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Chapter 3

Genetic defects in astrocytic volume regulation

3.1

Mice with megalencephalic leukoencephalopathy with cysts: a
developmental angle

M Bugiani*, M Dubey*, MC Ridder, NL Postma, E Brouwers, E Polder, JG Jacobs,
JC Baayen, J Klooster, M Kamermans, R Aardse, CPJ de Kock, MP Dekker, JRT
van Weering, VM Heine, TEM Abbink, GC Scheper, I Boor, JC Lodder, HD
Mansvelder and MS van der Knaap (*shared first authors)
Ann Neurol 2015;77:114-131

Abstract
Objective. Megalencephalic leukoencephalopathy with cysts (MLC) is a genetic
disease characterized by infantile onset white matter edema and delayed onset
neurological deterioration. Loss of MLC1 function causes MLC. MLC1 is involved in
ion–water homeostasis, but its exact role is unknown. We generated Mlc1-null
mice for further studies.
Methods. We investigated which brain cell types express MLC1, compared
developmental expression in mice and men, and studied the consequences of loss
of MLC1 in Mlc1-null mice.
Results. Like humans, mice expressed MLC1 only in astrocytes, especially those
facing fluid–brain barriers. In mice, MLC1 expression increased until 3 weeks and
then stabilized. In humans, MLC1 expression was highest in the first year,
decreased, and stabilized from approximately 5 years. Mlc1-null mice had early
onset megalencephaly and increased brain water content. From 3 weeks,
abnormal astrocytes were present with swollen processes abutting fluid–brain
barriers. From 3 months, widespread white matter vacuolization with intramyelinic
edema developed. Mlc1-null astrocytes showed slowed regulatory volume
decrease and reduced volume-regulated anion currents, which increased upon
MLC1 re-expression. Mlc1-null astrocytes showed reduced expression of adhesion
molecule GlialCAM and chloride channel ClC-2, but no substantial changes in
other known MLC1-interacting proteins.
Interpretation. Mlc1-null mice replicate early stages of the human disease with
early onset intramyelinic edema. The cellular functional defects, described for
human MLC, were confirmed. The earliest change was astrocytic swelling,
substantiating that in MLC the primary defect is in volume regulation by astrocytes.
MLC1 expression affects expression of GlialCAM and ClC-2. Abnormal interplay
between these proteins is part of the pathomechanisms of MLC.

Introduction
Megalencephalic leukoencephalopathy with (subcortical) cysts (MLC; Mendelian
Inheritance in Man 604004) is an autosomal recessive disorder (van der Knaap et
al., 1995; Singhal et al., 1996). Patients develop increasing macrocephaly in the
first year of life, which stabilizes thereafter (van der Knaap et al., 1995). With a
delay of years to decades, slowly progressive cerebellar ataxia and spasticity,
sporadic epileptic seizures, and mild cognitive decline ensue (van der Knaap et al.,
1995, 2012; Kocaman et al., 2013). Magnetic resonance imaging (MRI) shows
diffuse signal abnormality and swelling of the cerebral white matter, which are most
severe in the first few years and then slowly decrease (van der Knaap et al., 1995).
Diffusion parameters indicate highly increased white matter water content (van der
Voorn et al., 2006). Brain biopsies reveal countless fluid-filled vacuoles within the
outer lamellae of myelin sheaths and, to a lesser degree, in perivascular astrocytic
endfeet (Harbord et al., 1990; van der Knaap et al., 1996; Pascual-Castroviejo et
al., 2005; Miles et al., 2009; Duarri et al., 2008). No treatment is known.
MLC is caused by mutations in MLC1 (Leegwater et al., 2001) or GLIALCAM
(López-Hernandez et al., 2011a). GlialCAM is a chaperone of MLC1 and ensures
its localization in the membrane of astrocytic endfeet (López-Hernandez et al.,
2011a). Recessive mutations in both MLC1 and GLIALCAM lead to loss of MLC1
function, and the resulting clinical disease is indistinguishable (López-Hernandez et
al., 2011a; van der Knaap et al., 2010). Hence, loss of MLC1 function is cardinal in
the pathomechanisms of MLC.
In humans, MLC1 is exclusively expressed in cells of astroglial lineage and
leukocytes (Boor et al., 2005; Petrini et al., 2013). Depletion of MLC1 in
lymphoblasts and astrocytes reduces volume-regulated anion channel currents
(VRAC) and slows the regulatory volume decrease after cell swelling (Ridder et al.,
2011). Despite emerging insights into the role of MLC1 in brain ion–water
homeostasis, the pathomechanisms underlying MLC are still poorly understood.
Patients' brain tissue is scarce, and postmortem tissue does not allow functional
studies.
We generated and characterized Mlc1-null mice and compared the mouse disease
with the human disease to develop a valid model of the human disease for further
studies.

Materials and Methods
Mutant mouse generation
C57BL/6-Tg(Mlc1-Egfp) transgenic mice were generated by replacing exons 2 and
3 of the mouse Mlc1 gene with the coding region of the enhanced green
fluorescent protein (eGFP) reporter gene (Egfp), which was thus placed under
control of the endogenous Mlc1 promoter (fig 1A). To create this mouse with Egfp
knockin within the Mlc1 locus, the RP23–456F18 bacterial artificial chromosome
clone was used to generate the 5′ (~3.7 kb) and 3′ (~3.8 kb) homology arms. The
eGFP/SV40 polyA knockin fragment was amplified from peGFP-N1 plasmid. The
fragments were cloned in the LoxNwCD vector sequentially, and were confirmed
by restriction digestion and end-sequencing. The final vector also contained LoxP
sequences flanking the Neo expression cassette (for positive selection of the
embryonic stem cells) and a diphtheria toxin A expression cassette (for negative
selection of the potentially targeted embryonic stem cells). SwaI-linearized vector
DNA was electroporated into C57BL/6 embryonic stem cells and selected with
G418. In total, 192 embryonic stem cell clones were selected for polymerase chain
reaction (PCR)-based screening and 3 potential targeted clones were selected for
expansion and further analysis. Based on additional Southern and PCR
sequencing confirmation analysis, only 1 clone was confirmed to be correctly
targeted. The following male chimeras were generated: 75% (n = 2), 70% (n =2),
45%, and 30%. The Neo cassette was removed by crossing the heterozygous
Egfp
Mlc1
mice with Cre recombinase–expressing mice. Genotyping for routine
maintenance was performed by PCR (primers are given in supplementary table 1).
The primers produce a ∼300 base pair (bp) product from the wild-type and a
∼350bp product from the mutant allele. Targeting and embryonic stem cell work
was performed by Caliper Discovery Alliances and Services (Hanover, MD).
From here on, homozygous C57BL/6-Tg(Mlc1-Egfp) mice are called “Mlc1-null
mice” and heterozygous C57BL/6-Tg(Mlc1-Egfp) mice are called “heterozygous
mice.” Mlc1-null mice express GFP instead of MLC1, whereas heterozygous mice
express both GFP and MLC1. Supplementary table 2 reports the number and ages
of the animals employed for each experiment. All experiments were approved by
the Animals Ethical Committee of VU University in Amsterdam, in accordance with
Dutch law.

Immunohistochemistry
Mice were deep anesthetized and perfusion-fixed with 4% paraformaldehyde. For
prenatal studies, embryos were removed at embryonic day 18 (E18). Brains were
embedded in paraffin or cryoprotected in 30% sucrose, embedded in optimal
cutting temperature solution, and frozen. Brains were cut longitudinally to obtain
8µm-thick tissue sections. Paraffin-embedded tissue was stained with hematoxylin
and eosin or primary antibodies (supplementary table 3) according to standard
methods. Frozen tissue sections were stained as described (Depienne et al.,
2013).

RNA isolation, quantitative PCR, sodium dodecyl sulphate-polyacrylamide gel
electrophoresis and Western blotting
Total RNA was extracted from mouse whole brain and human white matter (TRIzol;
Invitrogen, Carlsbad, CA). Reverse transcription to complementary DNA and
quantitative PCR (qPCR) were performed as described (Ridder et al., 2011).
Transcript-specific primers (supplementary table 1) were designed using
PearlPrimer v1.1.19 (Marshall, 2004). The relative abundance of transcript
expression was normalized to the endogenous controls Rps14 and Cypb in mouse
samples, and GAPDH and CYPB in human samples.
Lysates of mouse whole brain and human white matter were used for Western
blotting as described (Depienne et al., 2013). Glyceraldehyde-3-phosphate
dehydrogenase and β-actin were loaded as control for human and mouse samples,
respectively. For selected mouse experiments, in-gel protein loading and sample
transfer were controlled with trichloroethanol, as described (Ladner et al., 2004).

