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Introduction  
 
The adult human brain consists for approximately 70% of water. The correct content and 
compartmentalization of brain water (or water homeostasis) are fundamental for its normal 
functioning. Unlike other body tissues, the brain is encased by a rigid bony skull, and even 
small increases in tissue volume produce significant rises in intracranial pressure, causing 
compression of neural tissue and damage, mostly due to reduced blood flow. If progressive 
and not successfully treated, brain herniation and death may follow. Only in infants, where the 
skull sutures have not closed yet, compensation through abnormal increase in head size may 
occur. Brain edema, increased tissue water content, may involve different compartments: 
extracellular, intracellular and intramyelinic. Brain edema is a dangerous and frequently life 
threatening neurological complication, and is an important but enigmatic research topic for 
basic scientific research and clinical medicine alike. Clinical neurologists most frequently 
observe symptomatic brain edema following head injuries and in connection with cerebral 
tumors. By contrast, rare types of chronic intramyelinic brain edema caused by monogenic 
defects are associated with more subtle clinical phenotypes with slower progression. 
Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is a unique example of 
genetically determined white matter disease characterized by chronic intramyelinic brain 
edema.  
 

Megalencephalic leukoencephalopathy with subcortical cysts 
(MLC) 
Megalencephalic leukoencephalopathy with subcortical cysts (MLC, OMIM 604004) is a rare 
and incurable childhood leukodystrophy characterized by early–onset macrocephaly, 
subcortical cysts and swelling of the cerebral white matter, and delayed onset of neurological 
problems (Singhal et al., 1996; van der Knaap et al., 1995a).  
 
Clinically, classic and remitting phenotypes are distinguished. The classic phenotype is the 
most common and has an autosomal recessive mode of inheritance. There are two associated 
genes identified: MLC1 and GLIALCAM. Classic MLC related to recessive MLC1 mutations 
is called MLC1 and classic MLC related to recessive GLIALCAM mutations is called 
MLC2A. At birth infants with classic MLC are overall healthy. In the first year of life, 
patients develop macrocephaly, but some are born with a large head. Head circumference 
growth rate tends to become normal after the first or second year. Most children develop 
sporadic epilepsy in infancy or early childhood. The seizures are usually well controlled with 
medication, although status epilepticus may occur. With a delay of several years, slow 
deterioration of motor functions starts with cerebellar ataxia and mild spasticity, which 
eventually can lead to loss of unsupported walking and wheelchair dependency. Cognitive 
deterioration is slow, usually late and mild.  Classic MLC runs a slowly progressive clinical 
course, but temporary worsening may follow minor head trauma, with status epilepticus, 
transient motor deterioration and even prolonged lowering of consciousness, typically with 
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complete recovery (Ben-Zeev et al., 2002; Goutieres et al., 1996; Singhal et al., 1996; Topcu 
et al., 1998; van der Knaap et al., 1995a).  
MLC patients have been recognised who initially have a classic clinical phenotype, but 
subsequently improve, lacking signs of deterioration. This phenotype is related to autosomal 
dominant mutations in GLIALCAM, and has been called remitting MLC or MLC2B. Patient 
with MLC2B develop macrocephaly within the first year of life. Their initial development is 
normal or mildly delayed. Subsequently, motor abilities can become almost normal. IQ of 
these patients is normal or mildly decreased and some patients may have autism. 
Deterioration has not been observed in patients with the remitting phenotype. 
 
MRI and histopathology of MLC 
MRI of the brain of a classic MLC patient shows diffuse cerebral white matter swelling and 
signal changes and the presence of bilateral subcortical cysts, invariably in the anterior-
temporal and often in the fronto-parietal regions (Fig. 1) (van der Knaap et al., 1995a; van der 
Knaap et al., 1996). The occipital white matter often looks less abnormal and less swollen. 
Central deep white matter structures, including the corpus callosum, internal capsule, and 
brain stem, are relatively spared although they are not entirely normal. Typically, the 
cerebellar white matter has a much milder abnormal signal and is not swollen (Goutieres et 
al., 1996; van der Knaap et al., 1995a). As the disease progresses, the swelling of the cerebral 
white matter decreases and cerebral atrophy ensues. Mostly, the subcortical cysts size and 
number increases as the disease progresses. In some patients, the cysts can become very large 
and cover a considerable part of the frontal-parietal white matter (van der Knaap et al., 
1995a). 

 

				 	
Figure 1: MRI in MLC. Sagittal T1-weighted (top) and axial T2-weighted (bottom) images: MRI in 
classical MLC (Left): Patient with a recessive mutation in MLC1 at the ages of 6 years (A, C) and 30 
years (B, D). At 6 years, the cerebral white matter is diffusely abnormal and swollen (A, C). 
Subcortical cysts are present in the anterior temporal and parietal regions (arrows in A). At older age, 
the cerebral white matter has become atrophic (D) with a subcortical cyst (B). MRI in remitting MLC 
(right): Patient with dominant mutation in GLIALCAM at the age of 9 months (A, D), 1.5 years (B, E) 
and 3-5 years (C, F). The first MRI resembles the MRI of classical MLC, but on follow-up the white 
matter abnormalities improve and the anterior temporal cyst becomes smaller (arrow). Modified from 
(van der Knaap et al., 2012) with permission. 
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MRI of the brain of patients with remitting MLC initially shows the same abnormalities as 
classic MLC, but from the second year of life improvement occurs and the white matter signal 
abnormalities decrease and largely or completely disappear; the cysts decrease in size and 
may also disappear (Fig. 1)(van der Knaap et al., 2010). 
 
Brain biopsies collected from classic MLC patients reveal spongiform white matter changes, 
presenting vacuoles between the outer lamella of the myelin sheaths, generated by lamellar 
splitting along the intraperiod line or by incomplete compaction (Fig. 2) (van der Knaap et al., 
1996). Some studies also show enlargement of extracellular spaces and astrogliosis with 
alteration in the structure of some blood vessels (Pascual-Castroviejo et al., 2005; van der 
Knaap et al., 1996). The latest study using MLC patient tissue revealed presence of vacuoles 
in the end-feet of astrocytes connecting blood vessels (Fig. 2C) (Duarri et al., 2011).  

 
MLC is a rare genetic disorder; hence the availability of patient tissue is limited. This makes a 
detailed study for pathological characterization hard. Added to that, apart from clinical 
information, almost no information is available about the cellular and pathological 
progression of the disease over time. 
 
MLC causing mutations  
More than 50 different mutations have been reported in the years following the identification 
of the MLC1 gene (Boor et al., 2005; Jeworutzki et al., 2012; Leegwater et al., 2001; Patrono 
et al., 2003; Teijido et al., 2004). Such mutations are evenly distributed over the entire gene 

Figure 2: Brain biopsy sample from a patient with classic MLC. Electron microscopic pictures (A-
C). Countless membrane-bound vacuoles are found in the subcortical white matter (A).  The vacuoles 
are lined by a membrane with the typical periodicity of myelin (B). Vacuoles are also observed in 
astrocytic endfeet around blood capillaries (astrisks in C). Modified from (Duarri et al., 2011; van der 
Knaap et al., 1996) with permission. 
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and include non-sense mutations, frameshifts, splice-site mutations, and single amino acid 
substitutions of conserved residues inside or outside predicted transmembrane domains, 
suggesting that loss of the function of the MLC1 gene product is the leading cause of this 
disease. Nearly half of all mutations are missense mutations and result in reduced expression 
of MLC1 on the plasma membrane as shown in an in vitro assay (Teijido et al., 2004). Till 
today, no correlation between genotype and phenotype has been found (Patrono et al., 2003). 
Although some of the patients share the same mutation, they present with a wide variability in 
the clinical symptoms and disease severity. Some patients have a severe clinical presentation 
and never learn to walk, or progressively lose their ability to walk within a few years. On the 
other hand, some patients have a much milder clinical course and present only with 
macrocephaly. Such differences in the phenotype between the patients having the same 
mutations suggest that modifier genes and/or environmental factors have an effective role in 
determining the final phenotype.  
 
Not all patients with MLC have MLC1 mutations and it was known for years that there must 
be a second gene associated with MLC. A proteomic study showed an association between 
MLC1 and GlialCAM (Lopez-Hernandez et al., 2011a). Sequence analysis of HEPACAM, the 
gene encoding the GlialCAM protein, in MLC patients without MLC1 mutations and with a 
classical phenotype showed mutations with autosomal-recessive inheritance. The patients 
with improving (remitting) phenotype had one mutation with dominant inheritance. 
HEPACAM was renamed into GLIALCAM. The identified recessive mutations in HEPACAM 
are spread all over the extracellular region of the GlialCAM protein. On the other hand, 
dominant mutations are clustered in the first immunoglobulin domain (Lopez-Hernandez et 
al., 2011a). Interestingly, no overlap between the dominant and recessive mutations was 
found. The dominant mutations clustering in a specific domain suggest a selective disruption 
of GlialCAM interaction with itself or with other proteins.  
 
 
The MLC1 protein, its function and expression pattern 
The MLC1 gene encodes MLC1, a 377-amino acid protein. MLC1 contains eight putative 
transmembrane domains and short amino- and carboxylic- cytoplasmic terminals (Boor et al., 
2005; Leegwater et al., 2001; Teijido et al., 2004). MLC1 is an orphan-protein and does not 
belong to any known family or class of proteins. Amino acid sequence analysis suggests weak 
similarity with potassium channel Kv1.1, ABC-2 type transporter and sodium:galactoside 
symporter (Leegwater et al., 2001; Meyer et al., 2001). Hypotheses were generated suggesting 
MLC1 function as an anion channel or transporter (Leegwater et al., 2001; Meyer et al., 2001; 
Teijido et al., 2004). Till todate, no study has provided direct evidence suggesting MLC1 to 
be channel or a transporter. Hence, the exact function of the MLC1 protein is still unknown. 
Using cell culture system, MLC1 dysfunction was shown to reduce volume-regulated anion 
channel activity with disturbed cell volume regulation. Due to the absence of an MLC animal 
model the role of MLC1 in intact brain is missing. 
MLC1 is expressed in the brain and all types of white blood cells (Boor et al., 2005). MLC1 
expression is relatively high in all brain regions examined, including cortex, hippocampus, 
amygdala, thalamus, caudate nucleus, and cerebellum (Steinke et al., 2003). In the brain the 
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expression of MLC1 is a thousand-fold higher than in peripheral white blood cells (Boor et 
al., 2005). Studies performed on mouse and humans, using in situ hybridization report Mlc1 
and MLC1 mRNA in astroglial lineage cells as astrocytes, Bergmann glia and ependymal 
cells, but not in oligodendrocytes and microglia (Boor et al., 2007; Schmitt et al., 2003; 
Teijido et al., 2004). Using immunogold electron microscopy, it is shown that MLC1 
expression is mainly present in astrocyte-astrocyte junctions (Fig. 3A). MLC1 expression has 
also been reported in axons (Teijido et al., 2004), but these results are contradictory, and in 
this thesis we do not confirm this finding (see chapter 2). 
 
The GlialCAM protein, its function and expression pattern 
In 2005, a novel gene was identified, designated HEPACAM, encoding a hepatic cell adhesion 
molecule (HepaCAM) (Chung Moh et al., 2005). In 2008, the protein was renamed glial cell 
adhesion molecule  (GlialCAM), because the liver expression is very low and it is 
predominantly expressed in glia of the nervous system (Favre-Kontula et al., 2008). 
GlialCAM, a 416-amino acid protein, is a member of the immunoglobulin superfamily of cell 
adhesion molecules (IgSF CAM).  Earlier studies propose modulation of cell adhesion and 
migration, and inhibition of cancer cell growth as the main biological functions of GlialCAM. 
More recent studies show that GlialCAM is a chaperone protein for MLC1 and ClC2 (an 
inward rectifying chloride channel), facilitating their membrane expression. GlialCAM has 
also been shown to change the chloride currents from ClC2 channel and is hence proposed as 
an auxiliary sub-unit of ClC2 (Jeworutzki et al, 2012). 

In the human brain, GlialCAM expression is mainly seen within white matter tracts and 
ependymal cells. In the white matter, it is present mainly in astrocytic endfeet around blood 
vessels. Additionally, GlialCAM is also localized inside axons, in contact regions between 
myelin and axons, on the outside of myelin sheaths, and in oligodendrocytes (Favre-Kontula 
et al., 2008). Such wide expression pattern in the brain of GlialCAM can suggest a cell type 
dependent functional role of a single protein. Using immunogold electron microscopy, 
GlialCAM and MLC1 were shown to co-localize in astrocyte–astrocyte junctions at astrocytic 
endfeet (Fig. 3B)(Duarri et al, 2011; Jeworutzki et al, 2012).  

