, probably generated by their splitting along the intra-
period line or incomplete compaction (2). Alterations in
blood–brain barrier structure and astrogliosis have also
been reported (2,3). To date, the pathogenetic mechanisms
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underlying MLC disease are still unknown and no therapy is
available for patients. The locus of the disease gene was
mapped at the very end of the long arm of chromosome 22
and named MLC1 (4). Different types of pathological
mutations, mostly missense mutations, have been found in
this gene without any clear correlation with the severity of
the phenotype (2,5). Furthermore, the involvement of a
second MLC-associated gene has been hypothesized (6–8).

The MLC1 gene encodes a protein of still unknown func-
tion, containing eight putative transmembrane domains and
short amino and carboxylic cytoplasmic domains. MLC1
proteic sequence shows the presence of an internal
amino-acidic repeat that is also found in several ion channel
proteins (2,9) but, with the exception of a low homology
with a potassium Kv1.1 channel subunit, it does not show
any similarities with known proteins. In the human brain,
MLC1 protein is highly expressed in distal astrocytic pro-
cesses in perivascular and subpial regions, in ependymal
cells lining the ventricles and in Bergmann glia in the cerebel-
lum (9–11). These observations led to hypothesize that brain
damage in MLC patients might be generated by abnormalities
in astrocyte function. In the mouse, expression of MLC1 in
some neuronal populations of the central and peripheral
nervous systems has been reported (9).

Altogether, the pathological alterations observed in MLC
patients, the localization of MLC1 in astrocyte end-feet contact-
ing brain barriers and its molecular structure suggest a role for
MLC1 in astrocyte-mediated processes regulating fluid homeo-
stasis and transport of ions or other substances between
the central nervous system (CNS) tissue and the blood or cere-
brospinal fluid. Astrocytes are the most abundant glial cell
population of the CNS and play an essential role in the mainten-
ance of neural tissue homeostasis through the regulation of
ions, neurotransmitters and metabolites in the extracellular
space (12). Recent findings from our and other groups indicate
that MLC1 interacts with components of the dystrophin–
glycoprotein-associated complex (DGC) (11,13,14). This mul-
tiprotein complex is expressed in brain astrocytes (15), where it
is involved in electrolyte balance and water movement by tar-
geting and stabilizing the inwardly rectifying K+ (Kir)
channel Kir4.1 and the water channel aquaporin-4 (AQP4) at
the astrocytic end-foot domains (16,17). Although it is concei-
vable that via association with DGC MLC1 might take part in
water and ion homeostasis in the brain, no evidence supporting
this hypothesis is available yet.

To shed light on MLC1 function in the brain, we searched
for MLC1 intracellular interactors. By using the two-hybrid
system assay, we identified the b1 subunit of the Na,K-
ATPase pump, the ubiquitous enzyme responsible for the
maintenance of the Na+ and K+ gradients across the plasma
membrane, as an MLC1-interacting clone. Using biochemical
assays and immunostainings, we further characterized the
interaction between MLC1 and Na,K-ATPase b1 subunit in
cultured astrocytes and whole-brain tissue. We found that,
by binding to Na,K-ATPase, MLC1 is part of a multiprotein
complex that includes Kir4.1 and the DGC proteins syntrophin
and dystrobrevin and is functionally involved in the regulation
of cell volume changes occurring after osmotic imbalance.
These findings show for the first time the direct association
of MLC1 with a known protein involved in intracellular

osmotic control and volume regulation, thus providing
new insights into potential mechanisms underlying MLC
pathogenesis.

RESULTS

Yeast two-hybrid screening of a human fetal cDNA library
identified the Na,K-ATPase b1 subunit as
MLC1-interacting partner

In order to isolate intracellular MLC1-interacting proteins in
the human brain, we performed a yeast two-hybrid screening
of the human fetal brain cDNA library using the MLC1-NH2

domain (from amino acid M1 to amino acid Y55 of the
protein sequence) as bait. We used a yeast-mating strategy
with a high level of stringency to isolate proteins that
interact strongly with this bait. The human MLC1-NH2-
domain-coding sequence obtained by RT–PCR from a
human brain extract was fused in-frame to the DNA-binding
domain of Gal4 (pGBKT7), transformed into yeast strain
AH109 and used to screen a human fetal brain cDNA
library subcloned into the Gal4 activation domain vector
pGADT7-rec and pre-transformed into yeast strain Y187.
Approximately 2 × 106 independent clones were screened
for the expression of the reporter genes HIS3, ADE2 and
Mel1/lacZ, and a total of 350 positive clones were found.
Because these clones could contain more than one AD/
library plasmid, we allowed segregation and recollected
them on SD/-TLHA/X-a-Gal plates. We selected 144 diploids
strongly activating Mel1/lacZ reporter genes, isolated their
plasmid DNA and sorted them using PCR followed by restric-
tion analysis. We rescued AD/library plasmids via transform-
ation of Escherichia coli, obtaining 27 different types of insert.
End sequencing and BLAST searching revealed that one of
them encoded for the C-terminal half (residues 156–303)
of the Na,K-ATPase b1 subunit isoform A (NaK-b1)
(GenBank Accession no. NM_001677). The specificity of
the direct interaction between MLC1 and NaK-b1 polypep-
tides was confirmed by glutathione-S-transferase (GST) pull-
down experiments performed with recombinant GST-MLC1
N-terminal domain (GST-MLC1-NH2) and 35S-labelled
NaK-b1 C-terminal domain (NaK-b1-COOH). In this exper-
iment, we found that NaK-b1-COOH specifically interacted
with the GST-MLC1-NH2 protein, although no interaction
with GST-MLC1-COOH protein (residues 322–377) or with
GST protein, used as negative control, was detected (Fig. 1A).

Interaction between MLC1 and NaK-b1 in in vivo systems

To verify whether MLC1-NH2 bound NaK-b1 in in vivo
systems, we performed a pull-down assay using GST-MLC1-
NH2 recombinant protein and protein extracts of rat primary
astrocytes, which can be obtained in large numbers and with a
high degree of purity from the newborn rat brain. As shown in
Figure 1B, we observed a specific interaction between
MLC1-NH2 domain and the endogenous astrocyte-derived
NaK-b1. Neither GST-MLC1-COOH nor GST proteins inter-
acted with NaK-b1. Since both our in-house-developed and
the commercially available anti-MLC1 pAbs failed to immuno-
precipitate MLC1, to further validate the observed interaction

Human Molecular Genetics, 2011, Vol. 20, No. 1 91



and verify whether the human full-length MLC1 protein bound
NaK-b1 as well, we performed a co-purification assay that we
set up previously to study MLC1 association with DGC proteins

(14). A human astrocytoma cell line (U251) over-expressing
histidine (His)-tagged MLC1 and the NiNTA-agarose resin
specific for the binding of His tag were used to enrich
His-MLC1 protein and its interactors from astrocyte protein
extracts as described previously (11,14). Western blot (WB)
of the samples obtained from NiNTA-agarose purification
using His-MLC1-U251 cell protein extracts indicated that
both the main MLC1 components expressed in astrocytes, the
60 and 36 kDa proteins (9,11), were enriched in the cellular
extract eluted from His affinity column (Fig. 1C). We found
that His-MLC1 co-purified with NaK-b1 but not with
b-dystroglycan (b-DG), a protein previously shown not to inter-
act directly with MLC1 (14) and therefore used as negative
control (Fig. 1C). This experiment confirmed and extended the
results of the two-hybrid system screening, indicating that
the full-length MLC1 protein interacts with the b1 subunit of
the Na,K-ATPase enzyme in a human cellular system.