Brain wet and dry weight
Brain water content was measured according to the wet/dry mass method (HajYasein et al., 2011). Mice were sacrificed via cervical dislocation. Brains were
removed and homogenized in premassed 1.5 ml vials. Vials were massed and wet
brain weight was calculated from the difference. Samples were dried in a vacuum
centrifuge for 24 hours at 40°C and subsequently remassed to deliver dry weight.

Behavioral testing
At 12 months of age, 16 Mlc1-null and 16 wild-type male littermates were tested
with the rotarod, grip strength meter, and balance beam test. Spontaneous motor
activity was registered during the open field test using an infrared camera (Sylics,
Amsterdam, the Netherlands; details on www.sylics.com).

Electron microscopy and immunoelectron microscopy
Mice were perfused with 2% glutaraldehyde, 4% paraformaldehyde in 0.1M sodium
cacodylate buffer (pH 7.4). Corpus callosum and cerebellar white matter were
dissected, postfixed in 1% osmium tetroxide, 1% potassium ferricyanide,
dehydrated, and embedded in epoxy resin. Ultrathin sections were contrasted with
uranyl acetate and lead citrate and examined (Tecnai 12 electron microscope; FEI,
Hillsboro, OR).
The thickness of the myelin sheaths was measured on ultrathin sections of the
cerebellar white matter of wild-type and mutant mice. The g-ratios, defined as axon
diameter/total fiber diameter, were determined in at least 300 axons per genotype
using ImageJ software (imagej.nih.gov/ij). When axons were not exactly circular,
the shortest diameter was measured.
For immunoelectron microscopy, brains of wild-type and Mlc1-null mice were
immersion-fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4),
cryoprotected in 30% sucrose, frozen at −80°C, and cryosectioned into 40 μm-thick
sections for free float immunolabeling. After quenching endogenous peroxidase,
sections were treated with 1 freeze–thaw cycle using liquid nitrogen and incubated
for 72 hours with primary antibodies (supplementary table 3). Immunoreactivity was
detected by biotinylated goat antibody labeling, avidin–biotin horseradish
peroxidase complex formation (VECTASTAIN ABC kit; Vector Laboratories,
Burlingame, CA), and 3′-3′-diaminobenzidine (DAB) precipitation (DAB Substrate
Kit, Vector Laboratories). Sections were postfixed in 1% osmium tetroxide, 1.5%
potassium ferricyanide, dehydrated, and embedded in epoxy resin. DAB-positive
regions were selected by light microscopy and cut into 80 nm sections for
transmission electron microscopy (EM) analysis in a JEOL1010 electron
microscope (JEOL, Tokyo, Japan). Digital images were taken at ×30,000
magnification using a side-mounted CCD camera (Morada; Olympus Soft Imaging
Solutions, Münster, Germany) and iTEM analysis software (Olympus Soft Imaging
Solutions).

Astrocyte quantitative morphology
Image series from brain sections stained against glial fibrillary acidic protein
(GFAP) were analyzed with an Olympus (Tokyo, Japan) BX51 microscope
equipped with ×40 (numerical aperture 1.30) and ×100 (numerical aperture 1.40)
oil immersion objectives (Surveyor Software Solutions, Krishna, AP, India). Z-axis
resolution was 3.0μm. Quantification of astrocytes morphology was performed
blind to the genotype using ImageJ. The number of cell processes, process length,
and thickness at the maximal width were measured by the Neurolucida system.

Primary astrocyte culture and Mlc1 construct transduction
Primary astrocytes were isolated from the cortex of postnatal day 7 (P7) mice
(Miltenyi Biotec [Bergisch Gladbach, Germany] neural dissociation kit), cultured as
described (Ridder et al., 2011), and used for electrophysiology and regulatory
volume decrease experiments. For patch clamp experiments, astrocytes were
transduced with adenovirus harboring either wild-type hemagglutinin-tagged
mouse Mlc1 or control LacZ, as described (Duarri et al., 2011).

Electrophysiology
Voltage clamp experiments were performed at room temperature using the tight
seal, whole cell patch clamp technique with iso-osmotic bath and pipette solutions
prepared as described (Ridder et al., 2011). The hypo-osmotic solution was
prepared by lowering the concentration of chloride-selective solution by 40%
(Ridder et al., 2011). Whole cell voltage clamp recording was performed in isotonic
solution (310 ± 2 mOsm/kg) followed by hypotonic solution (176 ± 3 mOsm/kg).
Where indicated, 10 μM cadmium chloride was added to the bath solution to block
ClC-2–mediated currents (Clark et al., 1998). Swelling-activated currents were
recorded in cells exposed to the hypotonic solution for 5 minutes. Tamoxifen (1 μM;
Tocris Bioscience, Ellisville, MO) was used as described (Ridder et al., 2011).
Potassium currents were measured as described (Ridder et al., 2011).
Only cells that showed a stable holding current and a low series resistance of <20
MΩ throughout the experiment were analyzed.

Regulatory volume decrease
Changes in cell volume of single astrocytes were analyzed using the calceinquenching method in the presence of gramicidin (Ridder et al., 2011; Solenov et
al., 2004). The hypo-osmotic solution was prepared by lowering the concentration
of the iso-osmotic chloride-selective solution by 40% (Ridder et al., 2011).
Astrocyte fluorescence was calculated using ImageJ. Changes were expressed as
Ft/F0 ratios, F0 being the average fluorescence under iso-osmotic conditions at the
beginning of the experiment. Mlc1-null astrocytes showed no detectable changes
related to GFP expression when measured without calcein.

Human control brain tissue
Frozen brain tissue from 15 individuals aged 1 day to 30 years was collected at
autopsy at VU University, Amsterdam, or obtained from the National Institute of
Child Health and Human Development Brain and Tissue Bank for Developmental
Disorders at the University of Maryland, Baltimore, Maryland. The subjects had no
neurological disease or confounding neuropathology (supplementary table 4).

Statistical analyses
Behavioral data were analyzed by type II analysis of variance (ANOVA) or paired
Student t test. Astrocyte process thickness was compared with the Mann–Whitney
U test. Abundance of mRNA transcript expression was compared by paired
Student t test or ANOVA corrected, when needed, with Bonferroni multiple
comparison test. Data were analyzed with Prism v4.0 (GraphPad, San Diego, CA).
Probability values < 0.05 were considered significant.

Results
Generation of the Mlc1-null mice
The molecular construction was validated by quantifying Mlc1/Egfp mRNA and
MLC1/GFP protein expression (fig. 1A,B). Both were gene dose-dependent, with
reduced signal in heterozygous mice and absent signal in Mlc1-null animals. Egfp
mRNA and GFP protein were maximal in null mice with 2 Egfp alleles and lower in
heterozygous animals. Staining of brain sections of 4-month-old mice for MLC1
confirmed that Mlc1-null mice expressed GFP, but not MLC1, whereas wild-type

animals showed only MLC1 expression; heterozygous mice expressed both MLC1
and GFP (fig. 1C).

MLC1 and GFP Expression in Mature Heterozygous Mice
We investigated the distribution of MLC1 expression in 4-month-old heterozygous
mice, expressing both MLC1 and GFP. We found strong GFP expression
throughout the brain, highest in cerebellum and subpial and periventricular zones
(fig. 2). GFP did not colocalize with NeuN (neuron-specific nuclear protein), Olig2
(oligodendrocyte transcription factor 2), or CD31 (endothelial marker), indicating
+

that GFP cells are not neurons, oligodendrocytes, or endothelial cells. Staining for
+

the astrocytic marker GFAP showed diffuse immunopositivity in GFP cells. In the
+
+
white matter, GFP /GFAP cells had the morphology of fibrous astrocytes with long
+

+

unbranched cellular processes. In the cortex, GFAP cells were consistently GFP
and had the morphology of protoplasmic astrocytes with short, highly branched

tertiary processes (not shown). In gray and white matter, GFP expression was
+
enriched in GFAP perivascular astrocytes. Immunostaining with the astroglial
marker S100β showed additional diffuse colocalization with GFP in cerebellar
Bergmann glia and ependymal cells.
In all sections, GFP expression was controlled by double labeling for MLC1 (data
not shown). Unexpectedly, some degree of MLC1 immunopositivity was detected
in the axons of the brainstem long tracts, where it did not colocalize with GFP (fig.
+

2D). MLC1 axons expressed the neurofilament marker SMI and were surrounded
+
by myelin basic protein (MBP) myelin. Being present also in the Mlc1-null animals,
this axonal immunoreactivity was discarded as nonspecific.