	
Figure 3: Immunogold electron microscopy with labeling for MLC1 and GlialCAM.  Double 
labelling for MLC1 (18 nm gold particles in A and B) and β-dystroglycan (12 nm gold particles in A) 
or GlialCAM (12 nm gold particles in B) show that MLC1 is present in astrocyte-astrocyte junction, 
whereas β-dystroglycan is present along the basal lamina (A). MLC1 and GlialCAM colocalize at 
astrocyte-astrocyte contacts (B). AST = astrocyte. BL = Basal lamina. Modified from (Duarri et al., 
2011; Lopez-Hernandez et al., 2011a; van der Knaap et al., 2012) with permission. 
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Regarding its relationship with MLC1, GlialCAM functions as a chaperone and is conditional 
for its correct localization in astrocyte membranes. By contrast, the expression and 
localization of GlialCAM are independent of MLC1. It has been shown that GlialCAM 
mutations disrupt the normal localization of MLC1, but mutant MLC1 does not change 
GlialCAM localization (Lopez-Hernandez et al., 2011a). This means that the loss of normal 
astrocyte membrane expression of MLC1 is central in MLC disease mechanisms.  
All attempts to understand the interaction between MLC1, ClC2 and GlialCAM were 
performed using in vitro system. Due to the lack of human MLC tissue and animal models, 
the interaction between these proteins in vivo remains unknown.  
 

Major cell types in the brain 
As described above, the pathology and the molecular players in MLC have largely been 
identified. However, no experimental evidence exists explaining the complex interplay 
between such players in the intact brain. Therefore, before we investigate the role of MLC-
related proteins, we require understanding of normal brain physiology and water handling.  
 
Brain water and solute particles are distributed over four distinct fluid compartments with 
specialized cellular barriers: the intracellular fluid (ICF), interstitial fluid (ISF); cerebrospinal 
fluid (CSF) and vascular compartment (Thrane et al., 2014). The intracellular fluid 
compartment is defined as the fluid compartment that is confined by the lipid membrane of a 
cell. In the brain, the intracellular fluid compartment comprises all the fluid and solute 
particles of neuronal and glial cells. The composition of the intracellular compartment is 
critical for cell viability and physiological behavior. The interstitial fluid compartment, also 
called the extracellular compartment, consists of fluid and solute particles present around the 
cells. Extracellular compartment composition is vital as it plays critical role in defining the 
chemical and electrical gradients across the cell membrane. CSF is colorless fluid produced in 
the choroid plexus of the ventricles of the brain. The CSF occupies the subarachnoid space 
and the ventricular system around and inside the brain and spinal cord. Brain vascular 
compartment is the network of cerebral arteries and veins supplying blood to the brain.  
In the first part of this chapter different major cell types that form the cellular fluid 
compartment of the brain are introduced. 
 
Neuron and axons: the excitable component of the brain 
Neurons are the electrically excitable cellular components of the brain. The purpose of a 
neuron is essentially to integrate its incoming input to produce an appropriate output.  The 
membrane of the neuron contains a multitude of ion channels (pores in the cell membrane) 
that are selective to a specific ion conductance. Expression of different ion channels on the 
neuronal membrane allows neurons to integrate and communicate information. The presence 
of different types of ion channels leads to selective permeability of ions across the membrane 
and establishes a voltage difference across the neuronal membrane (membrane potential), 
which in turn can govern the kinetics and gating of many important types of ion channels.  
A typical neuron contains a cell body (soma), dendrites and an axon (Fig. 4). Dendrites 
contain a postsynaptic unit, which receives input from axons of neighboring cells.  An axon 
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originates from either the soma or from a proximal dendrite at the axon hillock. Swellings 
termed axonal varicosities/boutons (containing pre-synaptic machinery) are the sites where 
synapses occur. Boutons form as terminal bulbs at the end of an axon, and/or along the length 
of individual axons as boutons en passant.  
 

 
 

 
Axonal physiology 
CNS axons communicate with several hundreds of targeted neurons locally or at a distance. 
Axons can be highly ramified, myelinated or unmyelinated. The function of the axon is, 
however, not limited to the conduction of the action potential. Recent findings have revised 
the functional and computational capabilities of single axons, suggesting that several different 
complex operations are specifically achieved along the axon. Axons integrate subthreshold 
synaptic potentials and therefore can signal both digital and analog events. The ionic basis of 
the nerve conduction over the axonal membrane is defined by the location and type of voltage 
gated ion channels on the axon. A detailed review on axon physiology can be viewed at 
(Debanne et al., 2011).  
 
Voltage-gated ion channels present in the subdomains of the axonal membrane carry out 
action potential initiation and conduction, and synaptic transmission, by defining the shape 
and amplitude of the single action potential, the pattern or repetitive firing, and release of 
neurotransmitters. On an axonal membrane, the subdomain distribution of the ion channels is 
different between myelinated and unmyelinated axons, which governs the type of conduction 
and its speed. 

	

Figure 4:  Drawing of a myelinated neuron. A typical neuron contains a soma with dendrites and 
projects an axon from the cell body. Dendrites receive synaptic input from pre-synaptic axon terminals 
from neighboring neurons. Action potentials are generated at the axonal initial segment and conducted 
through the axon. 
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Ion channels at axon initial segment 
In the neuron, the action potential is generated in the axonal initial segment (AIS) (Kole et al., 
2008). The AIS of the axon possesses a high density of voltage-gated sodium ion (Na+) 
channels, making it the most excitable region of the axon. At the AIS, three different isoforms 
of Na+ channels are present (Nav1.1, Nav1.2, and Nav1.6), which drive the ascending stroke 
of the action potential. On the other hand, the potassium ion (K+) channels are critical 
regulators of neuronal excitability, setting firing thresholds and resting membrane potentials, 
repolarizing action potentials, and limiting excitability. At AIS, specific voltage-gated 
potassium (Kv) conductances are also present. Kv1 channels (Kv1.1 and Kv1.2) regulate 
action potential duration in the axon (Inda et al., 2006; Kole et al., 2008; Lorincz and Nusser, 
2010; Shu et al., 2007).  

Ion channels in unmyelinated axons 
Not all axons in the brain are myelinated. For example, the hippocampus contains a large 
fraction of unmyelinated axons. In unmyelinated axons, homogeneously distributed Nav1.2 
channels support the action potential conduction (Boiko et al., 2001; Gong et al., 1999; 
Westenbroek et al., 1989). The excitability of Schaffer collaterals, which are the axon fibers 
coming from CA3 pyramidal cells, is maintained by Kv1.1, Kv1.2, and Kv1.6 channels 
(Palani et al., 2010). Kv7 channels determine the excitability of pyramidal CA1 cell axons 
(Vervaeke et al., 2006).  

Ion channels in myelinated axons 
In myelinated axons, action potential conduction is saltatory. A saltatory conduction (from the 
latin ‘saltare’ which means to hop) is the fast propagation of action potentials in myelinated 
axons from one node of Ranvier to the next node. The saltatory conduction in a myelinated 
axon is made possible by the presence of sodium channels (hot spot) at the nodes of Ranvier. 
Nav1.6 and Nav1.1 are the two principal Na+ channel isoforms found in the nodes of CNS 
axons (Caldwell et al., 2000; Duflocq et al., 2008; Lorincz and Nusser, 2010). The saltatory 
conduction at the nodes is secured by the juxtaparanodal (underneath the myelin) expression 
of Kv1.1 and Kv1.2 channels and the nodal expression of Kv3.1b and Kv7.2/Kv7.3. Kv 
channel expression at the nodal and juxtaparanodal region help to repolarize the membrane 
and reduce re-excitation of the axon (Devaux and Gow, 2008; Devaux et al., 2004; Dubois 
and Bergman, 1975; Nashmi et al., 2000; Rasband and Trimmer, 2001). 
 
Oligodendrocytes and myelin; insulation of the axons 
 
Oligodendrocytes are the CNS cells that are specialized to produce myelin. An 
oligodendrocyte extends multiple processes, each of which contacts and repeatedly envelopes 
part of an axon. Oligodendrocyte processes form a double membrane structure, which spirals 
around the axon in concentric layers (Baumann and Pham-Dinh, 2001). With subsequent 
condensation of the layer, this multi-spiral membrane forms a myelin sheath. Myelin is a 
modified extension of an oligodendroglial cell process, resulting in a multilayer sheath around 
an axon in a spiral fashion, with no cytoplasm between the layers (Fig. 5B, C) (Sherman and 
Brophy, 2005). In this way a periodic and unique structure for myelin arises, with alternating 
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concentric electron-dense and less electron-dense layers. The so-called major dense line (dark 
layer) is formed by the close apposition of the cytoplasmic faces following the extrusion of 
cytoplasm from the expanding process of the oligodendrocyte; the less close apposition of the 
extracellular faces of the membrane forms the double intraperiod lines (or minor dense lines). 
The concentric layers that form the myelin sheath are called lamellae.  
On the same axon, adjacent myelin segments can be formed by different oligodendrocytes. 
Segments of myelin (internodes) are separated from each other by small unmyelinated 
portions, in which the bare axon is exposed to the extracellular space. These segments, called 
nodes of Ranvier, are hot spots containing a cluster of voltage-gated Na+ channels. The 
periodicity of the myelin lamellae is 12 nm and each myelin sheath segment or  
internode is around 150–200 µm in length. Interestingly, recent studies indicate that 
internodes can remodel their length in an activity-dependent manner (Young et al., 2013). 
Oligodendrocytes begin to myelinate when axons to be myelinated acquire a minimum 
diameter of approximately 1 µm (Morell, 1984).  

In comparison to other membranes, the composition of myelin is unique, with a very low 
water content (about 30-40%) and a very high lipid content (60-70%) compared to most 
eukaryotic cell membranes  (Morell, 1999). After removal of the water, myelin contains 70-
80% lipids and 15-30% proteins, all formed by oligodendrocytes. Such high lipid-to-protein 
ratio is unique to the myelin membrane, while the lipid to protein ratio is generally the reverse 
in other cellular membranes (Baumann and Pham-Dinh, 2001).  
 

	
Figure 5: Myelinating oligodendrocyte in the CNS. a) A schematic drawing showing an 
oligodendrocyte myelinating a segment of an axon. b) Schematic drawing showing organization of a 
node, paranode and internode region. c) Electron micrograph.  A cross section of mouse optic nerve 
axons, showing the multiple layers of compact myelin (My) wrapped around an axon (Ax). d) 
Longitudinal section of an axon through the node of Ranvier, showing the axon (Ax), perinodal 
astrocyte, as well as nodal (N,) paranodal (P) and intermodal axon region. e) Three-dimensional 
reconstruction of the node of Ranvier.  Modified from (Fields, 2015) with permission. 
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Astrocytes: the non excitable component of the brain 
Among the CNS glial population, astrocytes constitute the most numerous cell type and 
account for a large portion of the total brain volume (20-50%). The majority of the CNS 
astrocytes can be stained with a cytoskeleton protein, glial fibrillary acidic protein (GFAP). 
Generally, on the bases of morphology and distribution, astrocytes are divided into two types, 
fibrous and protoplasmic. Fibrous astrocytes are found in the white matter and contain many 
long unbranched cell processes. Protoplasmic astrocytes are found in gray matter structures 
and are characterized by many short, thick and highly branched processes associated with 
nerve cell bodies and dendrites, particularly around synapses.  

 

	

Figure 6: Schematic drawing depicting the presence of astrocytic process at the main sites of ion 
and water exchange in the CNS. Astrocytic processes (blue) cover major fluid exchange sites of the 
brain: the subpial zone, choroid plexus around the ventricals and the brain blood vessels. Astrocytes 
communicate with each other using gap junction proteins. Peri-synaptic and peri-nodal astrocytic 
processes participate in synaptic and axonal communication respectively.    
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Both types of astrocytes communicate with distal processes of neighbouring astrocytes via 
gap junctions (Sofroniew and Vinters, 2010; Wang and Bordey, 2008). Originally thought as 
“brain glue”, it has become clear over more recent years that astrocytes sense and participate 
in virtually all brain functions (Ransom et al., 2003). Due to their strategic location and 
structural and biochemical composition, astrocytes are optimized to maintain homeostasis and 
dynamically respond to changes in their environment (Fig. 6). Recent studies suggest that 
astrocytes are critical in promoting neuronal maturation, synapse formation and maintenance, 
regulating angiogenesis, maintaining brain metabolic homeostasis, brain ion water 
homeostasis, as well as in myelin deposition and maintenance, and glial scar formation in 
response to damage (Wanga and Bordey, 2008).  
Both protoplasmic and fibrous astrocytes connect to and have bidirectional communication 
with the blood-brain barrier (BBB). Astrocytic processes are an active component of BBB 
induction, and maintain and regulate the exchanges between the intraparenchymal milieu and 
the brain fluid compartment (ventricles and blood vessels). Astrocytic processes also contact 
with meninges and the ependymal layer lining the ventricles, contributing to brain-CSF 
barrier structures (Wolburg et al., 2012).  