Isolation of Na,K-ATPase and MLC1 in a multiprotein
complex from the rat brain

The NaK-b1 subunit interacts with the catalytic a subunit to
form the functional Na/K pump responsible for the mainten-
ance of an electrochemical gradient across the cellular mem-
brane. The Na,K-ATPase a subunit contains the binding site
for ATP and an extracellular binding site of cardiac glycosides
as ouabain (18). By exploiting the specificity and selectivity of
the binding to the a catalytic subunit of the inhibitor ouabain,
we set up an affinity chromatography procedure that was used
previously to efficiently isolate the whole active Na,K-ATPase
enzymatic complex and its interactors from different cell types
(19,20). The use of ouabain affinity chromatography on rat
cerebellum protein extracts has recently allowed the identifi-
cation of a macromolecular complex where Na,K-ATPase
interacts with the GLAST and GLT-1 glutamate transporters,
thus acting as a functional unit to regulate glutamatergic
neurotransmission (20).

To ascertain whether, in our experimental systems, MLC1
interacted with the whole functional Na,K-ATPase enzymatic
complex, the cytosolic and membrane protein fractions
obtained from rat brain extracts were purified on ouabain affi-
nity chromatography and, after elution, the proteins associ-
ated with Na,K-ATPase were revealed by WB. We found
that in the brain cytosolic fraction, the 36 kDa MLC1 com-
ponent was specifically eluted along with NaK-b1 by K+

and a high concentration of ouabain from the ouabain
column (Fig. 2A). Since we previously reported that MLC1
interacts with the potassium channel Kir4.1 and with the
DGC components syntrophin and dystrobrevin (14), we
searched for the presence of these proteins in the ouabain
eluate. Indeed, Kir4.1, syntrophin and dystrobrevin (both
the a1 and a2 isoforms recognized by a specific monoclonal
antibody) were detected within the Na,K-ATPase macromol-
ecular complex (Fig. 2A). Despite the presence of syntrophin
in the ouabain-eluted fraction, we did not find the water
channel AQP4 (Fig. 2A), which was reported to bind syntro-
phin (21), to be functionally linked to Kir4.1 (17) and to
interact with the Na,K-ATPase in rat atrocytes and brain
(22). The early endosome antigen EEA1, the specific
marker for early endosomes, which is abundantly expressed

Figure 1. MLC1-N terminal domain interacts with Na,K-ATPase b1 subunit
(NaK-b1). (A) Purified GST-MLC1-NH2 terminal (GST-MLC1-N, amino
acids 1–55), GST-MLC1-COOH terminal (GST-MLC1-C, amino acids
322–377) or glutathione-S-transferase (GST), pre-bound to glutathione-
Sepharose beads, was incubated with in vitro-translated [35S] NaK-b1
C-terminal domain (amino acids 156–303). After extensive washings,
bound radioactive proteins were separated by SDS–PAGE and detected by
autoradiography. NaK-b1 C-terminal domain binds specifically to MLC1-N
terminal domain. (B) Western blot (WB) analysis of proteins from primary
cultures of rat astrocytes (Input) pulled down by agarose-bound
GST-MLC1-N, GST-MLC1-C and GST, eluted with 0.1 M glycine, pH 3,
and revealed with an antibody against NaK-b1. NaK-b1 interacts with
GST-MLC1-N-terminal but not with GST-MLC1-C-terminal and control
GST alone. b-Dystroglycan (b-DG) is not detected among the pulled-down
proteins. (C) Histidine (His)-tagged MLC1 protein co-fractionates with
NaK-b1. WB analysis of His-MLC1-interacting proteins after elution from
Ni-NTA agarose with 50 and 200 mM imidazole (Im). NaK-b1, but not
b-DG, co-elutes with the 36 and 60 kDa MLC1 components. One representa-
tive experiment out of three is shown.
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in brain cytosolic extract and partially co-localizes with
MLC1 in immunofluorescences on cultured rat astrocytes
(14), was not detected in the ouabain-eluate (Fig. 2A).
When we analysed the ouabain-eluted fraction obtained
from the rat brain membrane extract, we failed to reveal
both the 60 and 30 kDa MLC1 membrane components (14;
Fig. 2B), although NaK-b1 and the associated proteins
Kir4.1 and syntrophin were present. It is possible that the
amount of membrane MLC1 bound to the ouabain column
is too low to be detected by WB or that several proteins
known to interact with Na, K-ATPase in the brain (20)
might interfere with its binding to MLC1.

Co-localization of MLC1 and NaK-b1 in cultured
astrocytes and their re-distribution around intracellular
vacuoles during hypo-osmotic shock

To identify the subcellular compartments where MLC1–
NaK-b1 interaction occurs, we next performed immunolocali-
zation experiments in rat primary astrocytes. Immunofluores-
cence stainings with an anti-MLC1 pAb raised against the
intracellular MLC1-NH2 domain confirmed that MLC1
mainly localized in endoplasmic reticulum (ER) areas and
endolysosomal compartments (Fig. 3A, Iso, red), as described
previously (14). The distribution of NaK-b1, as revealed by an
mAb recognizing the COOH domain of the protein, indicated
that NaK-b1 was expressed both at the plasma membrane
level and in discrete perinuclear areas and some cytoplasmic
vesicles (Fig. 3A, Iso, green). The intracellular localization
of the Na,K-ATPase enzyme in cytoplasmic structures has
been described previously in different cell types and demon-
strated to be due to its trafficking through the endolysosomal
compartment (23–26). The merge of the immunostainings
indicated that in most astrocytes, MLC1 and NaK-b1
co-localized primarily in cytoplasmic vesicles distributed
around the nuclei, most likely in ER domains and endolysoso-
mal organelles (Fig. 3A Iso, merge), thus suggesting a possible
MLC1/Na,K-ATPase association during endocytosis processes
or transport from ER to the plasma membrane (14).

In MLC patients, magnetic resonance imaging reveals
diffuse signal abnormalities, swelling of the cerebral white
matter and cysts, suggesting that MLC1 may have a role in
the regulation of ion and water transport associated with cell
volume regulation in the brain. Since Na,K-ATPase regulates
cell swelling and regulatory volume decrease (RVD) occurring
in astrocytes after exposure to hypo-osmotic medium (27,28),
we cultured rat astrocytes in hypo-osmotic solution (29,30) for
different time lengths (6 and 12 h) and analysed NaK-b1
and MLC1 intracellular distribution in comparison with
untreated cells. Phase contrast microscopy analysis of
control (Fig. 3B, Iso) and treated astrocytes (Fig. 3B, Hypo)
indicated that the latter were slightly swelled with enlarged
nuclei showing a 25–30% increase in size compared with con-
trols, as assessed by confocal microscopy comparative analy-
sis (data not shown), as described previously (27). We also
observed the formation of intracellular vacuoles that increased
in number and size over time and were more evident in cells
subjected to 12 h hypo-osmotic treatment (Fig. 3B, Hypo,
arrowheads).