Developmental GFP and MLC1 expression in mice and humans
We investigated GFP expression by immunohistochemistry in heterozygous mice
between E18 and 4 months. GFP was detectable in periventricular astrocytes and
ependymal cells at E18, and increased thereafter in all regions (fig. 3). GFP protein
was also detected at E18 by Western blotting; GFP protein levels increased up to
P21 and remained stable thereafter. Comparing Egfp and Mlc1 mRNA in
heterozygous mice between P2 and 4 months confirmed that Egfp and Mlc1 mRNA
levels increased in a similar fashion.

Figure 1. Generation of the Mlc1-null mice. (A) The Mlc1-null mice were generated by homologous
recombination into the Mlc1 gene locus. Restriction maps of the wild-type allele (numbered boxes
denote exons), targeting construct, and mutated allele are shown. Exons 2 and 3 were replaced by the
Egfp construct and a neomycin cassette (Neo), which was later deleted. (B) The construct was
validated by estimating the Mlc1 and Egfp mRNA levels by quantitative polymerase chain reaction
(qPCR; upper part) and MLC1 and green fluorescent protein (GFP) protein amounts by Western blot
(lower part) in brain lysates from 3-month-old wild-type, heterozygous, and Mlc1-null animals. qPCR
was performed using primers specific to exon 1 and the Egfp construct. Error bars represent the
standard error of the mean. (C) Immunofluorescence staining for MLC1 (red) and GFP protein (green)
of the cerebral cortex of 4-month-old mice shows that Mlc1-null mice express only ) GFP, whereas

To assess MLC1 expression changes later in life and avoid possible effects of the
GFP construct, we extended the analysis to wild-type animals aged P0 to 12
months. Also in wild-type mice, levels of MLC1 protein and Mlc1 mRNA showed
the most pronounced increase up to 3 weeks, with no significant change thereafter
(fig. 3D, supplementary table 5).
To investigate MLC1 developmental expression in humans, we surveyed mRNA
and protein levels in frontal white matter of control subjects aged 1
day to 30 years. In humans, MLC1 mRNA and MLC1 protein levels were highest in
the first year of life, then decreased to stabilize from approximately 5 years on (fig.
3E).

Mlc1-null mice develop megalencephaly with increased brain water content
Mlc1-null mice were vital and fertile and had a normal lifespan. They developed
megalencephaly, evident by visual inspection from 3 months of age (fig. 4A). Mlc1null mice already had significantly higher brain wet weight than controls at 3 weeks;
the difference increased with time, reaching a plateau at 7 months and slightly
decreased afterward (fig. 4B). No differences were found in brain dry weight,
indicating that the disparity in brain weight between Mlc1-null and wild-type mice is
due to different water content.
Motor performance and coordination were tested in 12-month-old Mlc1-null mice
with the rotarod, grip strength meter, and balance beam test. In all tests, mutant
mice performed comparably with their wild-type littermates (fig. 4C,D;
supplementary table 6). Spontaneous motor activity was also registered during the
open field test using an infrared camera. Again, no significant differences were
noted between Mlc1-null and control mice.

Figure 1 (cont.). wild-type animals express only MLC1. Concurrent membrane MLC1 and cytosolic
GFP expression is observed in heterozygous mice. GFP visualization was enhanced using an anti-GFP
antibody. In all pictures, nuclei are stained with 4',6-diamidino-2-phenylindole (DAPI) (blue).
Bars = 25µm. mMlc1 = mouse Mlc1; +/+ = wild-type; +/− = heterozygous; −/− = Mlc1-null; DTA = diphteria
toxin A.

Mlc1-null mice show progressive white matter vacuolization
Histopathology revealed large vacuoles throughout the white matter of the Mlc1null brains from 3 months onward (fig. 5A). These vacuoles were absent in wildtype animals. In tissue sections stained against myelin proteins, vacuoles were
lined and crossed by immunopositive strands (fig. 5B), indicating their intramyelinic
location. In the gray matter, no vacuoles or neuronal loss were observed.
White matter vacuolization of Mlc1-null brains was progressive. At P21, the white
matter was normal. At 3 months, vacuoles appeared in cerebellar white matter,
internal capsule, anterior commissure, and corpus callosum (fig. 5). Vacuoles
increased in number and size with age. White matter vacuolization was most
prominent in the cerebellum at 7 and 12 months, but vacuoles were notably smaller
in the corpus callosum and anterior commissure of the 12-month-old Mlc1-null
animals as compared to the 7-month-old mice, thus paralleling the degree of
edema as indicated by wet weight.
By EM, vacuoles appeared as optically clear spaces lined by a membrane (fig. 5E).
Their configuration was compatible with vacuoles within the outermost lamellae of
the myelin sheaths. Splitting of myelin lamellae occurred along the intraperiod line.

Mlc1-null mice show changes in perivascular astrocytic morphology
Perivascular Mlc1-null astrocytes had thicker cell processes abutting blood vessels

Figure 2. Green fluorescent protein (GFP)-expressing cells are astrocytes in all brain regions of
the heterozygous mice. (A) GFP+ cells are found in all gray and white matter brain regions of the 4month-old heterozygous mouse, including the cerebral cortex, olfactory bulb, hippocampus, brainstem,
periventricular zone, and cerebellum. (B) Double stain of the cerebral cortex, cerebellum, and corpus
callosum for GFP (green) and specific neuronal, oligodendrocytic, and endothelial cell markers (all red)
shows no colocalization, indicating that GFP+ cells are not NeuN+ neurons, olig2+ oligodendrocytes, or
CD31+ endothelial cells. Note enriched GFP expression in cell processes abutting the perivascular
spaces. (C) Double stain for GFP (green) and the astrocytic markers glial fibrillary acidic protein (GFAP)
or S100β (red) shows complete colocalization of GFP in GFAP+ fibrous astrocytes in the brain stem,
S100β+ Bergmann glia in the cerebellar cortex, and S100β+ ependymal cells lining the third ventricle.
(D) In the heterozygous brainstem, double stain for GFP (green) and Mlc1 (red) shows nonspecific
MLC1 immunoreactivity in axons (left). In both Mlc1-null (middle) and wild-type animals (right), MLC1+
axons express the neurofilament marker SMI and are ensheathed by MBP+ myelin. In all pictures, nuclei
are stained with 4′,6-diamidino-2-phenylindole (blue). Single stains with DAPI are shown in the insets.
Bars = 100µm (A), 25µm (B–D).

Figure 3. MLC1 expression in the mouse and human brain during development. (A, B)
Immunofluorescence stain for green fluorescent protein (GFP; green) of the periventricular areas (A)

than wild-type astrocytes (fig. 6A–C). These abnormal astrocytes were already
prominent at P21, and remained unchanged thereafter. By contrast, process length
and number were normal (data not shown). EM confirmed that perivascular Mlc1null astrocytes had swollen cell bodies and processes and enlarged endfeet (fig.
6B).
To exclude that the abnormal Mlc1-null astrocytes may simply represent reactive
astrocytes, we compared cell morphology and GFAP expression between
perivascular cells and cells distant from blood vessels. In both gray and white
matter, Mlc1-null astrocytes away from blood vessels showed no hypertrophy or
increased GFAP expression (fig. 6D,E). Additionally, immunoreactivity for nestin,
an intermediate filament protein typically re-expressed in reactive astrocytes (Lin et
al., 1995) and S100β, which is expressed in mature cells (Raponi et al., 2007), was
comparable in Mlc1-null and wild-type mice at all ages and in all brain regions (fig.
6E), as were the levels of Nestin and S100β mRNA (data not shown). We therefore
concluded that the abnormal perivascular Mlc1-null astrocytes are swollen and do
not represent reactive cells.

Normal developmental myelination and myelin maintenance in Mlc1-null mice
Staining for the mature myelin proteins proteolipid protein (fig. 5C) and MBP (fig.
5D) showed no differences between Mlc1-null and wild-type animals at all ages.