Astrocyte physiology 
Astrocytes contain a range of voltage-gated ion channels, ion transporters and dedicated water 
channels. However, in contrast to neurons, such channels do not engage in generating short-
duration action potential waveforms, but are more likely to be involved in other fundamental 
cell biological functions. Over last few decades, multiple electrophysiological and imaging 
studies show the presence of ion conductance across the glia cell membrane. Such ionic 
movements could be triggered by glia membrane voltage changes, synaptic activity, 
mechanical stress (osmotic challenge), and metabolic changes or related to cell migration and 
differentiation. 

Potassium channels 
Early patch clamp recording from astrocytes demonstrated multiple types of potassium 
conductance. Presence of K+ currents from inward rectifier potassium channels (Kir) is a 
particular and most prominent feature of astrocytes. Unlike classical voltage-gated K+ 
channels, Kir currents are largest at the hyperpolarizing potentials and decrease with 
membrane depolarization. Kir channels show a large open probability near to or negative of 
the K+ equilibrium potential. Hence, many glial cells (both astrocytes and oligodendrocytes) 
show a K+ leak conductance and maintain a very negative resting membrane potential. In the 
family of Kir channels, Kir4.1 is the most studied and well-characterized subunit in glial cells. 
Immunohistochemical studies identified Kir4.1 as an abundant astrocytic protein throughout 
the CNS (Poopalasundaram et al., 2000).  
Action potential firing leads to an increase in the local extracellular K+ concentration ([K+]O). 
Removal of local [K+]O via glial cells remains one of the oldest and most frequently discussed 
hypotheses implicating the role of glial K+ channels (Orkand et al., 1966; Rash, 2010).  Kir 
channels turn up to be perfectly suited to the task of taking up extracellular K+: they are open 
at rest, and their conductance increases with increasing [K+]O. In brain, Kir4.1 is enriched in 
the process end-feet of astrocytes that surround blood vessels (Higashi et al., 2001). Using 
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immunogold electron microscopy, Kir4.1 was also shown to colocalize with the water channel 
aquaporin-4 (AQP4) in astrocytic processes (Nagelhus et al., 1999). In Müller cells in retina, 
it was shown that Kir4.1 is essential for setting the resting membrane potential and mediating 
K+ buffering in response to neuronal stimulation (Kofuji et al., 2000). It is not known if such 
mechanism also exists in the other areas of the brain. Moreover, what the functional 
relationship between AQP4 and Kir4.1 is, is still unknown and a subject of future research.  

Anion and chloride channels 
Similar to the K+ ion, the chloride ion (Cl-) also shows a negative equilibrium potential across 
the membrane. Cl- is the major and essential anion in all physiological saline environments. 
Living cells regulate Cl- membrane conductance with help of transporters and ion channels. In 
glial cells, few chloride channels have been identified. In glial cells, the physiological role of 
Cl- conductance is in particular studied in the context of cell volume changes. Previous studies 
from our group showed the defect in MLC1 leading to defect in chloride currents and cell 
volume regulation (Ridder et al., 2011). Hence, anion permeability and glial cell volume 
regulation is of special interest to this thesis. 
Astrocytes do not show a resting Cl- conductance, in fact, astrocytes actively accumulate 
intracellular Cl- so that the equilibrium potential for Cl- in these cells is positive (~ -40 mV) to 
the resting membrane potential (~ -80 mV) (Kettenmann et al., 1987). Interesting to notice, 
only cell swelling or change in shape leads to activation of outward Cl- conductance in 
astrocytes. Lascola and Kraig were the first to show that the rounding up of rat astrocytes by 
using trypsin can lead to activation of outward rectifying Cl- currents. Similar currents were 
also shown to be activated by brief exposure to hypotonic solution (Lascola et al., 1998).  
Several studies report the expression of swelling-activated Cl- channels in glial cells that do 
not have the properties of cloned Cl- channels. These channels are called volume regulated 
anion channels (VRACs). VRACs show Cl- permeability and are blocked by tamoxifen (Bond 
et al., 1999). Notably, cell shape/volume changes are fundamental to every living cell, but 
signaling involved in VRAC activation can be different for different types of cells (Jentsch, 
2016). Very recently, two independent studies identified LRRC8 as VRAC protein and have 
claimed that this protein is essential for volume regulation and sensing of ionic strength 
(Syeda et al., 2016; Voss et al., 2014). This study raises the hope and presents a molecular 
target that can be studied and exploited for manipulating cell volume regulation.  
 
In addition to outward rectifying Cl- currents, glial cells also express inward rectifying Cl- 
currents. Unlike outward rectifying Cl- currents, where strong membrane depolarization or 
change in cell shape lead to current activation, the inward Cl- currents are activated by 
membrane hyperpolarization. ClC2 channel are expressed by glial cells and show inward Cl- 

rectification properties. The exact role of ClC2 in glia physiology is still not clear. However, a 
recent study from our group showed that mutations in ClCN2 (encoding the ClC2 protein) 
lead to leukodystrophy with certain similarities with MLC (Depienne et al., 2013). In chapter 
2 and 3 we investigate ClC2 in context of MLC. 
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Water channels 
The movement of water across the plasma membrane can occur through direct diffusion or 
through co-transport. However such processes are slow and depend upon the composition of 
the plasma membrane and concentration of the other co-transported molecule. To facilitate 
water transport, astrocytes contain specialized channels, aquaporins (AQPs), which are 
dedicated to water transport across the membrane. To date, the AQP family has 11 members 
in mammals and more than 150 in plants, microbes, invertebrates and non-mammal 
vertebrates. AQP4 channel is the most studied and explored in context of brain physiology 
and brain edema. Water fluxes through AQP4 are bidirectional and solely driven by the 
osmotic gradient and hydraulic pressure across the membrane.  
The AQP4 channel is present along the entire plasma membrane of astrocytes, including the 
processes that ensheath glutamatergic synapses, although the concentration of AQP4 in 
astrocytic membrane domains covering blood vessels and the pia shows a higher density 

(Nielsen et al., 1997). AQP4 is anchored in the perivascular basal lamina with the dystrophin-
associated glycoprotein complex (DAGC), consisting of α-syntrophin (α-Syn), α-dytrobrevin 
(α-DB), the 71-kDa isoform of dystrophin (DP71), β-dystroglycan (β-DG), and α-
dystroglycan (α-DG) (Fig. 7).  
 
Multiple studies suggest that DAG complex components are important for proper anchoring 
of the AQP4 channel to the cell membrane (Frigeri et al., 1998; Liu et al., 1999; Yang et al., 

	

Figure 7: Blood brain barrier and AQP4. Pial arteries rest on the glia limitans, which envelopes the 
brain surface. Penetrating arterioles are surrounded by astrocytic endfeet that express several special 
proteins responsible for brain ion-water homeostasis (left). AQP4 is anchored to the perivascular basal 
lamina by the dystrophin-associated glycoprotein complex (DAGC). Modified from (Nagelhus and 
Ottersen, 2013) with permission. 
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2000). Dystrophin-deficient mice show reduced levels of AQP4 in skeletal muscles and at the 
astrocytic endfeet (Frigeri et al., 2001). Moreover, α-syntrophin knockout mice also show a 
dramatic reduction of AQP4 expression, suggesting α-syntrophin to be the immediate anchor 
of AQP4. Later, using co-immunoprecipitation experiments, it was confirmed that indeed α-
syntrophin is the immediate binding partner of AQP4 (Neely et al., 2001). The DAG complex 
is held in place through attachment to laminin, a principal component of the pericapillary 
basal lamina. The genetic removal of the laminin isoform leads to a reduction in Kir4.1 and 
AQP4 expression on the membrane, suggesting that Kir4.1 is also a part of the complex 
containing DAGC and AQP4. The functional interaction between these proteins is still an 
open research question. 
 
The possible association of MLC1 with the DAG complex was explored in MLC brain tissue. 
Direct association between Kir4.1 and MLC1 was shown using immunohistochemistry. 
Redistribution of AQP4 and DAGC-proteins was detected in MLC brain tissue suggesting the 
association of MLC1 with the DAGC (Boor et al., 2007).  Due to limited brain tissue and lack 
of MLC1 knockout mice at that time, no developmental and functional interaction between 
MLC1 and the DAGC have been studied. In chapter 2 and 3, we investigate the spatial 
distribution of different components of the DAGC including AQP4 and Kir4.1 and estimate 
the relevance these proteins to MLC.  

Gap junctions 
Mostly, neurons use chemical synapses to communicate with other neurons. A synapse is a 
physical gap between two different neuron membranes, where the presynaptic membrane of 
one neuron releases a neurotransmitter, which bind to the postsynaptic receptor of the other 
neuron and transmits the signal. Unlike neurons, astrocytes and oligodendrocytes 
communicate with gap junctions. Some interneurons also communicate with gap junctions, 
which are referred as electrical synapses (Galarreta and Hestrin, 2001). Gap junctions are 
large diameter aqueous channels that connect one cell, across the extracellular space, to a 
neighboring cell.  These channels allow cytoplasmic movement of water, all inorganic ions 
and small organic molecules of a molecular size up to 500 Da (Hu and Dahl, 1999). Gap 
junctions are composed of hemichannels, or connexons, which are constructed of six 
connexin molecules. Gap junction channels formed by two identical hemichannels are called 
homotypic, while those with differing hemichannels are heterotypic. In turn, hemichannels of 
uniform connexin composition are called homomeric, while those with differing connexins 
are heteromeric. Channel composition is thought to influence the function of gap junction 
channels. Glial cells express a wide range of gap junction channels (Table 1). The expression 
of gap junctions can vary according to the brain area, suggesting heterogeneity in functional 
requirement (Batter et al., 1992).  
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Gap junctions are regarded as least selective channels as compared to different ion channels. 
The permeability of gap junctions is influenced by multiple physiological variables, including 
trans-junctional voltage, and intracellular concentration of H+ and Ca2+ ions (Nielsen et al., 
2012). Gap junction communication can also be modulated via connexin interacting proteins. 
Many proteins, like zona occludens, cadherins, claudins and caveolin, are cell-cell adhesion 
proteins that, like connexins, are generally found in tight junctions (Giepmans, 2004). 
Evidence of myelin vacuolization together with astrocytic swelling in MLC indicates faulty 
glia-glia (astrocyte-oligodendtrocyte, astrocyte-astrocyte) communication. Due to the central 
role connexins in communication between various glial cells, they are interesting molecular 
players in MLC research.  

 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Glial	Cell	Pair	 Connexin	pairing	

	 	
Astrocytes	

	
	
	
Astrocyte-
Oligodendrocytes	

	
Oligodendrocytes	

Cx43-Cx43,	Cx43-Cx30,	Cx30-Cx30,	Cx30-Cx26,	
Cx26-Cx26			(Dermietzel	et	al.,	1991;	Harris	
2001)	
	
Cx43-Cx47,	Cx30-Cx32,	Cx26-Cx32	(Nagy	et	al.,	
2003)	

	
Cx32-Cx32	(Bergoffen	et	al.,	1993)	
Cx29-Cx29	(Altevogt	et	al.,	2002)	

	

Table	1.	Expression	of	various	gap	junction	in	glial	cells	
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Ion-water homeostasis in the brain 
 
The adult human brain is 2% of the total body weight and requires more then 20% of the total 
energy produced in the body. To maintain this high demand of the energy per unit volume, the 
brain is flushed with blood at 750ml/min cerebral flow rate (15% of the cardiac output) 
(Attwell et al., 2010). The high metabolic rate, together with the high electrical activity of the 
brain, forms a major challenge for maintaining efficient brain water homeostasis. The 
strategic localization of astrocytic processes containing ion and water channels at brain-fluid 
barriers is suggestive of a central role for astrocytes. Over recent years, with the availability of 
new research tools, the knowledge about the astrocyte physiology has been growing rapidly.  
In the text above, we discussed molecular and cellular component of the brain that might be 
central in maintaining brain ion-water homeostasis. However, the way astrocytes sense and 
regulate brain ion-water homeostasis is still not clear and there are still multiple unanswered 
questions. Molecular and clinical studies on MLC suggest that a disturbed ion-water 
homeostatic balance is central to MLC disease; hence, it is important to first understand the 
normal composition of various ions and water and identify the different players that govern 
the physiological handling of the water in the brain.   