The finding that osmotic imbalance can lead to the for-
mation of intracellular vacuoles has been already reported in
different cell types (31,32). Moreover, ER-derived watery
vacuole formation induced by long-term hypo-osmotic shock
was described previously in 3T3L1 cells (33). By performing
immunofluorescence stainings of astrocytes subjected to 6 h
hypo-osmotic treatment with anti-MLC1 and anti-NaK-b1
Abs, we observed that MLC1 was distributed around the
newly formed vacuoles, most likely in the membranes border-
ing the vacuolar structures, where it partially co-localized with
NaK-b1 (Fig. 1A, Supplementary Material). After the 12 h
hypo-osmotic treatment, we observed an enlargement of the
vacuoles and an almost complete co-localization between
MLC1 and NaK-b1 in the vacuolar rims and around nuclear

Figure 2. Co-purification of MLC1 and Na,K-ATPase by ouabain affinity
chromatography. Fractions eluted from ouabain affinity chromatography of
cytosol (A) and membrane (B) extracts from the rat brain. Chromatography
fractions were analysed by SDS–PAGE and WB and probed with Abs
against MLC1, Na,K-ATPase b1 (NaK-b1), early endosome antigen1
(EEA1), Kir4.1, syntrophin (synt), dystrobrevin (DB) and aquaporin 4
(AQP4). MLC1, NaK-b1, Kir4.1, synt and a1 and a2 dystrobrevin (DB) iso-
forms (87 and 55 kDa revealed by the monoclonal antibody), but not AQP-4
and EEA1, were detected in the ouabain eluate from the cytosolic extract of
rat brain (A). No MLC1 was found in the membrane eluate, although
NaK-b1, Kir4.1 and syntrophin were present (B).
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membranes (Fig. 3A, Hypo). The localization of NaK-b1 is in
agreement with previous findings showing that Na,K-ATPase
is constitutively expressed in the membranes of intracellular
organelles, where it plays a role in the regulation of organelle
pH and endocytosed membrane traffic (23,34–36).

Because the NaK-b1 distribution in astrocyte vacuole mem-
branes induced by hypo-osmosis strongly resembled that
described in the membranes of enlarged early endosomes
in cells subjected to amine treatment (23,37) or induced by
expression of a GTPase-defective mutant Rab5(Q79L) (38),
we performed immunofluorescence stainings using anti-MLC1
pAb in combination with different Abs recognizing intracellular
organelles of the endolysosomal pathway. In control astrocytes,
MLC1 partially co-localized with EEA1 (not shown), as
described previously (14). When astrocytes were grown in
hypo-osmotic medium for 6 h, we observed several EEA1-
positive enlarged organelles but only a few of them were also
immunopositive for MLC1 (Fig. 1B, Supplementary Material).
When cells were grown for 12 h in hypo-osmotic condition,
the vacuoles increased in number and size and their limiting
membranes were found immunopositive for both MLC1 and
EEA1 (Fig. 3A, Hypo, arrows).

To further characterize hypo-osmosis-induced vacuoles, we
also stained astrocytes with anti-Rab5 mAb in combination
with anti-MLC1. Rab5 localizes to early endosomes (39) at
the site of contact between endosomes about to fuse, and
exerts its function on early endosome fusion and motility

(40,41). When overexpressed, Rab5 induces the formation of
enlarged endosomes (42). After 12 h hypo-osmotic treatment,
we observed a high level of co-localization between MLC1
and Rab5 in the vacuolar limiting membranes and perinuclear
area, confirming the early endosomal origin of the vacuolar
structures forming in the astrocyte cytoplasm (Fig. 2A, Sup-
plementary Material). Conversely, anti-CD63 Ab, an organelle
marker recognizing late endosomal and multivesicular body
compartments, did not stain the vacuolar structures forming
during hypo-osmotic treatment (data not shown).

Because cell swelling and vacuole formation induced by
hypo-osmotic treatment are reported to be reversible processes
(43,44), astrocytes treated with hypo-osmotic solution were
incubated for additional 12 h in iso-osmotic cell culture
medium. After this time period, we observed an almost com-
plete disappearance of intracellular vacuolation, and, similar
to what observed in untreated astrocytes, MLC1 and
NaK-b1 co-localized mostly in perinuclear areas (Fig. 3A,
Rev). In the same experiments, we observed that MLC1 and
EEA1 distribution also reverted to a condition almost identical
to that of untreated astrocytes (data not shown).

To verify whether Kir4.1, the potassium channel found to be
associated with MLC1 in astrocytes (13,14), was also present in
the cytoplasmic vacuoles induced by 12 h hypo-osmotic shock,
we performed double-immunostainings with anti-EEA1 and
anti-Kir4.1 Abs in control and treated astrocytes. These stain-
ings indicated a strong co-localization between the two proteins

Figure 3. Co-immunolocalization of MLC1 and Na,K-ATPase b1 (NaK-b1) in control and in hypo-osmotic treated astrocytes. (A) Double-immunofluorescence
staining of control rat astrocyte cultures with anti-MLC1 pAb (red) and anti-NaK-b1 mAb (green) shows co-localization of the two proteins in the perinuclear
areas (Iso, merge, arrows) and rarely at the plasma membrane level (Iso, merge, arrowhead). After 12 h treatment of astrocytes with hypo-osmotic medium,
double-immunofluorescence stainings with anti-MLC1 pAb (red) and anti-Na,K-b1 mAb (green) indicated a strong co-localization between MLC1 and
NaK-b1 at the vacuolar delimiting and nuclear membranes (Hypo, merge). Similarly, in astrocytes subjected to 12 h hypo-osmotic treatment, anti-MLC1
pAb (red) and anti-EEA1 mAb (green) immunostaining revealed co-localization of the two molecules around vacuoles (Hypo, merge, arrows). In cells
grown overnight in iso-osmotic culture medium after 12 h hypo-osmotic treatment, intracellular vacuolation is no more present and the co-localization of
MLC1 (red) and NaK-b1 (green) is observed mostly in the perinuclear area (Rev, merge), similar to that observed in control, untreated cells (Iso, merge).
Scale bars: 20 mm. (B) Phase contrast microscopy photographs of cultured rat astrocytes after overnight growth in iso-osmotic (Iso) or hypo-osmotic
medium (Hypo). Note the changes in cell morphology after hypo-osmotic treatment. Astrocytes are slightly swelled, with enlarged nuclei and intracellular vacu-
oles (arrowheads). Original magnification: 400×.
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in the vacuolar membranes (Fig. 2B, Supplementary Material),
suggesting the participation of Kir4.1 channel to the hypo-
osmosis-induced changes observed in astrocytes.