Figure 3 (cont.). and cerebral cortex (B) of heterozygous mice shows increasing expression from
embryonic day 18 (E18) to postnatal day 21 (P21) and then essentially stable immunoreactivity at 4
months (4M). In all areas, morphology and localization of GFP+ cells are consistent with white and gray
matter astrocytes, ependymal cells, and subpial astrocytes. Note earlier appearance of GFP + cells in the
periventricular areas (E18) than in the cortex (P2). In all pictures, nuclei are stained with 4′,6-diamidino2-phenylindole (blue). Bars = 100µm (A), 50µm (B). (C) Western blotting and quantitative polymerase
chain reaction (qPCR) of total brain lysates of heterozygous mice show increasing amounts of GFP
protein (26.9kDa) and Egfp mRNA transcripts. The Mlc1 mRNA increases in a similar fashion. Relative
Egfp and Mlc1 levels are normalized to those of 4-month-old heterozygous animals. (D) Western
blotting and qPCR in P0 to 12-month-old wild-type mice confirm that MLC1 protein (upper panel, 36kDa)
and Mlc1 mRNA levels show the most pronounced increase up to P21 and then little further change
(Supplementary Table 5). (E) Western blotting of frontal white matter lysates of normal human subjects
shows that MLC1 protein levels (64kDa, upper panel) are highest during the first 3 years of life,
decrease, and stabilize after approximately 5 years. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; 46 kDa, lower panel) confirms equal protein load. Real-time qPCR analysis shows that
relative MLC1 mRNA levels are also highest in early infancy and then decrease to stabilize at around 5
years of life.

Figure 4. Mlc1-null mice show
megalencephaly
and
have
no
behavioral phenotype. (A) Mlc1-null
mice acquire larger brains than wild-type
littermates, as shown for these 7-monthold animals. (B) Measurements of brain
wet and dry weight at postnatal day 1
(P1), P7, and P21, and at 3, 7, and 12
months (M; n = 3 per genotype per age)
show significantly increased brain wet
weight in Mlc1-null mice (solid line)
compared to controls (dotted line) from
P21 (p = 0.028 at P21, p = 0.0001 at 3
months). This difference reaches a
plateau at 7 months (p = 0.0032), and
slightly decreases at 12 months
(p = 0.0129). No difference was observed
in brain dry weight between Mlc1-null and
wild-type mice. In all graphs, error bars
indicate the standard error of the mean.
(C, D) When tested at 12 months of age
with the rotarod (C) and balance beam
test (D), the Mlc1-null mice (solid line)
performed similarly to the wild-type
littermates (dotted line; n = 16 per
genotype
per
test;
specifics
in
Supplementary Table 6). A difference
was only observed in the first trial of the
balance beam test, when Mlc1-null mice
cumulated a higher number of errors.
This difference disappeared at the
second and third trial.

Western blotting confirmed normal amounts of MBP protein in Mlc1-null brains (fig.
7). Also, no differences were observed in the relative ratio of MBP isoforms at P21,
indicating normal developmental myelination. EM showed that Mlc1-null axons
were ensheathed by myelin of normal thickness and periodicity. qPCR of
oligodendrocyte-specific transcripts, including platelet-derived growth factor α
receptor (marker of oligodendrocyte progenitors), galactocerebrosidase (marker of
premyelinating oligodendrocytes), Mbp, and Plp1 also revealed no differences
between Mlc1-null and wild-type mice.

Mlc1-null astrocytes show reduced expression of GlialCAM and ClC-2, but not of
other MLC1-interacting proteins
Expression of MLC1-interacting proteins (López-Hernandez et al., 2011a; Duarri et
al., 2011; Jeworutzki et al., 2012; Boor et al., 2007; Brignone et al., 2011; Lanciotti
et al., 2012) in Mlc1-null astrocytes was evaluated by immunohistochemistry in 7month-old mutant and wild-type mice. Compared to controls, Mlc1-null mice
showed reduced expression of GlialCAM and of the chloride channel ClC-2 in
perivascular astrocytic endfeet in both gray and white matter (fig. 8). ClC-2 and
GlialCAM expression was abolished in the Mlc1-null Bergmann glia. Limited to the
subpial astrocytes in the cerebral cortex, expression of the potassium channel
Kir4.1 was slightly increased and redistributed along the cell processes. By
contrast, no changes were seen between Mlc1-null and wild-type mice in the
expression of all other proteins reported to be associated or to interact with MLC1,
including the water channel aquaporin4, the dystrophin-glycoprotein complex
proteins α- and β-dystroglycan, the β1 subunit of the Na,K-ATPase pump and the
calcium-permeable channel TRPV4. The expression of the perivascular basal
lamina protein agrin and of the endothelial cell tight junction protein ZO-1 was also
comparable in mutant and control animals.
At blood vessels, β-dystroglycan, TRPV4, ZO-1, and the Na,K-ATPase pump are
expressed on both endothelial cells and perivascular astrocytic endfeet (Duarri et
al., 2011; Boor et al., 2007; Brignone et al., 2011; Nilius et al., 2004; Nilius et al.,
1997).
To better investigate possible changes in astrocytic expression of these proteins in
Mlc1-null mice, cerebellar tissue sections were also analysed by immuno-EM. No
differences were seen between mutant and wild-type animals (fig. 9).

Mlc1-null astrocytes show reduced volume-regulated anion currents and impaired
regulatory volume decrease
Primary astrocytes from Mlc1-null and wild-type mice were treated briefly with
trypsin to activate VRAC (Ridder et al., 2011). In response to both voltage steps
and voltage ramps, Mlc1-null astrocytes showed significantly decreased anion
currents and current density in isotonic conditions as compared to control cells (fig.
10A–C). Re-expression of MLC1 by adenovirus transduction of Mlc1-null
astrocytes resulted in increased amplitude of anion current and current density (fig.
10B,C).
To measure the possible contribution of ClC-2 currents in the outward rectification,
we performed similar recordings in the presence of cadmium chloride, which blocks
those currents (fig. 10D) (Clark et al., 1998). Cadmium chloride had no significant
effect on the current densities of both Mlc1-null and wild-type astrocytes.
To further measure VRAC activity, we exposed Mlc1-null and control astrocytes to
an anion-selective hypotonic solution for 5 minutes. In hypotonic conditions, both
Mlc1-null and control cells showed a significant increase in current density (fig.
10B,E). Swelling-induced current density was significantly higher in controls than
Mlc1-null astrocytes (fig. 10E,F).
Tamoxifen blocks VRAC activity in vitro (Ridder et al., 2011). Tamoxifen (1μM)
significantly blocked swelling-activated currents in control astrocytes, but had no
effect on Mlc1-null currents (fig. 10F).

Figure 5. Progressive white matter vacuolization in Mlc1-null mice. (A) Hematoxylin and eosin stain
of 12-month-old animals shows vacuolization of the deep and subcortical cerebellar white matter of
Mlc1-null mice. No vacuoles are seen in wild-type littermates. (B) Stain for the myelin-specific protein
proteolipid protein (PLP) of a cerebellar folium shows that vacuolar clefts are empty and crossed by fine
PLP+ strands. The oligodendrocytic nuclei are normal. (C) White matter vacuolization is first seen at 3
months in Mlc1-null mice and increases progressively over time (PLP stain of cerebellar white matter).
No vacuoles are visible in wild-type mice. Note that there are no differences in PLP staining intensity
between Mlc1-null and wild-type white matter, indicating that the Mlc1-null mice have no lack or loss of
myelin. (D) In the supratentorial areas, progressive white matter vacuolization also occurs in the anterior
commissure (myelin basic protein stain). Note that vacuoles appear at 3 months and decrease in size
after 7 months. (E) Ultrastructural analysis of the cerebellar white matter of 7-month-old Mlc1-null mice
shows large vacuoles (left and middle) surrounded by the outermost myelin lamellae of neighboring
axons (right). Arrows point at the split. The intramyelinic splitting occurs at the intraperiod line.
Bars = 100µm (A, C, D), 50µm (B), 5µm (E; left, middle), 500nm (E; right).

Potassium current density was not significantly different in Mlc1-null astrocytes
compared to controls (data not shown).
After exposure to an anion-selective hypotonic solution, the regulatory volume
decrease was significantly slower in Mlc1-null astrocytes than in wild-type cells
without a difference in initial swelling during hypo-osmotic shock (fig. 10G).

Discussion
MLC1 is exclusively expressed in the central nervous system and 1,000-fold lower
in leukocytes (Boor et al., 2005; Ridder et al., 2011). Previous studies on MLC1
were based on analyses of patients' brain tissue obtained from biopsies and 1
autopsy (Harbord et al., 1990; van der Knaap et al., 1996; Pascual-Castroviejo et
al., 2005; Miles et al., 2009; Boor et al., 2005, 2007; Duarri et al., 2011), patients'
leukocytes, and most of all artificial cell systems using MLC1 knockdown and
overexpression (Duarri et al., 2008, 2011; Boor et al., 2005; Jeworutzki et al., 2012;
Brignone et al., 2011; Lanciotti et al., 2010, 2012; Teijido et al., 2004). Research on
MLC1 dysfunction in intact brain is missing.