Distribution of brain water and osmolytes; the source, the sink and the activity 
As explained earlier, the total water content of the brain is distributed over blood, CSF, ICF 
and ISF compartments. Different electrolytes (Na+, K+, Cl-, Ca2+ and Mg2+), proteins, organic 
acids and sugar are the main osmolytes (solute particles) and their distribution over the 
compartments is tightly regulated. All cells in the brain are surrounded by ISF. Therefore 
changing the total amount of osmolytes in the ISF leads to cell swelling (hypotonic ISF) or 
shrinking (hypertonic ISF). Before we understand how the brain deals with such changes or 
define the composition of ISF, it is important to understand the source of water in the brain.  
 
During development and throughout life, the brain itself produces water. Metabolic reactions 
form water as a side product. For example, complete oxidation of glucose, the main energy 
source of the brain, produces water as a product. This can be calculated by estimation of 
oxygen consumption of 156 µmol/100g/min for the human brain. Therefore, an adult human 
brain (1500 g) should produce 0.043 cm3/min of metabolic water from oxygen, or about 12% 
of the net CSF production (Cserr, 1971; Kimelberg, 2004; Rapoport, 1978). Unlike the water 
derived from blood or CSF, this water is not checked by a specialized brain fluid barrier and 
can move between the ICF and ISF compartments of the brain.  
 
Water flows from low osmolarity (low molality = few solute particles) compartment to the 
compartment with a higher osmolarity (high molality = many solute particles); water 
homeostasis stringently coincides with regulation of solute concentration or ion homeostasis. 
Such movement of water over selectively permeable membranes is called osmosis. Therefore, 
the source (compartment from which water moves away) and the sink (compartment in which 
water moves in) are dynamic and be regulated by the concentration of solute particles in either 
of the compartments.  
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The most prominent cause for water and ion redistribution in the brain is neural action 
potential firing (Dietzel et al., 1982). Not only does high neural firing increase the metabolic 
demand of the brain, but high activity acutely leads to fast movements of ions across 
membranes, hence driving osmotic water. To maintain neuronal firing, ions and solute 
particles (neurotrasmitters) need to be continuously taken up from the extracellular space 
(Pasantes-Morales and Tuz, 2006). Indeed, a recent study suggests that the composition of 
ISF is dynamic and not only depends upon the metabolic state of the brain, or the permeability 
of the brain fluid barriers but also on changes during sleep-awake cycle (Ding et al., 2016). In 
this study, in an in vivo experiment, brain state-dependent global changes and the neural 
activity were recorded together with the change in volume and composition of the 
extracellular space and ISF respectively. Furthermore, local cortical activity was shown to 
impose changes in the composition of ISF and the extracellular volume. Therefore, different 
compartments can act as a source or sink for ions and water under the driving force of 
neuronal activity.  

Water movement across the plasma membrane and cell volume regulation 
Cell membranes are permeable to water. In general water can permeate through plasma 
membranes in three distinctive ways. The first way is the direct diffusion of water across the 
lipid bilayer of a plasma membrane. For many years it was assumed that this direct diffusion 
is the major form of water movement across the membrane. However, water can also move 
across the membrane together with ions and solute particles, with the help of active (ATP 
driven) co-transporters. For example, an astrocyte-specific glutamate transporter, Eaat1, is 
one of the most efficient water co-transporters. Notably, for every molecule of glutamate, 
Eaat1 transports approximately 436 ± 55 water molecules (MacAulay et al., 2001). But such 
movement of water across the membrane is secondary to the glutamate concentration. As 
previously described, a third pathway for water transport is a dedicated water channel (AQP). 
Importantly, in the brain AQP expression (mainly AQP4) is especially high in astrocytes, and 
not in neurons. Such mechanism is faster than passive diffusion and independent of the co-
transported molecule concentration. The choice for water transport across the membrane, 
either through passive diffusion, co-transport with molecules or through AQPs depends upon 
the density, expression pattern and flux capacity of individual AQPs and co-transporters. 
 
Cells regulate their volume to counteract osmotic swelling or shrinkage, as well as during cell 
division, growth, migration and at cell death. Adjustment in the cell volume can occur by 
transporting K+, Na+, Cl- and small organic osmolytes with the help of membrane channels 
and transporters, which in turn drive water in and out of the cell (Jentsch, 2016). Hence, to 
maintain the size and optimal physiology of the complete organ, each cell recquires a cell 
volume regulation mechanism. Such mechanism can be different between species, organs and 
cell types. The active process leading to cell volume recovery from cell swelling is called 
regulatory volume decrease (RVD). On the other hand, recovery from shrinkage is known as 
regulatory volume increase (RVI).  Both RVD and RVI processes make use of 
transmembrane proteins facilitating the uptake and extrusion of osmolytes to either increase 
or decrease the cell osmolarity and conjointly compensate the cell volume changes.  
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The role of astrocytes in water and ion homeostasis of the intact brain is central to the work 
presented in this thesis. MLC is caused by dysfunction of the astrocyte-specific protein 
MLC1, resulting in increased brain water content. Previous studies, using cell culture systems, 
suggested a role of MLC1 in astrocyte regulatory volume decrease (RVD) and showed that 
MLC1 dysfunction leads to reduced chloride currents (Ridder et al., 2011). This put forward 
that astrocytic volume regulation is the critical phenomenon for the disease MLC. As 
previously described, astrocytes surround all the brain fluid exchange sites and are equipped 
with a multitude of ion channels and dedicated water channels.  Therefore astrocytes can be 
central brain cells that manage and regulate brain volume. Multiple studies have been 
performed to understand how astrocytes regulate cell volume, especially during hypoxia-
ischemia and hepatic encephalopathy. Using cell cultures and some disease models, multiple 
hypotheses have been generated to explain the underling mechanism (Jakubovicz et al., 1987; 
Kempski et al., 1988; Kraig and Chesler, 1990; Staub et al., 1990). It is important to note that 
the majority of the work to understand astrocyte volume regulation is focused on 
understanding cell swelling rather than recovery from swelling. The general mechanisms 
involved in volume regulation have long been established, but the molecular identities and 
functional interactions of many of the proteins involved in the process remain unknown.  
 

Brain edema (disturbed ion water homeostasis) and MLC 
 
Brain edema is a pathological condition and a presentation of a disturbed ion and water 
homeostasis at the cellular level. Different types of brain edema are classified on the basis of 
pathogenesis (Fig. 8). Vasogenic edema, one of the most common types, results from break 
down of the (BBB), which results in an influx of excess water from the vascular compartment 
(Klatzo, 1967; Klatzo et al., 1980). Multiple events can lead to pathological increase in the 
permeability of the BBB resulting in increased water content in the extracellular space 
causing brain swelling.  On the other hand, cytotoxic edema is primarily characterized by cell 
toxicity and cell death, which in turn leads to swelling of brain cells, especially neurons, 
where intracellular water content is increased (Klatzo, 1967).  
 
As mentioned, vasogenic edema is primarily caused by the breakdown of the BBB, which 
leads to excess water flow into the ISF. In turn this flow can lead to a shift in the ionic balance 
between intracellular and extracellular compartments and can secondarily cause cytotoxic 
edema. On the other hand, the cytotoxic edema can be independent of the state of the BBB. 
Cytotoxic (cellular) edema does not generate total tissue swelling by itself, since it represents 
a rearrangement of parenchymal water without addition of new water content to the brain 
(Stokum et al., 2016).  
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Intramyelinic brain edema or myelin vacuolization is caused by splitting of myelin lamellae at 
the intraperiod line and accumulation of water in vacuoles between myelin lamellae. It is 
observed in multiple mouse models and human diseases. Mutations in the LAMA2 gene, 
encoding the DAGC member merosin, are associated with merosin-deficient congenital 
muscular dystrophy (MDC1A) (Allamand and Guicheney, 2002). Interestingly, MLC and 
MDC1A patient shows a striking similarity in the brain MRI features (van der Knaap et al., 
1997). Histopathological studies on MDC1A brain tissue showed myelin vacuolization(Boor 
et al., 2007). Mutations in GJC2, encoding Cx47, are associated with Pelizaeus-Merzbacher-
like disease (PMLD), a sever CNS hypomyelinating disorder (Bugiani et al., 2006; Uhlenberg 
et al., 2004). Mutations in GJB1, encoding Cx32, are associated with X-linked Charcot-
Marie-Tooth disease (CMTX) (Bergoffen et al., 1993). Genetic deletion of Cx47 leads to 
myelin vacuolization in mice (Odermatt et al., 2003). Cx32 deficient mice do not show a 
strong phenotype, but interestingly, CMTX patients may show transient stress-provoked 

Figure 8: Major types of brain edema. Vasogenic edema (left) is characterized by leakage or 
breakdown of blood brain barrier leading to increased water content of the extracellular space. 
Cytotoxic edema (right) is characterized by swelling or increase in cytoplasmic water content of the 
cell related to toxic effects and cell death.  
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myelin vacuolization, causing a transient encephalopathy (Anand et al., 2010). Interestingly, 
some patients have chronic myelin vacuolization (Depienne et al., 2013).The Cx32 and Cx47 
double knockout mice exhibit much severer myelin vacuolization compared to Cx47 deficient 
mice (Menichella et al., 2003; Odermatt et al., 2003). Deletion of astrocyte Cx43 and Cx30 
leads to a dysmyelinating phenotype and vacuolization (Lutz et al., 2009). Added to the 
umbrella of myelin vacuolization phenotype, ClC2 and Kir4.1, a predominant glial chloride 
and potassium channel, deficient mice also show myelin vacuolization (Blanz et al., 2007; 
Neusch et al., 2001). In humans only ClC2 deficiency leads to myelin vacuolization 
(Depienne et al., 2013). 
Splitting of myelin at the intraperiod lines indicate the water content to be in ISF. On the other 
hand, astrocytic swelling indicates and increased ICF water content. The noted examples 
could be representing a different class of brain edema, in which myelin splitting is the 
common phenotype and could be connected to both brain electrical activity and astrocytic 
volume regulation. MLC patients show vacuoles throughout the cerebral white matter 
together with chronic swelling of the brain. Multiple questions remain on how a mutation in 
astrocytic protein can lead to such unique phenotype of myelin vacuolization. MLC is 
characterized by myelin vacuolization and could be regarded as a prototype for such type of 
brain edema. Hence, insight into MLC pathomechanisms may have implications for the 
understanding of brain edema.  

Epilepsy (disturbed ion water homeostasis) and MLC 
As previously introduced, ionic balance and water homeostasis are coupled to each other. The 
water containing source and sink compartments are interdependent and coupled to electrical 
activity. It is possible that a disturbed state of sink and source compartments may not only be 
characterized by edema and swelling, but may also lead to abnormal ion composition and 
disturbed electrical activity (epilepsy) of the brain.  On the other hand, high frequency neural 
activity as occurs in epilepsy, could cause shifts in ions and therefore water that cannot 
immediately be compensated. Indeed, it has been reported that the severe seizures induced by 
subcutaneous injection of kainic acid (an epileptogenic compound, increasing neuronal 
activity via stimulation of glutamate receptors) may lead to astrocytic swelling and myelin 
vacuolization in rat brain (Seitelberger et al., 1990). Notably, acute swelling of astrocytes was 
reported in a similar study while BBB permeability was intact (Lassmann et al., 1984).  Such 
examples indicate that disturbed brain excitability can be cause and consequence of disturbed 
ion-water homeostasis of the brain. In line with this, reports of epilepsy exist in MLC patient, 
but a systematic study and mechanistic understanding of epilepsy in MLC are lacking. In 
chapter 4, we studied epilepsy in MLC patients and investigated the effects of MLC1 and 
GLIALCAM absence on the brain ion-water homeostasis coupled with brain electrical 
activity from single neuron to the network level.  
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Outline of the thesis 
In this thesis, I explore cell and system mechanisms of water and ion homeostasis during 
brain development. I study a genetic disease with chronic brain edema (MLC). Considering 
MLC as an experiment of nature, I explore the fundamentals of water handling coupled with 
electrical excitability of the brain.  
 
Chapter 2 
Research question:  Can we model human MLC related to MLC1 mutations in mice? To what 
extent does the mouse model of MLC mimic clinical and pathological features of MLC in 
humans?   
 