Hypo-osmotic treatment increases the membrane
component of MLC and its association with the
Na,K-ATPase enzymatic complex in astrocytes

To investigate whether hypo-osmosis could also induce
changes in the expression levels of the membrane and cytoso-
lic MLC1 protein components, we performed WB analysis
using extracts of control astrocytes, astrocytes exposed to
hypo-osmotic solution for 12 h and astrocytes reverted to iso-
osmotic condition after hypo-osmotic treatment. Figure 4

shows that the 60 kDa MLC1 membrane protein markedly
increased during hypo-osmotic treatment. Conversely, the
36 kDa cytosolic MLC1 protein component was decreased.
Both MLC1 components returned to control levels after the
removal of the hypo-osmotic medium (Fig. 4). RT–PCR per-
formed on control and hypo-osmotic astrocytes revealed no
differences in MLC1 mRNA levels (data not shown), indicat-
ing that the higher levels of MLC1 membrane protein
observed in WB experiments are due to an increase in
protein stability and/or trafficking to the plasma membrane,
and not to neosynthesis. No significant differences were
observed in NaK-b1 protein levels, with the only exception
of the highest molecular weight component, probably a multi-
meric protein aggregate that was found to decrease in the
cytosol after the removal of hypo-osmotic medium. Similarly,
no differences were detected in the protein levels of EEA1 and
actin, used as internal loading control (Fig. 4), as well as of
Kir4.1, dystrobrevin and syntrophin (data not shown). Since
it has been proposed that the 60 kDa MLC1 component
could represent the dimeric functional complex (9,14), these
data suggest that MLC1 may be functionally involved in the
processes regulating cell volume and vacuole formation
under hypo-osmotic condition.

To analyse the effects of hypo-osmotic treatment on MLC1
interaction with the whole Na,K-ATPase enzyme and the
associated multiprotein complex observed after ouabain affinity
chromatography on rat brain tissue (Fig. 2), we used protein
extracts derived from the cytosol and membrane fractions of
control and hypo-osmosis-treated astrocytes. WB analysis of
ouabain-eluted proteins showed the presence of small
amounts of the cytosolic 36 kDa MLC1 along with
Na,K-ATPase complex components, Kir4.1, dystrobrevin and
EEA1 without quantitative differences between normal and
hypo-osmosis-treated astrocytes (Fig. 5A). Nonetheless, syntro-
phin appeared decreased in the ouabain eluate derived from
hypo-osmosis-treated cells. In these experiments, we used a
more sensitive in-house-generated antibody to detect dystrobre-
vin isoforms (45) (Fig. 5A and B). Similar to what observed in
rat brain, AQP4 was not found in the ouabain eluate, although
two bands of molecular weight �32 and 60 kDa, which rep-
resent the monomeric and dimeric forms of AQP4, respectively
(46), were detected by the pAb used in the starting material
(Fig. 5A and B, Input). When we analysed the fractions obtained
from astrocyte membrane extracts, we found that in astrocytes,
in contrast to what observed with rat brain membrane extracts,
the 60 kDa and the higher molecular weight MLC1 oligomers
(9,11,14) were eluted from the ouabain column along with
Na,K-ATPase, Kir4.1, dystrobrevin and syntrophin (Fig. 5B).
In the same eluted sample, we also found caveolin-1 (cav-1),
the specific structural component of caveolae that has been
reported to directly bind Na,K-ATPase (47,48) and MLC1
(14). Most importantly, after hypo-osmotic shock, the amount
of the 60 kDa MLC1 and of the higher molecular weight
oligomers eluted from the column increased along with
NaK-b1, although no major differences were seen in the other
proteins analysed (Fig. 5B). These data confirm that the
interaction between MLC1 membrane components and
NaK-b1is favoured by hypo-osmotic treatment, indicating
that it may be functionally important in astrocytes during
changes in homeostatic conditions. The presence of MLC1 in

Figure 4. Hypo-osmotic treatment of rat astrocytes increases the membrane
components of MLC1. Rat astrocytes were incubated overnight with iso-
osmotic or hypo-osmotic buffer or were put back in iso-osmotic cell culture
medium for 12 h after hypo-osmotic treatment. Then, the cytosolic and mem-
brane fractions were analysed by SDS–PAGE and WB. Hypo-osmotic treat-
ment causes an increase in the membrane MLC1 components, the 60 kDa
(arrowhead) and the higher molecular weight oligomers (asterisk), and a
decrease in the cytosolic 36 kDa MLC1 component (arrow). NaK-b1 protein
levels do not change, with the only exception of the higher molecular
weight component, probably a multimeric proteic aggregate that is not
present in the cytosol after the reversion treatment. No differences were
detected in EEA1 and actin protein levels. Actin was also used as internal
loading control.
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the Na,K-ATPase-associated protein complex in the eluates
derived from astrocyte membranes but not in those derived
from brain membrane extracts could be due to enrichment of
the MLC1 60 kDa protein in purified astrocytes relatively to
whole-brain-derived samples. Alternatively, because rat astro-
cytes prevalently express the a2 isoform of the Na,K-ATPase
that shows a lower affinity for ouabain relative to the neuronal
specific a1 isoform (49), we cannot exclude that, in the chrom-
atography experiments performed with brain membrane extract,
the competition between the two isoforms limits the binding of
the a2 astrocytic-specific isoform to the ouabain column.
Experiments are in progress to evaluate this possibility.

Association of MLC1 and Na,K-ATPase in hypertrophic
astrocytes in the inflamed human brain

Altogether, the above results suggested that MLC1 may
cooperate with Na,K-ATPase in processes regulating cell

volume and osmotic balance in astrocytes. To investigate
this issue further, we analysed MLC1/Na,K-ATPase relation-
ship in an inflammatory condition of the CNS. Using immuno-
histochemistry, we analysed the localization of NaK-b1 and
MLC1 in post-mortem brain samples from a patient with
multiple sclerosis (MS), a disease characterized by chronic
inflammation accompanied by reactive astrogliosis and astro-
cyte hyperthophy (50). As already reported (9–11), we
found that, in the normal brain, MLC1 was expressed in astro-
cytes contacting blood vessels and that its expression
increased in the MS brain in the perivascular areas of immu-
nologically active, demyelinated lesions in the white matter
(Fig. 3, Supplementary Material). We also observed that
numerous small blood vessels, compared with the normal
brain sample, were MLC1-immunopositive, probably reflect-
ing the increased levels of expression of the MLC1 protein
in MS brain (Fig. 3, Supplementary Material). Double-
immunofluorescence stainings with anti-MLC1 and anti-
NaK-b1 Abs on a brain section containing an active lesion
with numerous perivascular inflammatory cell infiltrates
revealed a partial co-localization of MLC1 with the NaK-b1
around blood vessels (Fig. 6A and B). Interestingly, in some
hypertrophic astrocytes, the two molecules co-localized in
cytoplasmic vesicles (Fig. 6C, arrowheads). Virtually, no
co-localization between the two proteins was seen in normal
brain tissue (not shown). These findings suggest that in MS
lesions, MLC1–NaK-b1 interaction in activated astrocytes
might be induced by osmotic changes caused by inflammation.