Figure 6. Mlc1-null perivascular astrocytes are swollen and have thicker cell processes. (A) Glial
fibrillary acidic protein (GFAP) stain shows abnormal perivascular astrocytes with thick processes
abutting blood vessels (arrows) in the brains of Mlc1-null mice from postnatal day 21 (P21). The
abnormal morphology of Mlc1-null astrocytes is unchanged at 7 months. Such changes are absent at all
ages in wild-type brains. (B) Electron microscopic characterization of astrocytic morphology in the
cerebellar white matter of 7-month-old Mlc1-null mice shows that astrocytes have swollen cell bodies
and processes (left) and enlarged endfeet around the blood vessels (right) compared to wild-type
animals. Astrocytic cytoplasm is colored in light blue for easier recognition. Asterisks indicate
perivascular astrocytic endfeet. BV = blood vessel; N = astrocyte nucleus; P = astrocyte processes. (C)
Mlc1-null perivascular astrocytes have significantly thicker cell processes abutting the blood vessels
than wild-type cells (n ≥ 250 per genotype, Mann–Whitney U test, **p < 0.001). (D) Western blotting
shows similar amounts of GFAP protein (50kDa, upper panels) in Mlc1-null compared to control mice at
all ages. β-Actin (42kDa, lower panels) confirms equal protein load. M = months. (E) GFAP stain of the
corpus callosum and striatum shows that, away from blood vessels, GFAP immunoreactivity and
astrocytic morphology are comparable in Mlc1-null and wild-type mice. Staining of the cerebellum and
brainstem for nestin or S100β (red) and MLC1 or green fluorescent protein (GFP; green) shows that
Mlc1-null astrocytes are nestin− and S100β+ like wild-type cells. CC = corpus callosum; St = striatum. In
lowest pictures nuclei are stained blue with DAPI. Bars = 50µm (A), 5μm (B; left images), 2μm (B; right
images), 100µm (E). Error bars indicate the standard error of the mean.

Figure 7. Developmental myelination and myelin maintenance are normal in the Mlc1-null mice.
(A) Western blotting of total brain lysates shows similar amounts of myelin basic protein (MBP) protein
in Mlc1-null compared to control mice at all ages. Note that the ratio of MBP isoforms is the same in
postnatal day 21 (P21) Mlc1-null and wild-type (WT) lysates, indicating normal developmental
myelination. m = months. (B) Myelin sheath thickness was evaluated in 7-month-old mice by measuring
the g-ratio (axon diameter/total fiber diameter, 150 axons per genotype). No significant difference is
found between Mlc1-null and WT mice (Mann–Whitney U test, p = 0.7159). (C) Electron microscopic
image shows normal periodicity of a myelin sheath in a 7-month-old Mlc1-null mouse with regular
alternation of intraperiod and major dense lines. Bar = 100nm. (D) Developmental myelination was also
assessed in P21 Mlc1-null and WT mice by real-time quantitative polymerase chain reaction. No
differences were found in the mRNA levels of the oligodendrocyte progenitor cell marker Pdgfrα, the
premyelinating oligodendrocyte marker GalC, and the mature myelin markers Mbp and Plp.
PDGFRα = platelet-derived growth factor receptor α; PLP = proteolipid protein. (E) mRNA expression of
the same targets was also estimated in the adult (pooled 3-, 7-, and 12-month-old) animals. Again, no
significant difference was found between Mlc1-null and WT mice, indicating normal myelin maintenance.
Bars indicate the standard error of the mean.

We developed an Mlc1-null mouse to model the human disease. The Mlc1
promoter-driven GFP expression strategy resolved an old controversy. In both
human and mouse brain, MLC1 is expressed in cells of astroglial lineage (Boor et
al., 2005, 2007; Brignone et al., 2011; Lanciotti et al., 2010, 2012; Teijido et al.,
2004, 2007). Abundant MLC1 expression in neurons and axons has only been
reported in mice (Teijido et al., 2004, 2007). Using heterozygous mice expressing
+
GFP driven by the Mlc1 promoter, we demonstrate that GFP cells are astrocytes,
Bergmann glia, and ependymal cells and not neuronal cells or processes. This

confirms that, in accordance with in situ hybridization studies (Schmitt et al., 2003),
MLC1 is exclusively expressed by cells of astroglial lineage also in mice.
In human lymphoblasts and rat astrocytes after downregulation of MLC1, loss of
MLC1 function causes a decrease in VRAC and slowing of the regulatory volume
decrease (Ridder et al., 2011). We now establish the same defects in astrocytes
from Mlc1-null mice. The reduction in VRAC was partly rescued by MLC1 reexpression through a viral construct. The incomplete rescue could result from
MLC1 overexpression and retention in the endoplasmic reticulum (Boor et al.,
2005).
Only species that produce myelin have the MLC1 gene (Boor et al., 2005),
indicating that MLC1 plays an essential role in brain physiology when myelin is
present. It has been suggested that defects in volume regulation by astrocytes, as
occurs in MLC, hamper the potassium siphoning pathway and in this way cause
intramyelinic edema (van der Knaap et al., 2012; Depienne et al., 2013). With that,
the onset of intramyelinic edema in MLC is expected as soon as myelin is
deposited. In establishing Mlc1-null mice as a model for MLC, it is therefore
important to compare developmental stages, especially regarding myelination.
In humans, myelination is most rapid in the first year of life, slows down in the
second year, and reaches near-completion at 3 to 4 years. MLC patients are
normal at birth, when the brain contains little myelin. The first sign of disease is
progressive megalencephaly from a few months of age with diffuse white matter
edema on MRI. The head growth rate normalizes in the second year, leaving
patients with a stable macrocephaly (van der Knaap et al., 1995). Over the years,
MRIs show initially stable and then slowly decreasing white matter swelling. We
now show that MLC1 expression in the human brain is highest in the first year of
life and then gradually decreases to stabilize from 5 years of age. These
observations and results allow several conclusions. The development and severity
of white matter edema in MLC parallel myelination. MLC1 expression in the brain is
highest during active myelination. In the case of a defect in MLC1, the white matter
swelling is most severe when myelination is active and the normal expression of
MLC1 is highest. Apparently, MLC1 function is most important during active
myelination. Strikingly, the clinical phenotype does not parallel the severity of the
white matter edema. The only consistent early clinical sign is megalencephaly;
neurological deficits have their onset after a delay of several years to decades (van
der Knaap et al., 1995, 2012; Kocaman et al., 2013). Most children become
wheelchair-bound as teenagers, but some patients still walk and have normal

Figure 8. Expression of the MLC1-interacting proteins in Mlc1-null mice. (A, B) Double stain for
ClC-2 (red) and glial fibrillary acidic protein (GFAP; green) shows reduced ClC-2 expression at the
endfeet of perivascular astrocytes in the fimbria (A) and virtually no ClC-2 immunoreactivity in the
Bergmann glia of the cerebellar cortex in Mlc1-null mice (B). (C, D) Double stain for GlialCAM (red) and
GFAP (green) shows reduced GlialCAM expression in astrocytic endfeet abutting a large-caliber vessel
in the fimbria (C) and abolished GlialCAM expression in Bergmann glia in Mlc1-null mice (D). (E) Double
stain for Kir4.1 (red) and GFAP (green) shows slightly increased Kir4.1 expression in the Mlc1-null
subpial astrocytes in the cerebral cortex, with redistribution of the immunoreactivity to the cell processes
(yellow for colocalization). (F) Double stain for aquaporin4 (AQP4; red) and GFAP (green) shows

intelligence as adults (van der Knaap et al., 2012; Kocaman et al., 2013).
Mice start to myelinate soon after birth, and most myelin is acquired within 3 to 4
weeks. Mlc1-null mice are normal at birth, when they have little myelin. Soon after
birth, Mlc1-null mice develop megalencephaly due to increased brain water
content. The higher water content is detectable at 3 weeks, increases with age,
peaks at 7 months, and is slightly less increased at 12 months. From the age of 3
months, intramyelinic vacuoles become visible throughout the white matter and
increase with age until 7 months. At 12 months, the white matter vacuolization is
decreased in the supratentorial areas and unchanged in the cerebellum. In mouse
brain, MLC1 expression increases with age up to 3 weeks and remains relatively
constant thereafter. These results indicate that, in mice, MLC1 expression
increases during rapid myelination and reaches a plateau when most myelin has
been deposited. They also indicate that in Mlc1-null mice, as in MLC patients,
white matter edema develops and is most pronounced when normal MLC1
expression level is highest. So, in both species white matter edema correlates with
the impact of lack of MLC1 function, explaining the decrease in white matter
edema at later stages. Similar to MLC patients, the only consistent early sign of
disease in Mlc1-null mice is megalencephaly. Mlc1-null mice display no detectable
motor impairments. It is not known whether the loss of MLC1 function is
compensated differently in mice and humans. However, considering the delayed
onset of neurological dysfunction in humans, the mouse life may be too short to
develop overt neurological signs.