Within the field of medical research, animal models are considered valuable research tools 
that may provide insight into complex human diseases. Inbred animals eliminate several of 
the challenges of human studies, such as genetic variation, and allow researchers to conduct 
disease research on, arguably, the most controlled model system possible. The ease with 
which animal models allow us to advance research often leads us to ignore the possibility that 
these studies may be of limited translational potential to humans. To estimate whether and to 
what degree MLC mouse models are representative of the human disease, we have carefully 
explored and validated an MLC mouse model based on loss of function of the MLC1 protein. 
Using Mlc1-null mice, in which exons 2 and 3 have been replaced by Egfp, coding for green 
fluorescent protein, we have investigated the expression pattern of MLC1 protein and have 
looked at the disease progression during brain development and compared it with MLC in 
humans. Based on cell culture models, previous studies proposed several hypotheses for the 
pathogenesis of MLC. We have used MLC mice to investigate the role of MLC1 in astrocyte 
volume regulation. 
 
Chapter 3 
Research question: Can we model MLC related to GLIALCAM mutations in mice? What is the 
cellular localization of various proteins that are involved in ion water management in normal 
and MLC brain? 
 
Some patients with MLC have recessive GLIALCAM mutations. Glialcam-null mice have 
been generated before the discovery that MLC can also be caused by GLIALCAM mutations, 
but these mice have not been properly phenotyped to validate their use in MLC research. The 
work in chapter 3 takes important steps in this direction. We confirm major pathological 
hallmarks of MLC in the Glialcam-null mouse. Furthermore, we have made a detailed 
investigation of proteins central in astrocyte ion and water handling. Using Mlc1-null mice 
together with newly added Glialcam-null mice, we have investigated the cellular localization 
of the mentioned proteins. We have used light microscopy to high-resolution electron 
microscopy to investigate the compartments in which such proteins are expressed and what 
happens to the localization of such proteins when MLC1 or GLIALCAM proteins are not 
functional.  
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Chapter 4 
Research question: Do MLC mice have epilepsy, like MLC patients? If yes, what is the 
underlying mechanism? 
 
The frequent observation of epilepsy in MLC led us to perform a retrospective study of 
patients to identify the prevalence, type and onset of seizures. We have investigated the 
epilepsy in both the MLC mouse models using electro-corticogram radio-telemetry recordings 
and looked at the epileptic threshold in these animals. Having the advantage of MLC animals, 
we have explored the underlying mechanism of hyperexcitability in MLC mice. Because 
previous studies have suggested that loss of function of proteins involved in ion and water 
homeostasis, such as AQP4 and DAGC components, leads to disturbed potassium 
homeostasis, we measured activity dependent extracellular potassium changes in MLC 
animals. Understanding such mechanism may lead to better understanding of the disease and 
reveal potential therapeutic targets.  
 
 Chapter 5 
Discussion: What is the overall insight on the pathomechnisms of MLC gained with my PhD 
thesis research? 
 
In the Discussion section I integrate the new insights obtained with my studies with existing 
literature and come to a hypothetical model for MLC pathomechanisms best fitting 
knowledge presently available. 
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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.  
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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 
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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 Mlc1Egfp 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 sulfate–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).  
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Brain wet and dry weight 
Brain water content was measured according to the wet/dry mass method (Haj-Yasein 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). 



MLC	in	Mouse	and	Men	

	40	

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 calcein-quenching 
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. 
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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). 
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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 
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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. 
 
 
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 
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. 
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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 4-
month-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). 

 

 
 
 
 
 
 
 
 

 
 



MLC	in	Mouse	and	Men	

	46	

 
 

 

 



Chapter	2	

	 47	

 
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) 
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-diamidino-2-
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. 
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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. 
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). Mlc1-null 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. 
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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-month-old 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. 
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Mlc1-null mice show progressive white matter vacuolization 
Histopathology revealed large vacuoles throughout the white matter of the Mlc1-null brains 
from 3 months onward (fig. 5A). These vacuoles were absent in wild-type 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 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 Mlc1-null astrocytes had swollen cell bodies and 
processes and enlarged endfeet (fig. 6B). 
 
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). 
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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. 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. 
 
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. 
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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. 
 
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 7-month-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 
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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 analyzed by immuno-EM. No differences were seen 
between mutant and wild-type animals (fig. 9). 
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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 
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(green) shows 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 β-dystroglycan, 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 
wild-type (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 colored in light blue; when duplicated, 
only the outermost is colored.  
Bars = 500nm. Ax = axon; BV = blood vessel. 

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). 
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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). 
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). 
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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  
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(Figure 10, continued) chloride to block ClC-2 channel–mediated currents. No significant change in 
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 Mlc1-null 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. 
	
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. 
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 re-expression through a viral construct. The 
incomplete rescue could result from MLC1 overexpression and retention in the endoplasmic 
reticulum (Boor et al., 2005).  
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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 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. 
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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 (Forss-Petter 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 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 
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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 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 
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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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Supplementary material 
 
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 

S100β TCCTGGAGGAAATCAAGGAG CATGAACTCCTGGAAGTCAC 

PDGFaR CTGGAGAAGTGAGAAACAAAGG TGGACAGAAATGGTGACTC 

GalC CAATATGACCTCCACAATTGCT GCTACGACATAATGTCCACTC 

Human 

targets 
Forward sequences Reverse sequences 

Cyp-B AAGGACTTCATGATCCAGGG TGAAGTTCTCATCGGGGAAG 

GAPDH CTCTCTGCTCCTCCTGTTCGAC TGAGCGATGTGGCTCGGCT 

MLC1 AGAAGGGCTCCATGTCTGACA AAGATTTCAGGACCCGAGCAG 
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Supplementary Table 2. Number of animals employed per experiment and ages 
analyzed 

 
Animals used 

   per experiment 
Ages analyzed 

Immunohistochemistry   

wild type 3 P21, 3m, 7m, 12m 

heterozygous 3 E18, P2, P7, P14, P21, 4m 

Mlc1-null 3 P21, 3m, 7m, 12m 

Western blot   

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 4 7m 

Mlc1-null 4 7m 

Brain wet and dry weight    

wild type 3 P7, P21, 3m, 7m, 12m 

Mlc1-null 3 P7, P21, 3m, 7m, 12m 

Astrocyte quantitative morphology 

wild type 2 P21, 3m, 7m, 12m 

Mlc1-null 2 P21, 3m, 7m, 12m 

Behavioral tests    

wild type 16 12m 

Mlc1-null 16 12m 

 

E, embryonic day; P, postnatal day; m, months 
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Supplementary Table 3. Primary antibodies and dilutions 
 

Antibody Origin Dilution Vendor 

hMLC N4 rabbit 1:100 gift of R. Estevez1 

mMLC N4+N5 rabbit 1:100 gift of R. Estevez2 

GFP chicken 1:500 Aves 

GFAP chicken 1:1000 Millipore 

GFAP rabbit 1:200 Dako 

Nestin mouse 1:100 Hybridoma Bank 

S100β mouse 1:200 Sigma-Aldrich 

MBP mouse 1:50 Millipore 

PLP mouse 1:3000 AbD-Serotec 

Olig2 rabbit 1:400 Millipore 

NeuN mouse 1:1000 Millipore 

CD31 mouse 1:50 BioLegend 

SMI 31-32 mouse 1:1000 Covance 

ClC-2 rabbit 1:20 Santa Cruz 

GlialCAM mouse 1:100 R&D Systems 

α-dystroglycan mouse 1:100 Millipore 

β-dystroglycan mouse 1:100 Santa Cruz 

Agrin  mouse 1:1500 

gift of R.M. de 

Waal3 

Aquaporin4 rabbit 1:200 Millipore 

Aquaporin4 goat 1:40 Santa Cruz 

Kir4.1 rabbit 1:200 Alamone 

Ka,K-ATPase subunit β1 mouse 1:25 Santa Cruz 

TRPV4 rabbit 1:40 Santa Cruz 

ZO-1 mouse 1:50 Invitrogen 

β-Actin mouse 1:10000 Sigma-Aldrich 

 
 
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. 
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Supplementary Table 4. Demographic data of human brain samples 

ID Age at death Cause of death 

1 1 d diffuse alveolar damage 

2 96 d sudden unexplained death 

3 100 d dehydration 

4 133 d multiple injuries 

5 2 y, 305 d asphyxia 

6 4 y, 258 d drowning 

7 5 y, 241 d bronchopneumonia 

8 13 y, 251 d multiple injuries 

9 13 y, 360 d hanging 

10 14 y, 198 d multiple injuries 

11 20 y, 93 d asphyxia 

12 20 y, 344 d BOR syndrome 

13 25 y, 67 d multiple injuries 

14 27 y, 97 d congestive heart failure 

15 30 y, 355 d multiple injuries 

 

 d, days; y, years 
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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
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Supplementary Table 6. Physical and behavioral tests 

Test  Parameter Genotype Number Statistical test Mean Median SEM P-value 

Body weight  wild type 16 
Student t-test 

33.35 35 1.2078 
0.6676 

  Mlc1-null 16 36.0125 35.5 0.9334 
Grip strength meter Front paws (mean) wild type 16 

Student t-test 
0.804 0.78 0.0263 

0.8572 
  Mlc1-null 16 0.8098 0.829 0.0176 

 Front and hind paws (mean) wild type 16 
Student t-test 

1.7753 1.759 0.0661 
0.4858 

  Mlc1-null 16 1.8293 1.861 0.038 
 Front paws (median) wild type 16 

Student t-test 
0.805 0.78 0.0264 

0.8194 
  Mlc1-null 16 0.8125 0.805 0.019 
 Front and hind paws (median) wild type 16 

Student t-test 
1.7975 1.735 0.0575 

0.7844 
  Mlc1-null 16 1.8156 1.795 0.0313 
Rotarod RPM reached per trial wild type 16 

Repeated measures 
ANOVA type II 

multiple trials -- -- 
0.5027 

  Mlc1-null 16 multiple trials -- -- 
 Time reached per trial wild type 16 multiple trials -- -- 

0.9339 
  Mlc1-null 16 multiple trials -- -- 
 Distance moved per trial wild type 16 multiple trials -- -- 

0.9204 
  Mlc1-null 16 multiple trials -- -- 
Balance beam Number of slips wild type 16 

Repeated measures 
ANOVA type II 

multiple trials -- -- 
0.0152 

  Mlc1-null 16 multiple trials -- -- 
 Latency to cross the beam wild type 16 multiple trials -- -- 

0.19 
  Mlc1-null 16 multiple trials -- -- 
Open field Distance moved wild type 16 

Student t-test 
4701.05 465.25 343.4307 

0.4597 
  Mlc1-null 16 4492.1 4726.15 297.7082 
 Average velocity wild type 16 

Student t-test 
7.8313 7.8 0.5699 

0.659 
  Mlc1-null 16 7.4938 7.9 0.4983 

SEM, standard error of the mean; RPM, rounds per minute 
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Abstract 
Objective. Megalencephalic leukoencephalopathy with cysts (MLC) is a genetic infantile-
onset disease characterized by macrocephaly and white matter edema due to loss of MLC1 
function. Recessive mutations in either MLC1 or GLIALCAM cause the disease. MLC1 is 
involved in astrocytic volume regulation; GlialCAM ensures the correct membrane 
localisation of MLC1. Their exact role in brain ion-water homeostasis is only partly defined. 
We characterized Glialcam-null mice for further studies.  
Methods. We investigated the consequences of loss of GlialCAM in Glialcam-null mice and 
compared GlialCAM developmental expression in mice and men.  
Results. Glialcam-null mice had early-onset megalencephaly and increased brain water 
content. From 3 weeks, astrocytes were abnormal with swollen processes abutting blood 
vessels. Concomitantly, progressive white matter vacuolization developed due to intramyelinic 
edema. Glialcam-null astrocytes showed abolished expression of MLC1, reduced expression 
of the chloride channel ClC-2 and increased expression and redistribution of the water channel 
aquaporin4. Expression of other MLC1-interacting proteins and the volume regulated anion 
channel LRRC8A was unchanged. In mice, GlialCAM expression increased until 3 weeks and 
then stabilized. In humans, GlialCAM expression was highest in the first 3 years to then 
decrease and stabilize from approximately 5 years. 
Interpretation. Glialcam-null mice replicate the early stages of the human disease with early-
onset intramyelinic edema. The earliest change is astrocytic swelling, further substantiating 
that a defect in astrocytic volume regulation is the primary cellular defect in MLC. GlialCAM 
expression affects expression of MLC1, ClC-2 and aquaporin4, indicating that abnormal 
interplay between these proteins is a disease mechanism in megalencephalic 
leukoencephalopathy with cysts. 
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Introduction 
Megalencephalic leukoencephalopathy with subcortical cysts (MLC; MIM 604004) is an 
autosomal recessive disorder with onset in infancy (Singhal et al., 1996; van der Knaap et al., 
1995b). Patients present soon after birth with increasing macrocephaly that stabilizes after the 
first year (van der Knaap et al., 1995b). Magnetic resonance imaging (MRI) shows signal 
abnormality and swelling of the cerebral white matter (van der Knaap et al., 1995b). 
Subcortical cysts develop in the anterior temporal and variably in the frontal and parietal 
regions. Diffusion-weighted imaging indicates highly increased size of white matter water 
spaces (van der Voorn et al., 2006). After several years, patients with MLC develop slowly 
progressive cerebellar ataxia and spasticity (Kocaman et al., 2013; van der Knaap et al., 
1995b). Slow and mild cognitive decline ensues over the years. Almost all patients have 
occasional epileptic seizures and status epilepticus may occur. Follow-up MRI studies show 
that over time the cerebral white matter becomes less swollen and eventually atrophic. Brain 
biopsies reveal countless small fluid-filled vacuoles within myelin sheaths; vacuoles are also 
found in astrocytic endfeet abutting capillaries (Duarri et al., 2008; Harbord et al., 1990; Miles 
et al., 2009; Pascual-Castroviejo et al., 2005; van der Knaap et al., 1996; van der Knaap et al., 
2012).  
 