DISCUSSION

In this study, we demonstrate a direct association between
MLC1, the protein product of the MLC gene whose mutations
cause MLC disease, and the b1 subunit of Na,K-ATPase, the
ubiquitous enzyme that is responsible for the maintenance of
Na+ and K+ gradients across the plasma membrane. This mol-
ecular association was detected and characterized in vitro, in
cultured astrocytes and in brain tissue. We also found that
MLC1 along with Na,K-ATPase is a component of a macro-
molecular complex that encompasses the K+ channel Kir4.1
and the DGC proteins syntrophin and dystrobrevin and under-
goes reversible dynamic association in early endosome-
derived vacuoles that form in cultured astrocytes during
hypo-osmotic shock. Because brain pathology in patients car-
rying MLC1 mutations is thought to be caused by alterations
in the mechanisms regulating osmotic balance and cell
volume changes, the demonstration that MLC1 associates
with the Na,K-ATPase enzymatic complex represents the
first experimental evidence of the hypothesized involvement
of MLC1 in astrocyte functions controlling these processes.

We first identified the b1 subunit of Na,K-ATPase
among the MLC1-interacting clones screened by the yeast
two-hybrid assay from a human fetal brain cDNA library.
The Na,K-ATPase enzyme is a heterodimer made of the
assembly of a catalytic and b subunits (51), with some cell
types, including astrocytes, expressing an additional regulat-
ory g subunit (52–54). By pumping three Na+ ions from the
cytoplasm in exchange for two extracellular K+ ions
coupled to the hydrolysis of one molecule of ATP,

Figure 5. MLC1 is a component of a multiprotein complex associated with
Na,K-ATPase in astrocytes, and hypo-osmotic treatment increases its associ-
ation with Na,K-ATPase. Analysis of the eluted fractions from ouabain affinity
chromatography of cytosol (A) and membrane (B) extracts of cultured astro-
cytes grown for 12 h in iso-osmotic and hypo-osmotic mediums. Fractions
were analysed by SDS–PAGE and WB and probed with Abs against
MLC1, Na,K-ATPase b1 (NaK-b1), Kir4.1, dystrobrevin (DB), syntrophin
(Synt), early endosome antigen1(EEA1), aquaporin-4 (AQP4) and caveolin-1
(Cav-1). Following hypo-osmotic shock, syntrophin decreases in the ouabain
eluate of cytosol extract (A), whereas MLC1 and NaK-b1 increase in the
ouabain eluate of membrane extract (B). AQP4 was not detected in the
ouabain eluate of both cytosol and membrane fractions.
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Na,K-ATPase produces ion gradients across the plasma
membranes, thus maintaining the electrochemical gradient of
the membrane (51,55). Cells use these ion gradients in many
essential processes, such as osmoregulation, generation of
plasma membrane potential and maintenance of intracellular
pH and Ca2+ concentration, vectorial transport of many
solutes and excitability in muscle fibres and neurons.

The b1 subunit is a highly glycosylated membrane protein
of 303 amino acids that is responsible for the functional
expression of the Na,K-ATPase pump. It contains a short
NH2 cytoplasmic domain and a large extracellular portion
that includes the C-terminal and, by binding the nascent a
subunit, leads to the correct conformation of the whole enzy-
matic complex allowing its release from ER and targeting to
the plasma membrane (56). By performing biochemical ana-
lyses on cultured rat and human astrocytes and brain tissue,
we confirmed the specific direct interaction between the
MLC1-NH2 terminal (1–55 amino acids) and the extracellular
portion of the NaK-b1 that encompasses the COOH domain
(156–303 amino acids). Although at the plasma membrane
level the two interacting peptides show an opposite orientation
(intracellular for the MLC1-NH2 terminal and extracellular for
the COOH domain of NaK-b1), it can be hypothesized that the
interaction described here can occur in other intracellular com-
partments where the proteins are correctly oriented in order to
interact. This hypothesis is supported by the observation that
in cultured astrocytes, MLC1 and NaK-b1 immunoreactivities
co-localize in intracellular structures, like cytoplasmic vesicles
and organelles. Interestingly, a similar structural interaction
between the extracellular portion of the NaK-b1 subunit

(229–298 amino acids) and the intracellular COOH domain
of the large conductance Ca2+-activated K channel (BKCa

channels or Slo1 protein) has been reported recently (57).
Although also in this case the interacting regions of the two
proteins are localized one inside and the other outside the
cell membrane, the functional outcome of this interaction is
supported by the finding that NaK-b1 plays a role in regulating
the steady-state expression of BKCa channels on the cell
surface (57). It has been suggested that the NaK-b1 subunit
contributes to the targeting and stabilization of membrane pro-
teins, particularly ion channels, to specific cellular domains to
form a larger protein complex involved in ion homeostasis and
signalling pathways (57), as indicated already by previous
studies (58,59). Of note, in the mouse brain, the COOH
domain of the NaK-b1 subunit was found to interact with
MONAKA (60) and NKAIN family proteins (NKAIN 1, 2,
3, 4; 61), all recently cloned membrane proteins of unknown
function that have been proposed to cooperate in the regu-
lation of NaK-b1 function.

In line with the hypothesis that the extracellular domain of
the b1 subunit of Na,K-ATPase could play a role in determin-
ing multiproteic interactions that are important for the differ-
ent functions of the whole Na,K-ATPase enzymatic complex
(see above), we show that MLC1, through its binding to
NaK-b1, interacts with the whole Na,K-ATPase pump and is
part of a multiproteic complex that includes the K+ channel
Kir4.1, the DGC adaptor proteins syntrophin, dystrobrevin
and caveolin-1 and could be assembled in specific cellular
domains in response to functional demands. The presence of
caveolin-1 among the proteins isolated by ouabain affinity

Figure 6. Co-immunolocalization of NaK-b1 and MLC1 in multiple sclerosis (MS) brain lesions. (A and B) Immunofluorescence staining of MS brain tissue
with anti-MLC1 pAb (red) and anti-Na,K-ATPase b1 (NaK-b1) mAb (green) shows that MLC1 and NaK-b1 immunoreactivities partially overlap around
inflamed blood vessels (A and B, arrows) and in hypertrophic astrocytes in the lesioned periventricular white matter (B, arrowheads). (C) High-power magni-
fication of a confocal image shows the overlapping vesicular localization of MLC1 and NaK-b1 in reactive astrocytes (arrowheads). Scale bars: A: 50 mm; B:
100 mm; C: 10 mm.
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chromatography supports the possible caveolar localization of
the whole complex. Although in cultured astrocytes we
observed very low levels of MLC1/NaK-b1 co-localization
at the plasma membranes where caveolae are structured, we
cannot exclude that in certain physiological conditions, by
binding to the C-terminal of the NaK-b1, MLC1 can be
recruited and stabilized to the caveolae to fulfil specific func-
tions. After having exerted their functions, both proteins could
be endocytosed in caveosomes, as reported previously for
MLC1 (14), to be sorted to specific endolysosomal organelles
for storing, recycling or degradation. This scenario could
explain, at least in part, the intracellular vesicular localization
of MLC1-NH2 and NaK-b1-COOH domains in astrocytes in
vitro, indicating that their interaction may occur during intra-
cellular sorting and trafficking route. It has been demonstrated
that the presence of the Na,K-ATPase pump in early endo-
somes is functionally related to its activity of internal pH regu-
lation (35,36,62). These organelles maintain a slightly acidic
pH, which is directly responsible for their ability to ensure
proper sorting of incoming receptors and ligands during endo-
cytosis. Na,K-ATPase, which appears to be a functional com-
ponent of the endosomal membrane, contributes to the early
endosome pH control by inhibiting excessive acidification
(23,37,62). This activity was found only in early endosomes,
consistent with their limited acidification capacity relative to
late endosomes and lysosomes (62). Our finding that MLC1
preferentially co-localizes with NaK-b1 in vacuolar structures
of early endosome origin (EEA1- and Rab5-positive
endosomes) that are generated in rat astrocytes during
hypo-osmotic treatment supports the idea that the intracellular
interaction between MLC1 and NaK-b1 occurs in early endo-
somes and may be functionally relevant during osmotic stress
and cell swelling. The observations that in astrocytes MLC1/
NaK-b1 co-immunostaining is maintained around the limiting
membrane of vacuoles induced during stress condition and
that the two molecules co-localize around blood vessels and
in hypertrophic astrocytes in the inflamed MS brain but not
in the non-pathological brain are consistent with the idea
that this interaction is not constitutive but dynamic and
might reflect specific functional requirements during osmotic
stress or cell volume alterations. It is worth noting that altera-
tions of Na,K-ATPase functionality in the brain have been
observed in a fatal spongiform encephalopathy (63). More-
over, in mice, disruption of the b2 isofom of Na,K-ATPase,
initially identified as the adhesion molecule on glia that med-
iates neuron–glia interaction (64), results in swelling and sub-
sequent degeneration of astrocyte end-feet in the brainstem.