Figure 8 (cont.). comparable immunoreactivity between Mlc1-null mutants and controls around large
blood vessels in the midbrain. (G, H) Double stain for α-dystroglycan (α-DG) or β-dystroglycan (β-DG;
red) and GFAP (green) shows no differences in the expression of both proteins in the corpus callosum
(G) and molecular layer of the cerebellar cortex (H) between mutant and wild-type mice. No intracellular
α-DG expression is seen in Mlc1-null astrocytes. (I, J) Double stain for Na,K-ATPase subunit β1 or
TRPV4 (red) and GFAP (green) shows comparable expression in Mlc1-null and wild-type animals
around large- and small-caliber blood vessels in the superior colliculus (I) and cerebellar white matter
(J). No intracellular Na,K-ATPase expression is seen in Mlc1-null astrocytes. (K) Double stain for agrin
(red) and GFAP (green) shows similar agrin expression around blood vessels in the dorsal brainstem.
No intracellular agrin expression is seen in Mlc1-null astrocytes. (L) Double stain for ZO-1 (red) and
GFAP (green) shows comparable endothelial cell ZO-1 expression in medium-caliber vessels in the
corpus callosum of mutant and wild-type mice. In all pictures the nuclei are stained blue with DAPI.
Bars = 100μm (B, D), 50μm (A, C, E–L).

Figure 9. Distribution of βdystroglycan,
Na,K-ATPase,
TRPV4, and ZO-1 in Mlc1-null mice.
(A,
B)
β-dystroglycan
(βDG)
immunoreactivity (arrowheads) abuts
the vascular basal lamina in both wildtype (A) and Mlc1-null mice (B). (C, D)
Both wild-type (C) and Mlc1-null mice
(D)
show
Na,K-ATPase
immunoreactivity (arrowheads) along
the vascular basal lamina and at
astrocytic endfeet contacts. (E, F)
TRPV4
immunoreactivity
(arrowheads) is visible along the
basal lamina and at astrocytic endfeet
contacts of wild-type (E) and Mlc1-null
mice (F). (G, H) Both wild-type (G)
and Mlc1-null mice show ZO-1
immunoreactivity (arrowheads) along
the vascular basal lamina and at
astrocytic endfeet contacts. In all
images, the basal lamina is coloured
in light blue; when duplicated, only the
outermost is coloured. Bars = 500nm.
Ax = axon; BV = blood vessel.

Mouse models for leukodystrophies that, in humans, have their onset after several
years of life, often lack a clinical phenotype. Major differences in lifespan between
mice and men have been suggested as a possible explanation (Forss-Petter et al.,
1997). Examples are mouse models of X-linked adrenoleukodystrophy (ForssPetter et al., 1997; Kobayashi et al., 1997), metachromatic leukodystrophy (Hess et
al., 1996), and vanishing white matter (Geva et al., 2010), which show biochemical
signs of disease, but lack the expected clinical phenotype. The defect in brain ion–
water homeostasis caused by CLCN2 mutations leads to juvenile or adult onset
disease in humans (Depienne et al., 2013), whereas both Clcn2-mutant and Clcn2-

knockout mice display intramyelinic edema, but no neurological abnormalities (Bösl
et al., 2001; Blanz et al., 2007; Edwards et al., 2010). Whereas the absence of
demyelination in models of X-linked adrenoleukodystrophy and metachromatic
leukodystrophy limits the use of such mice in studies on pathophysiology and
treatment, the Clcn2-mutant, Clcn2-knockout, and Mlc1-null mice display
intramyelinic edema and are therefore suitable for further studies.
Astrocytes of Mlc1-null mice have abnormally thick processes abutting blood
vessels. EM confirms that astrocytes are swollen, especially their perivascular
endfeet. The astrocytic abnormalities are already present before the onset of
myelin vacuolization, suggesting that the disease starts with astrocytic dysfunction
and swelling, followed by water retention and spongiform myelin changes at later
stages. This sequence of events is in line with the role of MLC1 in astrocytic
volume regulation as outlined above. Notably, swelling of astrocytes has not been
observed in the human disease (Harbord et al., 1990; van der Knaap et al., 1996;
Pascual-Castroviejo et al., 2005; Miles et al., 2009), but in Mlc1-null mice EM was
performed at the peak of the swelling, whereas brain tissue of MLC patients was
obtained at advanced disease stages, years after the peak of white matter
swelling.
The concept that MLC1 is involved in brain ion–water homeostasis is supported by
the decreased GlialCAM and ClC-2 protein expression by astrocytes in Mlc1-null
forebrain and the abolished expression in Mlc1-null cerebellum. In itself, this
observation was unexpected because in vitro studies indicate that MLC1 does not
bind ClC-2 (Duarri et al., 2011; Jeworutzki et al., 2012) and has no role in
GlialCAM targeting (López-Hernández et al., 2011b). Our findings demonstrate that
expression of these proteins may be interdependent in vivo, an attribute not
apparent in artificial systems employing MLC1 overexpression. It should be noted
that our electrophysiological data reflect loss of MLC1 only. We used a
depolarizing step protocol that allows registration of outwardly rectifying anion
currents, whereas ClC-2 channels activate at hyperpolarizing voltage and hence
ClC-2 currents have inwardly rectifying properties (Jeworutzki et al., 2012). It is,
however, possible and perhaps even likely that the loss of MLC1-related anion
currents is de facto combined with a decrease or loss of ClC-2-related currents,
and that both contribute to the pathology of MLC astrocytes in vivo.
Apart from GlialCAM and ClC-2, of all other proteins reported to interact with MLC1
in human brain tissue of 1 MLC patient (Duarri et al., 2011), in control human brain
tissue (Boor et al., 2007), and in cell systems (Jeworutzki et al., 2012; Brignone et
al., 2011; Lanciotti et al., 2012; López-Hernández et al., 2011), expression of only

Figure 10. Reduced volume regulatory anion current and impaired regulatory volume decrease
in Mlc1-null astrocytes. (A) Schematic representation of the voltage step and ramp protocol used for
whole cell voltage clamp recordings of primary cultured cortical astrocytes. Voltage steps of 0.2 seconds
from −100 to +100mV were recorded and used for current density measurements. Baseline was
normalized to −60mV holding potential. (B) Representative averaged current traces of whole cell
chloride currents in isotonic and hypotonic conditions (wild-type [WT]: blue trace, n = 8; Mlc1-null: red
trace, n = 8), and of transfected astrocytes in isotonic conditions (green trace, n = 8). (C) Anion currents
and current densities were measured in isotonic solution in WT and Mlc1-null astrocytes and in
transfected cells re-expressing MLC1. Transduction with Lac-Z–expressing adenovirus did not change
the current behavior of Mlc1-null astrocytes (p = 0.561), and the 2 groups were therefore pooled as
controls. Compared to WT astrocytes (blue trace, n = 11), Mlc1-null astrocytes (red trace, n = 17) show
reduced averaged anion current densities (p = 0.0012). Mlc1 transduction of Mlc1-null astrocytes (green
trace, n = 8) raised current density (p = 0.0253). (D) Anion currents were recorded in isotonic solution
containing 10μM cadmium chloride to block ClC-2 channel–mediated currents. No significant change in

the potassium channel Kir4.1 was changed in Mlc1-null mice. Kir4.1 is increased in
cortical subpial astrocytes with redistribution of the immunoreactivity from the
perivascular endfeet to the parenchymal side of the cell processes. This
observation replicates a previous observation in brain tissue from an MLC patient
(Boor et al., 2007) and suggests compensatory Kir4.1 overexpression at this place.
No appreciable changes were found in the expression of α- and β-dystroglycan,
agrin, aquaporin4, TRPV4, the β1 subunit of Na,K-ATPase, and ZO-1. Interspecies
differences, astrocyte heterogeneity, and most importantly cell properties related to
in vitro experimental manipulations could account for these discrepancies.
An apparent difference between MLC patients and Mlc1-null mice deserves
discussion. In patients, white matter edema is most severe in the cerebral
hemispheres followed by the cerebellum, whereas the corpus callosum and
brainstem are relatively spared (van der Knaap et al., 1995). In Mlc1-null mice, the
cerebellar white matter is first and most severely affected, but mice hardly have