MLC is caused by mutations in the MLC1 or GLIALCAM gene (Leegwater et al., 2001; Lopez-
Hernandez et al., 2011a). GlialCAM is a protein chaperone ensuring the correct membrane 
localization of MLC1 (Lopez-Hernandez et al., 2011b). Recessive mutations in both genes 
cause loss of MLC1 function and an indistinguishable clinical phenotype (Lopez-Hernandez et 
al., 2011a; van der Knaap et al., 2010). Dominant, heterozygous GLIALCAM mutations 
initially lead to the same disease, but improvement occurs afterwards and the white matter 
abnormalities largely disappear (Lopez-Hernandez et al., 2011a; van der Knaap et al., 2010). 
 
In the human and mouse brain, MLC1 is exclusively expressed in cells of astroglial lineage. 
MLC1 expression is enriched in astrocytic processes contacting capillaries and meninges and 
in cerebellar Bergmann glia (Boor et al., 2005; Depienne et al., 2013; Dubey et al., 2015; 
Petrini et al., 2013). GlialCAM shows a similar expression pattern, and is also expressed in 
oligodendrocytes (Depienne et al., 2013; Favre-Kontula et al., 2008). Immunogold electron 
microscopy shows that GlialCAM and MLC1 co-localise in astrocyte–astrocyte junctions at 
astrocytic endfeet (Lopez-Hernandez et al., 2011b). Both MLC1 and GlialCAM are associated 
with caveolae, which are important in compartmentalisation of components involved in signal 
transduction, transport functions, endocytosis, and transcytosis (Ambrosini et al., 2008; 
Lanciotti et al., 2010; Moh et al., 2009; Sowa, 2012). 
 
Depletion of MLC1 in astrocytes reduces volume-regulated anion channel currents (VRAC) 
and slows regulatory volume decrease after cell swelling (Dubey et al., 2015; Ridder et al., 
2011). Similarly, reduced GlialCAM expression results in defective VRAC activation and 
augmented vacuolization, phenocopying the consequences of MLC1 mutations (Capdevila-
Nortes et al., 2013). These findings strongly support a role for MLC1 and GlialCAM in 
maintaining brain ion–water homeostasis.  
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Brain tissue of MLC patients is extremely scarce for MLC1 mutations and unavailable for 
GLIALCAM mutations. Therefore, MLC mouse models are invaluable for studying the cellular 
pathophysiology of this disease. Mouse models of MLC have been generated that are deficient 
in either MLC1 or GlialCAM (Dubey et al., 2015; Favre-Kontula et al., 2008; Hoegg-Beiler et 
al., 2014). We have previously developed and phenotyped Mlc1-null mice, which are a valid 
model of the human disease (Dubey et al., 2015). Here we phenotype a Glialcam-null mouse 
model (Favre-Kontula et al., 2008) and show that this model also recapitulates important 
characteristics of MLC. Additionally, we investigate GlialCAM temporal expression in mice 
and humans. 
 

Materials and Methods 
 
Mutant mouse generation 
The Glialcam mutants were generously provided by Favre-Kontula et al(Favre-Kontula et al., 
2008).  Briefly, the genomic sequence of GlialCAM was replaced by a cassette containing the 
coding sequence of β-galactosidase (lac-Z) and Lox flanked neomycin gene driven by a 
mammalian promoter (Fig 1A) (Favre-Kontula et al., 2008). Homozygous Glialcam-LacZ 
mice are referred to as “Glialcam-null mice”. Mlc1-null mice were employed for comparison 
in selected experiments (Dubey et al., 2015). 
Genotyping for routine maintenance was performed by PCR (supplementary table 1). 
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. 
 
Brain wet and dry weight 
Brain water content was measured according to the wet/dry mass method (Haj-Yasein et al., 
2011). Mice were sacrificed via cervical dislocation. Brains were homogenized in pre-massed 
1.5ml 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 re-massed 
to deliver dry weight. 
 
Bright field and fluorescence immunohistochemistry 
Immunohistochemistry was performed as described(Dubey et al., 2015). Briefly, brains were 
perfusion-fixed with 4% paraformaldehyde. One hemisphere was embedded in paraffin and 
one hemisphere frozen at −80°C. Paraffin-embedded tissue was stained with hematoxylin and 
eosin (H&E) or incubated with primary antibodies after heat-induced antigen retrieval in 
0.01M citrate buffer (pH6). Immunopositivity was detected with 3’,3’-diaminobenzidine 
(DAB Substrate Kit, Vector Laboratories) as chromogen. Frozen tissue sections were 
permeabilized with 0.1% saponin, blocked in 5% normal donkey serum and incubated with 
primary antibodies. After staining with secondary antibodies (Alexa 488- and 568-tagged, 
1:400), sections were counterstained with 4’,6’-diamidino-2-phenylindole (DAPI, Molecular 
Probes, 10 ng/ml). Details on primary antibodies are provided in supplementary table 3. In 
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each experiment, negative controls were included by omitting the primary antibody. Sections 
were photographed using a Leica DM6000B microscope (Leica Microsystems BV, Rijswijk, 
The Netherlands).  
 
Immuno-electron microscopy 
Immuno-electron microscopy (immuno-EM) was performed as described (Dubey et al., 2015). 
Brains were immersion-fixed in 4% paraformaldehyde, cryoprotected, frozen at −80°C, and 
cryosectioned into 40 µm-thick sections for free float immunolabelling. After quenching 
endogenous peroxidase, sections were treated with 1 freeze–thaw cycle and incubated with 
primary antibodies (supplementary table 3). Immunoreactivity was detected by biotinylated 
goat antibody labelling, avidin–biotin horseradish peroxidase complex formation 
(VECTASTAIN ABC kit; Vector Laboratories, Burlingame, CA), and DAB precipitation. 
Sections were postfixed in 1% osmium tetroxide, 1.5% potassium ferricyanide, dehydrated, 
and embedded in epoxy resin. Cerebellar white matter DAB-positive regions were cut into 
80nm sections for transmission EM analysis in a JEOL1010 electron microscope (JEOL, 
Tokyo, Japan). Digital images were taken with a side-mounted CCD camera (Morada; 
Olympus Soft Imaging Solutions, Münster, Germany) and assessed with iTEM analysis 
software (Olympus Soft Imaging Solutions). 
 
Vacuole and astrocyte quantitative morphology 
Image series from brain sections stained with H&E or against the glial fibrillary acidic protein 
(GFAP) were obtained with a ×40 objective. Quantification of vacuoles and astrocytes 
morphology was performed blind to the genotype using ImageJ. The percentage of cross-
sectioned area occupied by vacuoles was quantified in the cerebellar and callosal white matter. 
The thickness of perivascular astrocytic cell processes at the maximal width was measured. 
 

Human control brain tissue 

Frozen brain tissue was collected at autopsy from 15 individuals aged 1 day to 30 years. The 
subjects had no neurological disease or confounding neuropathology (supplementary table 4). 
 

RNA isolation, quantitative PCR, sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
and Western blotting 

Total RNA was extracted from mouse whole brain and human white matter with TRIzol 
(Invitrogen, Carlsbad, CA). Reverse transcription to complementary DNA (cDNA) was 
performed with SuperScript III reverse transcriptase (Life Technologies). Quantitative PCR 
(qPCR) was performed with a LightCycler 480 (Roche). Transcript-specific primers 
(supplementary table 1) were designed using PearlPrimer v1.1.19(Marshall, 2004). Some 
primers were newly designed with NCBI’s PrimerBLAST. None of the primersets amplified 
genomic DNA.  The PCR was performed on a 10µl volume containing SYBR Green PCR Mix 
(Roche), 1 pmol primers and 1/10 volume of the cDNA reaction sample.  Relative abundance 
of transcript expression was calculated using the cycle threshold value and normalized to the 
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internal controls (Gapdh and GAPDH in mouse and human samples, respectively). Each 
reaction was performed in duplicate. 
Lysates of mouse whole brain and human white matter were used for Western blotting as 
described(Depienne et al., 2013). Samples were diluted in 100 nM potassium acetate, 3 mM 
magnesium acetate, 20 mM Tris (pH7.4). 100µg of total protein was run on a 12% 
polyacrylamide gel. In-gel protein loading and sample transfer was checked with 2,2,2-
Trichloroethanol as described (Ladner et al., 2004). Membranes were blocked with 5% non-
fat-dry-milk and incubated with the primary antibody (supplementary table 3). After 
incubating with secondary antibody (Anti IgG Rabbit HRP labelled, 1:10000, Dako), the 
signal was detected with an enhanced chemiluminescent substrate (SuperSignal West Femto 
Substrate, Fisher Scientific, Landsmeer, The Netherlands) and imaged with Image Studio on 
the LI-COR Odyssey Fc Imager.  
Statistical analyses 
Brain dry and wet weights were compared with two way ANOVA followed by Sidak’s 
multiple comparison test. Extension of white matter vacuoles was compared with the unpaired 
Student t-test and Mann–Whitney U test. Astrocyte process thickness was compared with the 
Mann–Whitney U test. Data were processed with Prism v4.0 (GraphPad, San Diego, CA). 
Probability values < 0.05 were considered significant. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Glialcam-Null	Mouse	

81	

Results 
Validation of the Glialcam-null mouse model 
The molecular construction of the Glialcam-null mouse (Fig 1A) (Favre-Kontula et al., 2008) 
was validated by immunohistochemistry. Staining brain sections of 7-month-old mice 
confirmed that Glialcam-null mice expressed no GlialCAM, whereas wild-type animals 
showed normal GlialCAM expression (Fig 1B). 
 

                                    
Figure 1: Generation of the Glialcam-null mice. (A) Molecular construct of the Glialcam-null 
mouse. (B) Immunofluorescence staining for GlialCAM (red) and GFAP (green) of the cerebral cortex 
of 8-month-old mice shows that Glialcam-null mice express no GlialCAM, whereas wild-type animals 
express the protein normally. In all pictures, nuclei are stained with 4',6-diamidino-2-phenylindole 
(DAPI) (blue). Bars =  50µm.  
 
Glialcam-null mice have megalencephaly with increased brain water content 
Glialcam-null mice were vital and fertile and had a normal lifespan. Spontaneous motor 
activity, evaluated by visual inspection, was not evidently different between mutant and 
control mice. Glialcam-null mutants developed megalencephaly, macroscopically evident 
from 3 months of age (Fig 2A). Their brain wet weight was higher than controls from 3 weeks 
on and this difference increased up to 12 months (Fig 2B). No differences were found in brain 
dry weight, indicating that the disparity in brain weight between mutant and wild-type mice is 
due to different water content. 
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Figure 2: Megalencephaly with increased brain water content in Glialcam-null mice. (A) 
Glialcam-null mice have larger brains than wild-type littermates, as shown for these 8-month-old 
animals. (B) Measurements of brain wet and dry weight at postnatal day 7 (P7), 3 weeks (w), and at 3, 
7, and 12 months (m; n = 3 per genotype per age) show significantly increased brain wet weight 
(circles) in Glialcam-null mice (solid line) compared to controls (dotted line) from 3 weeks (p = 0.98 at 
P7, p = 0.05 at 3 weeks, p = 0.0004 at 3 months). This difference continues to grow (p = 0.0004 at 7 
months, p < 0.0001 at 12 months). No differences are present in brain dry weight (squares) between 
Glialcam-null and wild-type mice. Error bars indicate the standard error of the mean. 
 