It has been suggested that brain pathology in patients carry-
ing MLC1 mutations may be caused by alterations in the pro-
cesses regulating osmotic balance and cell volume changes.
MLC pathological features like fluid cysts, myelin vacuolation,
enlargement of extracellular space and swelling of the white
matter (1–3) are compatible with alterations in astrocyte-
mediated processes controlling brain volume and ion and
fluid exchanges. It is known that astrocytes, by contacting
neurons and cells lining fluid-filled compartments, play a
crucial role in regulating ion and water homeostasis through
the selective transmembrane movements of organic and inor-
ganic molecules and the balance of osmotic gradients which
involve alterations of cell volume (reviewed in 12).

Cell survival is ensured by avoiding excessive alterations of
cell volume, a process that requires the strictly regulated and
cooperative action of different ion and water channels (65),
including the Na,K-ATPase pump (66,67). In astrocytes,
Na,K-ATPase is involved in cell volume regulation and
swelling induced by glutamate and hypo-osmotic treatment
(27,67–71), water exchange (22) and the generation of
calcium waves (72,73). Moreover, it plays a major role in K+

and glutamate uptake following neuronal excitation and takes
part in astrocyte–neuron metabolic coupling (22,49,74,75).
Our experiments suggest that the long-term exposure of astro-
cytes to hypo-osmotic solution may deregulate the pH control
activity of the Na,K-ATPase, leading to organelle osmotic
imbalance and swelling (23,37). The presence of MLC1
along with NaK-b1 in the membranes lining the swelled orga-
nelles indicates their possible cooperation in the molecular
mechanism generating these structures. In support of this
hypothesis, we also found that hypo-osmotic shock induced
an increase in the amount of the MLC1 functional component
(60 kDa) and favoured the association of MLC1 and NaK-b1 to
the ouabain-eluted macromolecular complex. Collectively,
these results suggest that, along with Na,K-ATPase, MLC1 is
functionally involved in osmotic imbalance-induced volume
alterations. Although we do not know yet the specific function
of MLC1, we hypothesize that this protein works as an ion
channel itself, or as a chaperone subunit of some other chan-
nel(s) cooperating with the Na,K-ATPase enzyme in astrocyte
swelling and/or RVD occurring during hypo-osmotic shock.

Exposure of cells to hypo-osmotic extracellular fluid leads to
water influx, along the osmotic gradient across the cell mem-
brane and consequent cell swelling which involves the colla-
borative activity of different transporters, exchangers, water
and ion channels, including AQPs, K+ channels and/or anion
channels, KCl2 co-transporter, K+/H+ and Cl2/HCO3

2

exchanger. Cell volume response of astrocytes in hypo-osmotic
medium involves the net movement of osmoles by a mechan-
ism that is dependent on cellular energy and tightly coupled
to the Na,K-ATPase ion pump (27). It is noteworthy that
Kir4.1, the K+ channel previously found to bind MLC1
(5,14), was also present in the macromolecular complex of
the Na,K-ATPase, thus indicating that the two proteins may
participate in the same process. In addition, the presence of
syntrophin and dystrobrevin suggests that these scaffolding
proteins may mediate the link between different components
of the Na,K-ATPase transmembrane complexes. In glial
cells, Kir channels, and particularly Kir4.1, control extracellu-
lar K+ homeostasis by uptake of K+ ions from the extracellular
space and their release into the microvasculature. In addition,
in glial cells, Kir4.1 has been implicated in K+-associated
water influx and cell swelling in hypo-osmotic conditions, in
vitro and in vivo systems (76,77). It has been shown that the
activity of Kir4.1 on cell volume regulation is mediated by
its association with the water channel AQP4, although this
finding has not been reproduced in all studies (76). In our
experiments, we could not detect AQP4 in the ouabain-eluted
fraction, despite its recently reported interaction with the a
subunit of Na,K-ATPase (22). It is possible that AQP4 is
present in the Na,K-ATPase-associated macromolecular
complex in lower amounts relative to other proteins and its
detection may depend on the antibody used.
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To understand whether the loss of MLC1 observed in MLC
brain patients (5) may affect the functionality of the
Na,K-ATPase/MLC1 macromolecular complex, we performed
preliminary RNA-interfering experiments using lentiviral
infection. Although MLC1 mRNA was downregulated to
some extent (�30% reduction), we did not observe a
reduction of MLC1 protein levels, as assessed by WB and
immunostainings (data not shown). We are currently exploring
the possibility of using multiple combinations of different
interfering RNA sequences to induce efficient MLC1 protein
downregulation.

MLC1 patients show variability in both disease progression
and severity of clinical symptoms (2,5,78). So far, about 50
different mutations distributed along the whole MLC1 gene
have been identified with no evident correlation between gen-
otype and phenotype (5). In fact, clinical phenotypes may be
different in patients with the same mutation, whereas patients
with genetically proved mutations may share similar clinical
features with patients without mutations in the MLC1 gene
(7,9). In exon 2, which encodes the N-terminal region
and part of the first transmembrane domain of MLC1, different
types of mutations have been identified: either deletion/
insertion mutation types that cause frameshifts and the appear-
ance of premature truncation codons (probably leading to
protein loss of functions) or missense mutations that do
not disrupt synthesis of full-length MLC1 protein (5,79).
However, the observed clinical phenotypes are variable and
do not correlate with the severity of the mutations, as observed
for mutations affecting other regions of the protein (5). Inter-
estingly, we have recently found that in the cytoplasmic N-
terminal domain of MLC1, S27 can be phosphorylated in
vitro by both protein kinase A and protein kinase C (14),
suggesting a potential regulatory function of this domain in
MLC1-binding properties. Based on these findings, we
shall investigate further the association of MLC1 with
Na,K-ATPase in human astrocytoma cell lines stably trans-
fected with wild-type and mutated MLC1 in both normal
and hypo-osmotic conditions, with particular attention to the
phenotype of cells expressing mutations localized in the
NH2 region of the protein that interacts with the b1 subunit
of the Na,K-ATPase.