Figure 10 (cont.). current density was observed between the presence (dotted lines) and absence
(continuous lines) of cadmium chloride in both WT (blue lines, n = 9, p = 0.5181) and Mlc1-null (red lines,
n = 11, p = 0.4575) astrocytes. (E) Whole cell currents were recorded in isotonic solution and 5 minutes
postexposure to hypotonic solution to measure swelling-activated currents. WT astrocytes showed a
significant increase (p = 0.0070) in anion current density in hypotonic (blue dotted line, n = 8) compared
to isotonic conditions (blue continuous line, n = 8). Mlc1-null astrocytes also showed a significant
increase (p = 0.0209) in current density in hypotonic solution (red dotted line, n = 8) compared to isotonic
(red continuous line, n = 8). Anion current density was significantly higher in controls compared to Mlc1null astrocytes in both hypotonic (p = 0.0047) and isotonic solution (p = 0.0353). (F) Volume-regulated
anion channel current (VRAC) activity was calculated by subtracting isotonic current density from
hypotonic current density at +100mV. VRAC activity was significantly reduced in Mlc1-null astrocytes
(n = 9) compared to control cells (n = 9; p = 0.0324). Tamoxifen (TX; 1μM) was used to block VRAC
activity. TX exposure significantly reduced VRAC activity in controls (n = 7, p = 0.0164), but had no
significant effect on VRAC activity in Mlc1-null astrocytes (n = 8, p = 0.1394). VRAC activity was
comparable in Mlc1-null and WT TX-treated astrocytes (p = 0.5265). (G) Fluorescent quenching was
used to determine volume changes during 30-minute hypo-osmotic challenge. The Mlc1-null astrocytes
(red trace, n = 22) show smaller changes in surface area and fluorescence intensity during hypo-osmotic
shock than WT cells (blue trace, n = 22; p = 0.0003). In all graphs, error bars indicate the standard error
of the mean. ns = not significant.

cerebral hemispheric white matter beyond the corpus callosum. Like humans,
Mlc1-null mice show a greater involvement of the cerebellar white matter than the
brainstem and corpus callosum. The regional differences in the consequences of
loss of MLC1 function in humans and mice may be explained by heterogeneity of
astrocytes. Within different brain regions, astrocytes express different levels and
types of ion channels and thus have different electrophysiological properties and
functions (Oberheim et al., 2012). It is important to note that MLC1 expression
levels are higher in the mouse cerebellum than in other brain areas (Teijido et al.,
2007). Strikingly, the loss of GlialCAM and ClC-2 expression is also more profound
in the cerebellum of Mlc1-null mice than in other areas of the brain. It may,
therefore, be that mouse Bergmann glia form a particularly vulnerable type of
astrocyte prone to manifesting the consequences of loss of MLC1 function.
Comparable human data are lacking due to unavailability of MLC patient brain
tissue.
Subcortical cysts are invariably present in anterior temporal regions in MLC
patients, but not in Mlc1-null mice. The scarcity of hemispheric white matter in mice
could also account for this discrepancy. Of note, subcortical anterior temporal cysts
are not unique to MLC. Several other infantile onset leukoencephalopathies show
the same, suggesting that in humans this region is a locus minoris resistentiae,
particularly vulnerable to accumulation of fluid (Squier et al., 2011). Congenital
cytomegalovirus infection, vanishing white matter, merosin-deficient congenital
muscular dystrophy, subcortical cystic leukomalacia of infancy, and early onset
Aicardi–Goutières syndrome variants are examples (van der Knaap & Valk, 2005).
In addition to the molecular or physical causes of impaired fluid resorption, several
age-related factors such as age-related expression of aquaporins and persistence
of the subplate zone may contribute to predisposing infants to fluid accumulation in
this area (Squier et al., 2011).
Overall, the Mlc1-null mice replicate the early stage of the human disease MLC.
Cellular defects in astrocytic ion–water homeostasis shown for human MLC are
present in Mlc1-null mice, indicating that this function of MLC1 is conserved among
the 2 species. At the tissue level, intramyelinic vacuoles form in both human
patients and Mlc1-null mice. Thus, cells and brain tissue of the mutant mice are
suitable for further studies. Several results obtained in artificial cell systems using
MLC1 overexpression are not reproduced in Mlc1-null mice, indicating that results
from experimental cell systems should be interpreted with caution. Mutant mouse
brain tissue and cells may be preferable research tools now that they are available.
Importantly, the disease timeline is similar for human patients and Mlc1-null mice.

In both patients and Mlc1-null mice the problem in ion–water homeostasis
becomes manifest with myelin deposition and reaches a peak at an advanced
stage of myelination, followed by stabilization and decrease of the white matter
edema. Treatment in humans should aim at rescuing MLC1 function in early stages
of the disease, when patients have megalencephaly due to intramyelinic edema,
but are still clinically normal. It is this stage that is recapitulated by the Mlc1-null
mice.
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Note
During the review process of this article, an article was published by Hoegg-Beiler
et al. (Nat Commun 2014;5:3475) in which loss of ClC-2 and GlialCAM expression
in the Bergmann glia of Mlc1-null mice is also reported. Subsequently, Sirisi et al.
(Hum Mol Genet 2014;23:5069–5086) reported the same for GlialCAM in Mlc1-null
zebrafish.
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Supplementary table 1. Primer sequences for polymerase chain reaction and real-time
quantitative polymerase chain reaction
PCR
MLC1

ATGATAACCACTTACTACAATTAGAGG

MLC1

TGAAGCACTGCACGCCGTAGGTC

MLC1

AACACCCATGTCTTGTAGCTGAAGCACG

Real-time qPCR
Mouse targets

Forward sequences

Reverse sequences

G3PDH

TGCACCACCAACTGCTTAGC

GGCATGGACTGTGGTCATGA

Cyp-B

AAGGACTTCATGATCCAGGG

TGAAGTTCTCATCTGGGAAG

RPS14

CAGGACCAAGACCCCTGGA

ATCTTCATCCCAGAGCGAGC

MLC1

ACGACAGCAGAGCGCCA

GGTCATAGCCCAGTTCCTCC

MLC1-GFP

ACGACAGCAGAGCGCCA

CGCTGAACTTGTGGCCGTT

GFAP

GATCTATGAGGAGGAAGTTCGAG

CTCGTATTGAGTGCGAATCTC

Glt-1

CTCCATGTTGAATGAAACCA

GAATCCGATCAGACCTAAGAC

MBP

AAGGGAAGGGAGGAAGAG

GCAGTTATATTAAGAAGCCGAG

PLP

CTTCAATACCTGGACCACCT

GGGAGAACACCATACATTCTG

Nestin

CTACAGAGTCAGATCGCTCAG

AGCAGAGTCCTGTATGTAGC

CD44

CCAACACCTCCCACTATGAC

TATACTCGCCCTTCTTGCTG

S100

TCCTGGAGGAAATCAAGGAG

CATGAACTCCTGGAAGTCAC

PDGFαR

CTGGAGAAGTGAGAAACAAAGG

TGGACAGAAATGGTGACTC

GalC

CAATATGACCTCCACAATTGCT

GCTACGACATAATGTCCACTC

Human targets

Forward sequences

Reverse sequences

Cyp-B

AAGGACTTCATGATCCAGGG

TGAAGTTCTCATCGGGGAAG

GAPDH

CTCTCTGCTCCTCCTGTTCGAC

TGAGCGATGTGGCTCGGCT

MLC1

AGAAGGGCTCCATGTCTGACA

AAGATTTCAGGACCCGAGCAG

Supplementary table 2. Number of animals employed per experiment and ages analyzed
Animals used
per experiment

Ages analyzed

Immunohistochemistry
wild type
heterozygous
Mlc1-null
Western blot

3
3
3

P21, 3m, 7m, 12m
E18, P2, P7, P14, P21, 4m
P21, 3m, 7m, 12m

wild type
2
P0, P7, P14, P21, 1m, 3m, 4m, 7m, 12m
heterozygous
2
E18, P2, P7, P14, P21, 3m, 4m
Mlc1-null
2
P21, 3m, 7m, 12m
RT quantitative PCR
wild type
2
P0, P7, P14, P21, 1m, 3m, 4m, 7m, 12m
heterozygous
2
E18, P2, P7, P14, P21, 3m, 4m
Mlc1-null
2
P21, 3m, 7m, 12m
Electron microscopy and immune-electron microscopy
wild type
Mlc1-null
Brain wet and dry weight