Glialcam-null mice develop early white matter vacuolization and intramyelinic edema  
Histopathology revealed large vacuoles throughout the white matter of Glialcam-null mice, 
that were absent in wild-type animals. In the gray matter no vacuoles or neuronal loss were 
observed. White matter vacuolization was already prominent at 3 weeks in the cerebellum, 
where it further increased at older ages (Fig 3A). White matter vacuoles were also noted in the 
corpus callosum, but these were fewer and smaller than in the cerebellum (Fig 3B). 
Quantification confirmed these results (Fig 3C and D). Overall, white matter vacuolization 
paralleled the degree of edema as indicated by wet weight. 
 
Figure 3: White matter vacuolization in Glialcam-null mice. (A, B) Hematoxylin & eosin (H&E) 
stain of 3-week, and 3-, 7- and 12-month-old animals shows vacuolization of the deep and subcortical 
cerebellar and to a lesser degree of the callosal white matter of Glialcam-null mice. No vacuoles are 
seen in wild-type animals. Bars: 100µm. (C,D) Quantification confirms significantly more prominent 
white matter vacuolization in the cerebellum (C,) and corpus callosum (D) of Glialcam-null than of 
control animals at all ages. *p < 0.05, **p < 0.01 and ***p < 0.0001. Graph bars represent the standard 
error of the mean.  
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Immunohistochemistry showed comparable myelin immunoreactivity at all ages and in all 
white matter areas of Glialcam-null compared to wild-type mice (Fig 4A), indicative of 
normal myelination and myelin maintenance. At high magnification, vacuoles were crossed by 
tissue strands immunopositive for the myelin protein proteolipid protein (PLP, Fig 4B), 
indicating their intramyelinic location. By EM, vacuoles appeared as optically empty spaces 
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lined by a membrane (Fig 4C), a configuration compatible with vacuoles between the lamellae 
of the myelin sheaths.  

      
Figure 4: Normal myelination and intramyelinic edema in the white matter of Glialcam-null 
mice. (A) Stain for the myelin-specific protein proteolipid protein (PLP) of the cerebellum shows no 
differences in PLP staining intensity between Glialcam-null and wild-type white matter at all ages 
analysed, indicating that the mutant mice have no lack or loss of myelin. (B) Stain for PLP shows that 
the fine tissue strands crossing the vacuoles are PLP-positive. (C) Ultrastructural analysis of the 
cerebellar white matter of 8-month-old Glialcam-null mice shows large vacuoles surrounded by the 
outermost myelin lamellae of neighboring axons. The intramyelinic splitting occurs at the intraperiod 
line. Bars = 50 µm (A), 100µm (B left), 500 nm (B right). 
	
Glialcam-null mice show changes in perivascular astrocytic morphology 
Glialcam-null perivascular astrocytes had thicker cell processes abutting blood vessels than 
wild-type astrocytes at all ages analysed (Fig 5A). EM showed that perivascular mutant 
astrocytes had swollen endfeet (Fig 5B). Quantification confirmed these results (Fig 5C). In 
Glialcam-null mice, perivascular astrocyte process thickness paralleled brain wet weight at all 
ages. 
 
Glialcam-null astrocytes do not express MLC1 and show reduced expression of ClC-2 
We surveyed MLC1, GlialCAM and ClC-2 expression in wild-type and Glialcam-null 
astrocytes of 7-month-old mice by immunohistochemistry. Wild-type astrocytes showed 
enriched expression of MLC1, GlialCAM and ClC-2 at endfeet abutting capillaries and 
contacting the meninges, and in cerebellar Bergmann glia (Fig 6A). In Glialcam-null mice, 
ClC-2 expression in perivascular astrocytic endfeet was reduced compared to controls and 
abolished in Bergmann glia. No MLC1 expression was found in Glialcam-null mutants.  
 
CLC-2 subcellular localization was investigated by immuno-EM (Fig 6B). Wild-type 
astrocytes expressed MLC1, GlialCAM and ClC-2 at the endfeet with enrichment along the 
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cell membrane abutting the vascular basal lamina and at astrocyte-astrocyte contacts. No 
GlialCAM or MLC1 expression was found in Glialcam-null mice. However, ClC-2 had 
retained its normal localization around blood vessels of Glialcam-null mice. 
	
Glialcam-null astrocytes show normal expression of other MLC1-interacting proteins, 
caveolin-1 and the VRAC component LRRC8A 
Expression of proteins allegedly associated or interacting with MLC1 (Boor et al., 2007; 
Brignone et al., 2011; Duarri et al., 2011; Jeworutzki et al., 2012; Lanciotti et al., 2012; 
Lopez-Hernandez et al., 2011b) was evaluated by immunohistochemistry in 7-month-old mice. 
Compared to wild-type animals, expression of the water channel aquaporin4 was redistributed 
along the cell bodies and processes of Glialcam-null astrocytes (Fig 7A). The potassium 
channel Kir4.1 was unchanged in Glialcam-null compared to wild-type animals (Fig 7B). 
Additionally, no changes were seen between Glialcam-null and wild-type mice in the 
expression of the dystrophin-glycoprotein complex proteins α- and β-dystroglycan (Fig 7C and 
D), the β1 subunit of the Na,K-ATPase pump (Fig 7E),  the calcium-permeable channel 
TRPV4 (Fig 7F), and the endothelial cell tight junction protein zonula occludens-1 (ZO-1, Fig 
7G).  
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Figure 5: Glialcam-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 (arrowheads) in the 
brains of Glialcam-null mice from P21 
onward as compared to wild-type mice. (B) 
EM characterization of astrocytic 
morphology in the cerebellar white matter 
of 8-month-old Glialcam-null mice shows 
that astrocytes have enlarged endfeet 
around the blood vessels compared to wild-
type animals. Asterisks indicate 
perivascular astrocytic endfeet. BV = blood 
vessel. Bars: 100µm (A), 1µm (B). (C) 
Glialcam-null perivascular astrocytes have 
significantly thicker cell processes abutting 
the blood vessels than wild-type cells. 
Perivascular astrocytic process thickness 
slightly increases between 3 and 7 and 
between 7 and 12 months in Glialcam-null 
mice (n ≥ 100 processes per age, Mann–
Whitney U test, *p < 0.05, **p < 0.001, 
***p < 0.0001). Graph bars represent the 
standard error of the mean.  
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Figure 6: Expression of MLC1, GlialCAM and ClC-2 in wild-type and Glialcam-null mice. (A) 
Double stain for GlialCAM (red) and glial fibrillary acidic protein (GFAP, green) shows completely 
absent GlialCAM perivascular expression in astrocytic endfeet abutting a capillary in the fimbria of 
Glialcam-null mice. Double stain for MLC1 (red) and GFAP (green) shows no MLC1 expression in 
astrocytic endfeet abutting capillaries in the superior colliculus in Glialcam-null mice. Double stain for 
ClC-2 (red) and GFAP (green) shows reduced ClC-2 expression in perivascular astrocytic endfeet in 
the corpus callosum and abolished ClC-2 immunoreactivity in the Bergmann glia of the cerebellar 
cortex in Glialcam-null mice. In all pictures the nuclei are stained blue with DAPI. Bars = 100µm. (B) 
GlialCAM immunoreactivity lines the perivascular basal lamina and astrocytic endfeet in wild-type 
mice, but is completely absent in Glialcam-null animals. MLC1 immunoreactivity abuts the vascular 
basal lamina and the astrocytic endfeet processes in wild-type; no immunoreactivity is seen in 
Glialcam-null mice. ClC-2 immunoreactivity is found at the vascular basal lamina and astrocytic 
endfeet processes in wild-type mice and also in Glialcam-null mice. In all images, the basal lamina is 
coloured in light blue; when duplicated, only the outermost is coloured. Bars = 500nm (B). BV = blood 
vessel. 
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Figure 7: Expression of the MLC1-associated or -interacting proteins in Glialcam-null mice as 
detected by fluorescence immunohistochemistry. (A) Double stain for aquaporin4 (AQP4; red) and 
glial fibrillary acidic protein (GFAP, green) shows AQP4 redistribution along the cell body and 
processes of Glialcam-null astrocytes. (B) Double stain for Kir4.1 (red) and GFAP (green) shows no 
changes around blood vessels of Glialcam-null compared to wild-type mice. (C, D) 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 molecular layer of the cerebellar cortex (C) and corpus callosum (D) 
between mutant and wild-type mice. (E,F) Double stain for Na,K-ATPase subunit β1 or TRPV4 (red) 
and GFAP (green) shows comparable expression in Glialcam-null and wild-type animals around large- 
and small-caliber blood vessels in the superior colliculus (E) and cerebellar white matter (F). (G) 
Double stain for ZO-1 (red) and GFAP (green) shows comparable endothelial cell ZO-1 expression in 
capillaries in the corpus callosum of Glialcam-null and wild-type mice. In all pictures the nuclei are 
stained blue with DAPI. Bars = 200µm (A), 100µm (B-G). 
 
 
To investigate changes in subcellular localization of these proteins, cerebellar tissue sections 
of 8-month-old animals were analysed by immuno-EM. No differences were seen in their 
perivascular expression between mutant and wild-type mice (Fig 8A-C and E-G). 
Redistribution of aquaporin4 along the cell bodies and processes of Glialcam-null astrocytes 
was confirmed (Fig 8D). 
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We extended the immunohistochemical and immuno-EM analysis to expression of the 
caveolar lipid raft protein caveolin-1 and the recently identified VRAC channel component 
LRRC8A in wild-type, Glialcam-null and Mlc1-null mice (Dubey et al., 2015; Qiu et al., 
2014; Voss et al., 2014). We found no differences between mutant and control animals (Fig 
9A and B). 
 

Developmental GlialCAM expression in mice and humans 

To assess developmental GlialCAM expression, we analysed wild-type mice aged P0 to 12 
months. Levels of GlialCAM protein and Glialcam mRNA increased up to 3 weeks, with no 
significant change thereafter (Fig 10A and C). 
To investigate GlialCAM developmental expression in humans, we surveyed mRNA and 
protein levels in frontal white matter of control subjects aged 1 day to 30 years. GlialCAM 
mRNA and GlialCAM protein levels increased in the first 3 years, then decreased to stabilize 
from approximately 5 years on (Fig 10B and D). 
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Figure 8: Distribution of MLC1-associated or -interacting proteins in Glialcam-null mice as 
detected by immuno-EM. (A) Kir4.1 immunoreactivity abuts the vascular basal lamina in wild-type 
and Glialcam-null mice. (B) β-dystroglycan (β-DG) immunoreactivity is visible along the basal lamina 
of wild-type and Glialcam-null mice. (C) Wild-type and Glialcam-null mice show AQP4 
immunoreactivity along the vascular basal lamina. (D) AQP4 expression is redistristributed along the 
astrocytic cell processes of Glialcam-null animals. (E) Wild-type and Glialcam-null mice show Na,K-
ATPase immunoreactivity along the vascular basal lamina. (F) TRPV4 immunoreactivity abuts the 
vascular basal lamina in wild-type and Glialcam-null mice. (G) Wild-type and Glialcam-null mice 
show ZO-1 immunoreactivity along the vascular basal lamina. In all images, the basal lamina is 
coloured in light blue; when duplicated, only the outermost is coloured. Bars = 500nm (A-C, E-G), 
1µm (D). BV = blood vessel. 
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Figure 9: Expression and distribution of caveolin-1 and the VRAC component LRRCA8 in wild-
type, Glialcam-null and Mlc1-null mice. (A) Double stain for caveolin-1 (red) and glial fibrillary 
acidic protein (GFAP, green) shows no differences in caveolin-1 expression in astrocytes and endfeet 
around vessels in the fimbria between wildt-type, Glialcam-null and Mlc1-null mice. (B) Wild-type, 
Glialcam-null and Mlc1-null mice show caveolin-1 immunoreactivity along the vascular basal lamina 
by immuno-EM. (C) Double stain for LRRC8A (red) and GFAP (green) shows similar LRRC8A 
expression around blood vessels in the dorsal brainstem of Glialcam-null, Mlc1-null and wild-type 
animals. (D) By immuno-EM, LRRC8A immunoreactivity is visible along the basal lamina of wild-
type, Glialcam-null and Mlc1-null mice. In all fluorescence immunohistochemistry pictures the nuclei 
are stained blue with DAPI. Bars = 100µm. In all immuno-EM images, the basal lamina is coloured in 
light blue; when duplicated, only the outermost is coloured. Bars = 500nm. BV = blood vessel.  
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Figure 10: GlialCAM expression in the mouse and human brain throughout life. (A,C) Western 
blotting (A) and qPCR (C) in P0 to 12-month-old wild-type mice show that GlialCAM protein (lower 
panel, approximately 60kDa) and GlialCAM mRNA levels show the most pronounced increase up to 
P21 and then little further change. (B) Western blotting of frontal white matter lysates of normal 
human subjects shows that GlialCAM protein levels (lower panel, approximately 60 kDa) are highest 
during the first 5 years of life, decrease and stabilize thereafter. In-gel trichloroethanol (TCE, A and B, 
upper panels) confirms equal protein load. (D) Real-time qPCR analysis shows that relative GlialCAM 
mRNA levels are also highest in early infancy and then decrease to stabilize at around 5 years of life. 
Notably, the 13-year-old subject with highest GlialCAM mRNA levels had multiple injuries and 
succumbed after an unknown agonal time; no neuropathology was reported by the provider (National 
Institute of Child Health and Human Development Brain and Tissue Bank for Developmental 
Disorders at the University of Maryland, Baltimore, Maryland), but we cannot exclude presence of 
trauma-related brain oedema and compensatory GlialCAM overexpression. 
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Discussion 
Most previous studies on MLC1 function are based on patient leukocytes, artificial cell 
systems and scarcely available patient brain tissue obtained from biopsies and one autopsy 
(Boor et al., 2007; Boor et al., 2005; Brignone et al., 2011; Duarri et al., 2008; Duarri et al., 
2011; Harbord et al., 1990; Jeworutzki et al., 2012; Lanciotti et al., 2010; Lanciotti et al., 
2012; Miles et al., 2009; Pascual-Castroviejo et al., 2005; Teijido et al., 2004; van der Knaap 
et al., 1996). To allow research on MLC1 dysfunction in the intact brain, we previously 
developed an Mlc1-null mouse that models the human disease (Dubey et al., 2015). Here we 
phenotyped another MLC model, the Glialcam-null mouse. 