In conclusion, by showing a dynamic interaction between
MLC1 and Na,K-ATPase b1, this study provides the first
experimental evidence for an involvement of MLC1 in pro-
cesses controlling cellular volume and ion homeostasis in
astrocytes. These findings will pave the way for a better under-
standing of the pathogenetic mechanisms underlying MLC and
thus for the development of the most appropriate strategies to
cure this disease.

MATERIALS AND METHODS

Plasmid constructs

The coding region of the MLC1 N-terminal domain
(MLC1-NH2; amino acids 1–55) obtained by RT–PCR from
human brain tissue RNA samples, as described previously
(11), was cloned into pGBKT7 vector (Clontech) to create
pGBKT7/MLC1-NH2. PCR reactions were performed using
the following primers: forward 5′-CAT GCC ATG GCA

ACC CAG GAG CCA TTC AGA-3′ and reverse 5′-CGG
AAT TCC ACA GAG AAG ACC CAC GT-3′. cDNA was
subjected to PCR amplification for 35 cycles in the following
conditions: 30 s/948C, 30 s/508C and 30 s/728C for the first 5
cycles and 60 s/948C, 30 s/658C and 30 s/728C for the remain-
ing 30 cycles. After NcoI and EcoRI digestion, the
MLC1-NH2 fragment was inserted into the NcoI–EcoRI site
of pGBKT7 vector. The correct orientation of the cDNA
insert was verified by sequencing service (M-Medical).

Yeast two-hybrid screen

Two-hybrid screening was carried out by yeast mating, using
the Matchmaker Gal4 Two-Hybrid System 3 (Clontech) as
reported previously (45). Briefly, pGBKT7/MLC1-NH2 was
tested negative for auto-activation of reporter gene activity
in the yeast two-hybrid reporter strains, Saccharomyces cere-
visiae AH109 (MATa, trp1–901, leu2–3, 112, ura3–52,
his3–200, gal4D, gal80D, LYS2::GAL1UAS–GAL1TATA

–HIS3, GAL2UAS–GAL2TATA–ADE2, URA3::MEL1UAS–
MEL1TATA–lacZ MEL1) and S. cerevisiae Y187 (MATa,
ura3–52, his3–200, ade2–101, trp1–901, leu2–3, 112,
gal4△, gal80△,met– , URA3::GAL1UAS–GAL1TATA–lacZ
MEL1). The Gal4 DNA-binding domain construct pGBKT7/
MLC1-NH2 was used to transform the MATa yeast strain
AH109. AH109[pGBKT7/MLC1-NH2] was then employed
as a bait strain to screen a human fetal brain cDNA library
(Clontech), which was cloned into the activation domain
vector pGADT7-Rec, and pre-transformed in the MATa
yeast strain Y187. The yeast mating screening was performed
according to the manufacturer’s instructions. Diploids were
selected by culture on minimal synthetic dropout medium
lacking Trp, Leu, His and Ade (–TLHA), and including
5-bromo-4-chloro-3-indolyl-a-D-galactopyranoside (X-a-Gal)
for 7–14 days. Single colonies of yeast obtained from the
library screen growing on SD/-TLHA/X-a-Gal were
re-streaked at least twice onto SD/-TL/X-a-Gal to allow seg-
regation, and then transferred to SD/-TLHA/X-a-Gal to
verify that they maintained the correct phenotype. Duplicates
containing the same AD/library plasmids were eliminated by
yeast colony PCR followed by restriction digestion with fre-
quently cutting enzymes. AD/library plasmids from sorted
colonies were isolated and rescued using E. coli strain
DH5a on ampicillin-resistant plates. Unique inserts were
sequenced and DNA and protein sequence analyses performed
with the BLAST algorithm at the National Center for Biotech-
nology Information (NCBI). pGADT7-Rec plasmids encoding
the library clones were tested for auto-activation of the repor-
ter gene in yeast. Isolates growing in SD/-TLHA/X-a-Gal and
developing blue staining without the presence of the
MLC1-NH2 bait were excluded from further investigation.
Activation of the reporter genes in the positive colonies was
confirmed in the same experiments.

In vitro transcription and translation

In vitro transcription and translation of pGADT7/
Na,K-ATPase b1 was carried out using the TNT T7 Quick
Coupled Transcription/Translation System (Promega) in the
presence of EasyTag L-[35S] Methionine (PerkinElmer)
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according to the manufacturer’s protocol. Newly synthesized
proteins were separated by SDS–PAGE and analysed with
an Instant-Imager (Packard).

Recombinant protein preparation and pull-down assays

GST, GST-MLC1-N terminal (GST-MLC1-N) and
GST-MLC1-C terminal (GST-MLC1-C) pre-bound to
glutathione-Sepharose beads were used in in vitro protein-
binding assays, as described previously (14). Briefly,
primary rat astrocyte lysate obtained by lysis with 1% Triton
X-100, 0.5% sodium deoxycholate, 150 mM NaCl, 150 mM

Hepes (pH 7.4) and centrifugated at 16 000g at 48C for
20 min, was pre-cleared by incubation with the GST-bound
to glutathione-agarose and then incubated with agarose-bound
GST-MLC1-N terminal or -C terminal peptides. Following
exhaustive washes, protein-bound beads were eluted with
0.1 M glycine, pH 3. Aliquots (0.5 ml) of eluted proteins
were precipitated with acetone (1:4 v/v) overnight at 48C
and analysed by SDS–PAGE and WB.

Biochemical enrichment of His-tagged proteins

Lysates obtained from an astrocytoma cell line stably overex-
pressing His-tagged MLC1 (U251-HisMLC1) were incubated
overnight at 48C with 100 ml (50% v/v suspension) of Ni-NTA
Agarose (Qiagen, Hilden, Germany); after extensive washings,
protein elution was carried out using imidazole, at a concen-
tration of 50 and 200 mM (14). The eluted proteins were ana-
lysed by SDS–PAGE and WB.

Cell cultures and treatments

Astrocyte-enriched cultures (95% purity) were generated from
1–2-day-old newborn Wistar rats, as described previously
(80). Cells were maintained in culture in DMEM medium
(Euroclone, UK) supplemented with 10% FCS (Gibco,
BRL, Gaithersburg, MD, USA) and antibiotics (penicillin/
streptomycin, Euroclone) in 5% CO2 atmosphere. For cell
treatments, primary cultured astrocytes were plated in polyly-
sinated 60 mm diameter dishes, washed three times in PBS
and treated for different time lengths with iso-osmotic
medium (122 mM NaCl, 3.3 mM KCl, 0.4 mM MgSO4,
1.3 mM CaCl2, 1.2 mM KH2PO4, 10 mM D-glucose, 25 mM

HEPES, pH 7.4) or in the same buffer in which NaCl concen-
tration was half-reduced to 50 mM NaCl (hypo-osmotic buffer)
as described previously (30,81). After stimulation, cells were
washed three times in PBS, collected by scraping, and centri-
fuged at 2700g at 48C for 20 min. Cell pellets were solubilized
as described below. For immunofluorescence stainings, cells
were treated with the same buffers. For the reversion exper-
iments after 12 h of hypo-osmotic treatment, cells were put
back in cell culture medium and left for additional 12 h
before immunofluorescence or WB analysis.