4
4

7m
7m

wild type
Mlc1-null
Astrocyte quantitative morphology

3
3

P7, P21, 3m, 7m, 12m
P7, P21, 3m, 7m, 12m

wild type
Mlc1-null
Behavioral tests

2
2

P21, 3m, 7m, 12m
P21, 3m, 7m, 12m

16
16

12m
12m

wild type
Mlc1-null

E, embryonic day; P, postnatal day; m, months

Supplementary table 3. Primary antibodies and dilutions
Origin

Dilution

Vendor

hMLC N4
mMLC N4+N5
GFP
GFAP
GFAP
Nestin

Antibody

rabbit
rabbit
chicken
chicken
rabbit
mouse

1:100
1:100
1:500
1:1000
1:200
1:100

gift of R. Estevez (1)
gift of R. Estevez (2)
Aves
Millipore
Dako
Hybridoma Bank

S100
MBP
PLP
Olig2
NeuN
CD31
SMI 31-32
ClC-2
GlialCAM

mouse
mouse
mouse
rabbit
mouse
mouse
mouse
rabbit
mouse

1:200
1:50
1:3000
1:400
1:1000
1:50
1:1000
1:20
1:100

Sigma-Aldrich
Millipore
AbD-Serotec
Millipore
Millipore
BioLegend
Covance
Santa Cruz
R&D Systems

-dystroglycan

mouse

1:100

Millipore

-dystroglycan

mouse
mouse
rabbit
goat
rabbit

1:100
1:1500
1:200
1:40
1:200

Santa Cruz
gift of R.M. de Waal (3)
Millipore
Santa Cruz
Alamone

mouse
rabbit
mouse
mouse

1:25
1:40
1:50
1:10000

Santa Cruz
Santa Cruz
Invitrogen
Sigma-Aldrich

Agrin
Aquaporin4
Aquaporin4
Kir4.1
Na,K-ATPase subunit 1
TRPV4
ZO-1
β-Actin

(1) Duarri A et al. Hum Mol Genet 2008;17:3728-3739.
(2) Teijido O et al. Hum Mol Genet 2004;13:2581-2594.
(3) Verbeek MM et al. Am J Pathol 1999;155:2115-2125.

Supplementary table 4. Demographic data of human brain samples
ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
d, days; y, years

Age at death
1d
96 d
100 d
133 d
2 y, 305 d
4 y, 258 d
5 y, 241 d
13 y, 251 d
13 y, 360 d
14 y, 198 d
20 y, 93 d
20 y, 344 d
25 y, 67 d
27 y, 97 d
30 y, 355 d

Cause of death
diffuse alveolar damage
sudden unexplained death
dehydration
multiple injuries
asphyxia
drowning
bronchopneumonia
multiple injuries
hanging
multiple injuries
asphyxia
BOR syndrome
multiple injuries
congestive heart failure
multiple injuries

Supplementary table 5. Mlc1 mRNA expression in wild-type mice increases
significantly until 3 weeks of age and remains stable thereafter
Age group

Mean
difference

t

P-value

95% CI of difference

P0 vs P7

-0,4005

2,171

P > 0.05

-1.163 to 0.3618

P0 vs P14

-0,6255

3,391

P > 0.05

-1.388 to 0.1368

P0 vs P21

-1,261

7,894

P < 0.001

-1.921 to -0.6009

P0 vs P28

-1,312

7,113

P < 0.001

-2.074 to -0.5497

P0 vs 2m

-1,543

8,363

P < 0.001

-2.305 to -0.7802

P0 vs 4m

-1,663

9,016

P < 0.001

-2.425 to -0.9007

P0 vs 7m

-1,75

10,39

P < 0.001

-2.446 to -1.054

P0 vs 12m

-1,862

10,09

P < 0.001

-2.624 to -1.099

P7 vs P14

-0,225

1,22

P > 0.05

-0.9873 to 0.5373

P7 vs P21

-0,8605

5,387

P < 0.01

-1.521 to -0.2004

P7 vs P28

-0,9115

4,942

P < 0.05

-1.674 to -0.1492

P7 vs 2m

-1,142

6,191

P < 0.01

-1.904 to -0.3797

P7 vs 4m

-1,263

6,845

P < 0.001

-2.025 to -0.5002

P7 vs 7m

-1,349

8,013

P < 0.001

-2.045 to -0.6533

P7 vs 12m

-1,461

7,921

P < 0.001

-2.223 to -0.6987

P14 vs P21

-0,6355

3,978

P > 0.05

-1.296 to 0.02464

P14 vs P28

-0,6865

3,722

P > 0.05

-1.449 to 0.07576

P14 vs 2m

-0,917

4,972

P < 0.05

-1.679 to -0.1547

P14 vs 4m

-1,038

5,625

P < 0.01

-1.800 to -0.2752

P14 vs 7m

-1,124

6,676

P < 0.001

-1.820 to -0.4283

P14 vs 12m

-1,236

6,701

P < 0.001

-1.998 to -0.4737

P21 vs P28

-0,051

0,3193

P > 0.05

-0.7111 to 0.6091

P21 vs 2m

-0,2815

1,762

P > 0.05

-0.9416 to 0.3786

P21 vs 4m

-0,402

2,517

P > 0.05

-1.062 to 0.2581

P21 vs 7m

-0,4887

3,469

P > 0.05

-1.071 to 0.09352

P21 vs 12m

-0,6005

3,759

P > 0.05

-1.261 to 0.05964

P28 vs 2m

-0,2305

1,25

P > 0.05

-0.9928 to 0.5318

P28 vs 4m

-0,351

1,903

P > 0.05

-1.113 to 0.4113

P28 vs 7m

-0,4377

2,599

P > 0.05

-1.134 to 0.2582

P28 vs 12m

-0,5495

2,979

P > 0.05

-1.312 to 0.2128

2m vs 4m

-0,1205

0,6533

P > 0.05

-0.8828 to 0.6418

2m vs 7m

-0,2072

1,23

P > 0.05

-0.9030 to 0.4887

2m vs 12m

-0,319

1,729

P > 0.05

-1.081 to 0.4433

4m vs 7m

-0,08667

0,5147

P > 0.05

-0.7825 to 0.6092

4m vs 12m

-0,1985

1,076

P > 0.05

-0.9608 to 0.5638

7m vs 12m
-0,1118
0,6642 P > 0.05
-0.8077 to 0.5840
This table contains the results of the Bonferroni’s multiple comparison test applied after a one-way
Anova analysis of variance. Vs, versus; m, month(s). Significant results are given in bold.

Supplementary table 6. Physical and behavioral tests
Test

Parameter

Body weight

Genotype

Number

wild type

16

Statistical test

Mean

Median

SEM

33.35

35

1.2078

36.0125

35.5

0.9334

0.804

0.78

0.0263

0.8098

0.829

0.0176

1.7753

1.759

0.0661

1.8293

1.861

0.038

0.805

0.78

0.0264

0.8125

0.805

0.019

1.7975

1.735

0.0575

Student t-test
Grip strength meter

Front paws (mean)

Mlc1-null

16

wild type

16

0.6676

Student t-test
Front and hind paws (mean)

Mlc1-null

16

wild type

16

0.8572

Student t-test
Front paws (median)

Mlc1-null

16

wild type

16

0.4858

Student t-test
Front and hind paws (median)

Mlc1-null

16

wild type

16

0.8194

Student t-test
Rotarod

RPM reached per trial

P-value

0.7844

Mlc1-null

16

1.8156

1.795

0.0313

wild type

16

multiple trials

--

--

Mlc1-null

16

multiple trials

--

--

wild type

16

multiple trials

--

--

Mlc1-null

16

multiple trials

--

--

wild type

16

multiple trials

--

--

Mlc1-null

16

multiple trials

--

--

0.5027
Time reached per trial

Distance moved per trial

Repeated
measures
ANOVA type II

0.9339

0.9204

Supplementary table 6 (cont). Physical and behavioral tests
Test
Balance beam

Parameter
Number of slips

Latency to cross the beam

Open field

Distance moved

Genotype

Number

wild type

16

Mlc1-null

16

wild type

16

Mlc1-null

16

wild type

16

Statistical test

Repeated
measures
ANOVA type II

Mean

Median

SEM

multiple trials

--

--

multiple trials

--

--

multiple trials

--

--

multiple trials

--

--

4701.05

465.25

343.4307

4492.1

4726.15

297.7082

7.8313

7.8

0.5699

7.4938

7.9

0.4983

0.0152

0.19

Student t-test
Average velocity

Mlc1-null

16

wild type

16

0.4597

Student t-test
Mlc1-null
SEM, standard error of the mean; RPM, rounds per minute

16

P-value

0.659