Ouabain affinity chromatography

The ouabain affinity matrix was prepared according to a pre-
viously described procedure (20) with some modifications.
For the cytosolic and membrane brain extracts, 0.5 g of

epoxy-activated agarose (Sigma) with a 12 atom spacer was
added to 7.5 ml of a solution containing 12.5 mM ouabain
and 100 mM sodium carbonate, pH 8.5, at RT. The mixture
was then incubated at 378C for 20 h with gentle shaking
after which the resin was washed with 10 ml of 100 mM

sodium carbonate buffer, pH 8.5, followed by 10 ml of
water. The resin was incubated with 1 M ethanolamine, pH
8.5, for 4 h at 378C to block unreacted coupling sites. The
column was washed with 200 mM Tris–HCl, pH 8.5, and
stored in 50 mM imidazole containing 0.1% NaN3, pH 7.4.
Before purification, the ouabain affinity column was washed
with 50 bed volumes of 50 mM imidazole, pH 7.4, and equili-
brated with two bed volumes of K+ loading buffer (60 mM

KCl, 25 mM imidazole, 1 mM EDTA, 1 mM CaCl2 and 0.1%
Triton X-100, pH 7.4). A mock elution was performed with
5–10 ml of elution buffer (12.5 mM ouabain, 25 mM imida-
zole, 150 mM NaCl and 1x protease inhibitor cocktail, pH
7.4), followed by 4x bed-volume wash with K+ loading
buffer. The sample was incubated with the ouabain affinity
matrix overnight at 48C and the flow-through collected
(ouabain unretained fraction). The column was then washed
with 3x bed volumes of K+ loading buffer. One ml of
elution buffer was then added to the column and after
50 min incubation at 48C collected (ouabain-eluted fraction).
Fractions were analysed by SDS–PAGE and WB. For
hypo-osmotic and iso-osmotic astrocyte extracts, 1 g of
epoxy-activated agarose was used for 15 ml solution of the
cytosol and membrane fractions.

Immunofluorescence and confocal microscopy analysis

Astrocytes grown on polylysine-coated coverslips were incu-
bated in control or hypo-osmotic solution for 6 or 12 h, then
fixed for 10 min with 4% paraformaldehyde and washed
with PBS. After 1 h of incubation with blocking solution
(5% BSA in PBS), cells were incubated for 1 h at RT with
the following primary antibodies (Abs) diluted in PBS,
0.025% Triton X100: affinity-purified anti-MLC1 pAb (1:50,
Atlas AB, AlbaNova University Center, Stockholm,
Sweden), anti-Na,K-ATPase b1 mAb (1:50, Millipore, Teme-
cula, CA, USA), anti-EEA1 mAb (1:50, BD Transduction
Laboratories, Lexington, KY, USA). A biotinilated secondary
antibody (4.3 mg/ml, Biotin-SP-AffiniPure goat anti-rabbit
IgG H+L; Jackson Immunoresearch Laboratories, West
Grove, PA, USA) followed by incubation with 2 mg/ml
streptavidin-TRITC (Jackson, UK), or a fluorescein-conjugated
donkey anti-mouse (1:100, Jackson) was used. Coverslips were
washed, sealed in Vectashield medium (Vector Lab, Burlin-
game, CA, USA) and analysed with a laser scanning confocal
microscope (LSM 5 Pascal, Carl Zeiss, Jena, Germany).

Immunostaining of human brain tissue

Indirect immunofluorescence technique was used to detect
MLC1 and NaK-b1 in autopsy brain tissues obtained from
the UK MS Tissue Bank at Imperial College London. Post-
mortem MS tissues were obtained via a UK prospective
donor scheme with full ethical approval (08/MRE09/31).
Brain tissue was fixed in 4% paraformaldehyde in PBS, cryo-
protected in 30% sucrose for 1 week, frozen in dry ice-cooled
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isopentane and stored at 2758C. Air-dried, acetone-fixed
(48C), 10 mm thick cryosections were rehydrated with PBS
and post-fixed sections were subjected to the antigen retrieval
procedure with microwave in citrate buffer 10 mM (pH 6.0), as
described previously (11). For double-immunofluorescence
stainings, sections were incubated for 1 h with 20% of
normal goat serum (NGS) (Jackson) and then overnight at
48C with a mixture of rabbit anti-MLC1 pAb (1:250,
ATLAS) and anti-Na,K-ATPase b1 mAb (1:200 Millipore)
in PBS containing 2% BSA and 0.05% Triton X-100. After
extensive washing, sections were incubated for 1 h at RT
with a mixture of fluorescein-conjugated goat anti-mouse
and rhodamine-conjugated goat anti-rabbit Abs diluted in
PBS containing 10% NGS. Images were analysed with a
fluorescence microscope (Leica DM-4000B Microsystems,
Bannockburn, IL, USA) and with a laser scanning confocal
microscope, as above.

Brain and astrocyte subcellular fractionation
procedures and WB

Cytosolic and membrane fractions from rat brains and cultured
astrocytes were extracted as described previously (14). In
some experiments, cytosolic supernatant was ultracentrifuged
at 100 000g for 2 h at 48C. Protein samples were subjected
to SDS–PAGE using gradient (4–12%)-pre-casted gels
(Invitrogen) (14), transferred to a nitrocellulose membrane
and immunoblotted overnight at 48C with the following Abs:
anti-MLC1 pAb (1:500, in-house generated),
anti-Na,K-ATPase b1 mAb (1 mg/ml, Millipore), anti-Kir4.1
pAb (1:400, Alomone, Israel), anti-AQP4 (4/18) mAb
(1:500, Santa Cruz Biotecnology, Inc., Santa Cruz, CA,
USA), anti-syntrophin mAb (1:2000, MA-1-745, Affinity
BioReagents, Co., USA), anti-b-DG mAb (1:25, NCL-43
DAG, Novocastra Laboratories Ltd, Newcastle-upon-Tyne,
UK), anti-EEA1 mAb (1:5000, BD Transduction Labora-
tories), anti-dystrobrevin mAb (1:750, BD Transduction
Laboratories), anti-dystrobrevin pAb (1:500, in-house gener-
ated), anti-caveolin-1 pAb (1:1000, Santa Cruz Biotechnol-
ogy) in PBS, 3% BSA followed by extensive washings and
then incubated for 1 h with horseradish peroxidase-conjugated
anti-mouse or anti-rabbit Abs (1:10 000; Thermo Scientific,
MO, USA), for 1 h at RT. Immunoreactive bands were visual-
ized using an enhanced chemiluminescence reagent (Pierce),
according to the manufacturer’s instructions and exposed on
X-ray films.
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