  
 
GlialCAM is a protein chaperone ensuring correct localization of MLC1 on the membrane of 
astrocytes (Lopez-Hernandez et al., 2011b). Recessive mutations in MLC1 and GLIALCAM 
lead to loss of MLC1 function causing indistinguishable clinical phenotype and brain MRI 
abnormalities in patients (Lopez-Hernandez et al., 2011a; van der Knaap et al., 2010). In 
agreement with this, Glialcam-null and Mlc1-null mice show largely overlapping 
neuropathology. Both display increased brain wet weight and white matter edema, although 
with a different timeline. In Glialcam-null mice, brain wet weight keeps increasing throughout 
life, whereas in Mlc1-null mice it reaches a plateau at 7 months and slightly decreases 
afterwards (Dubey et al., 2015). In both mutants, cerebellar white matter is the most severely 
affected white matter area (Fig 11A), although the vacuolization appears earlier, is more 
severe and progresses more rapidly in Glialcam-null than in Mlc1-null mice. In both mutants, 
the degree of cerebellar white matter vacuolization grossly parallels the generalized edema as 
indicated by their brain wet weight. 

Figure 11: Comparing white matter 
vacuolization and astrocyte process 
thickness in Gliacam-null and Mlc1-null 
mice. (A) Compared to Mlc1-null mice, 
Glialcam-null animals have significantly 
more prominent vacuoles in the cerebellar 
white matter, but less vacuoles in the 
corpus callosum (N=4 per genotype per 
age). (B) Astrocyte process thickness is 
increased in both MLC mutant mice, but is 
slightly higher in Mlc1-null18 than in 
Glialcam-null animals (N>250 per 
genotype). *p < 0.05, **p < 0.001, ***p < 
0.0001. Bars represent the standard error of 
the mean. 
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  In MLC patients, white matter edema develops and is most pronounced in the first 2 
years of life, when the bulk of myelination occurs and MLC1 expression is highest (Dubey et 
al., 2015). After that, white matter edema and MLC1 expression decrease. We now show that 
GlialCAM expression in the human brain is also highest in the first 3 years of life, then 
decreases and stabilizes from 5 years onwards. Mice myelinate within the first month of life, 
during which MLC1 and GlialCAM expression increases steeply (Dubey et al., 2015). Both 
Glialcam-null and Mlc1-null mice develop megalencephaly by 3 weeks and white matter 
vacuolization occurs concomitantly or just afterwards. In contrast to MLC patients, however, 
MLC1 and GlialCAM expression in mice remain high and white matter edema persists in 
Glialcam-null and Mlc1-null mutants until late in life. So, both in MLC patients and mutant 
mice, development and severity of white matter edema and vacuolization initially parallel 
myelination, and at all ages follow MLC1 and GlialCAM expression.  
In MLC patients, white matter edema is most severe in the cerebral hemispheres, followed by 
the cerebellum; other regions, including the corpus callosum, are relatively spared (van der 
Knaap et al., 1995b). Mice have virtually no cerebral hemispheric white matter; in both MLC 
mouse models, the cerebellar white matter is first and most severely affected, much more than 
the corpus callosum (Dubey et al., 2015). So, compatible with the anatomic differences, the 
distribution of the neuropathology is conserved interspecies. The regional differences in white 
matter vulnerability to loss of MLC1 function could be explained by regional heterogeneity of 
astrocytes. Astrocytes express different types of ion channels and gap junctional coupling 
within different brain regions, accounting for different electrophysiological properties 
(Oberheim et al., 2012). MLC1 expression in mice is highest in the cerebellum (Teijido et al., 
2007), but regional expression of GlialCAM is unexplored.  
As in MLC patients, the ultrastructural substrate of white matter vacuolization both in Mlc1-
null and in Glialcam-null mice is intramyelinic edema. This coincides with swelling of 
astrocyte end-feet (Fig 11B), cell processes and bodies. In Mlc1-null mice, astrocytic swelling 
precedes myelin vacuolization (Dubey et al., 2015). In Glialcam-null mice, we additionally 
showed that the degree of white matter vacuolization parallels the increased thickness of 
perivascular astrocyte processes. These findings suggest a sequence of events, where 
astrocytic swelling occurs first and leads to intramyelinic water retention, in line with the 
function of MLC1 in astrocyte volume regulation. In patient lymphoblasts and Mlc1-null 
mouse astrocytes, loss of MLC1 function decreases VRAC activity and slows regulatory 
volume decrease after cell swelling (Dubey et al., 2015; Ridder et al., 2011). Similar results 
were obtained after GlialCAM ablation in wild-type rat astrocytes(Capdevila-Nortes et al., 
2013). The swelling of astrocyte perivascular processes and intramyelinic edema are both 
compatible with a defect in these astrocyte functions. Besides MLC, intramyelinic edema 
occurs in other human genetic leukoencephalopathies (Van der Knaap and Valk, 2005). 
Intriguingly, swelling of white matter astrocytes has been described in some of these disorders, 
including maple syrup urine disease, hyperglycinemia and amino acidurias (Agamanolis et al., 
1982; Agamanolis et al., 1993; Martin and Schlote, 1972; Menkes et al., 1954), suggesting that 
astrocyte swelling might be a common precursor to intramyelinic edema. 
 Our results confirm the association of MLC1 with GlialCAM and ClC-2. In Mlc1-null 
mice, we previously found reduced expression of these proteins in perivascular astrocytic 
endfeet and abolished expression in the Bergmann glia (Dubey et al., 2015). Here we describe 
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a similar reduction for ClC-2 in Glialcam-null mice. These results indicate that expression of 
these proteins is interdependent in vivo. It has been suggested that GlialCAM binds to itself, 
MLC1 and ClC-2 to direct correct protein localization at cell-cell contacts (Capdevila-Nortes 
et al., 2015; Hoegg-Beiler et al., 2014). However, from an overall clinical standpoint, this 
hypothesis conflicts with the observation that recessive mutations in MLC1 and GLIALCAM 
on one hand and in CLCN2 on the other cause two distinct phenotypes in humans with 
different MRI abnormalities (Depienne et al., 2013; van der Knaap et al., 2012). The finding, 
however, of an abolished expression in Bergmann glia from different MLC mouse and 
zebrafish models could be compatible with a selective vulnerability of this specific astrocyte 
type to loss of MLC1 function (Dubey et al., 2015; Hoegg-Beiler et al., 2014; Sirisi et al., 
2014). The recent report of GlialCAM mislocalization in the Bergmann glia of an MLC patient 
supports this possibility also in humans (Sirisi et al., 2014). Bergmann glia are a highly 
diversified cell type that also subserve an important role in extracellular ion homeostasis (De 
Zeeuw and Hoogland, 2015; Wang et al., 2012).  
Previous in vitro studies suggested a structural and/or functional interaction of MLC1 with 
several proteins involved in ion-water homeostasis, including ion and water channels, 
transporters and accessory proteins, in caveolae. Such interactions could be affected in MLC 
(Brignone et al., 2015). In an MLC patient and in Mlc1-null mice, expression of the potassium 
channel Kir4.1 was slightly increased and redistributed along the cell processes of subpial 
astrocytes, suggesting compensatory overexpression (Boor et al., 2007; Dubey et al., 2015). 
For unknown reasons, such changes do not occur in Glialcam-null animals. By contrast, 
expression of the water channel aquaporin4 is not restricted to perivascular endfeet, as is 
normal, but redistributed along the cell bodies and processes of Glialcam-null astrocytes, 
whereas no changes were detected in Mlc1-null mice (Dubey et al., 2015). A similar 
redistribution of aquaporin4 has been described in a rat model of hydrocephalus, also 
interpreted as a compensatory phenomenon (Skjolding et al., 2013). Recent work suggests that 
MLC1 could also be involved in regulation of blood-brain barrier permeability, implying that 
alteration of this astrocytic function could contribute to development of edema (Lanciotti et 
al., 2016). The severer white matter vacuolization in Glialcam-null than in Mlc1-null mice 
could explain the difference in aquaporin4 expression between the two MLC mouse models. 
As previously reported for the Mlc1-null mouse (Dubey et al., 2015), we found no changes 
between Glialcam-null and wild-type mice in the expression of the other MLC1-associated or 
MLC1-interacting proteins, including α- and β-dystroglycan, the β1 subunit of Na,K-ATPase, 
TRPV4, ZO-1, and caveolin-1. Cell properties related to in vitro experimental manipulation 
probably account for the discrepancy between previous in vitro and our in vivo results. Recent 
in vitro findings suggest specific roles for MLC1 in astrocyte proliferation and maturation and 
in down-regulating astrocyte response to injury (Lanciotti et al., 2016). Notably however we 
found no evidence for delayed astrocyte maturation or astrogliosis in both Mlc1-null18 and 
Glialcam-null mice (not shown). LRRC8A has recently been identified as an essential 
component of the mammalian VRAC (Qiu et al., 2014; Voss et al., 2014). We found no 
differences in LRRC8A expression and subcellular localization between wild-type, Glialcam-
null and Mlc1-null mice, which does not exclude a functional interaction between the related 
proteins. Regarding the differences between Mlc1-null and Glialcam-null mice, it should be 
noted that, different from MLC1, GlialCAM is not restricted to astrocyte endfeet, but has a 
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wider distribution (Depienne et al., 2013) and has functions independent of MLC1 (Capdevila-
Nortes et al., 2015). It is likely that loss of those other functions explains the differences 
between the mutant mice.  
In conclusion, Glialcam-null mice replicate the early stage of the human disease MLC similar 
to Mlc1-null mice. Both MLC mouse models develop intramyelinic edema following a 
timeline that initially parallels developmental myelination and increase in MLC1 and 
GlialCAM expression as occurs in MLC patients. These mutant mice are suitable for further 
studies on the cellular pathophysiology of MLC, forming a valuable addition to the available 
in vitro models. Importantly, these mouse models allow experiments aiming at rescuing MLC1 
function in early disease stages, when patients have megalencephaly due to intramyelinic 
edema, but are otherwise still clinically normal, as MLC mice are.  
  



Glialcam-Null	Mouse	

97	

Acknowledgments 
This study was financially supported by E-Rare (project 11-330-1024), the Dutch 
Organization for Scientific Research (ZonMw grant 9120.6002), the Hersenstichting (grant 
2011[1]-15), and the Optimix Foundation for Scientific Research. Part of the human tissue 
used in this study was 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. 
 

Authorship 
M.B. and M.S.v.d.K. designed the study and analysed and interpreted the data. M.B., M.D., 
M.Br., N.L.P. M.P.D. and T.t.B. performed the experiments. U.B., T.E.M.A., H.D.M, R.M. 
and J.R.T.v.W assisted with data analysis and/or experimental design. M.B. and M.S.v.d.K. 
wrote the article. M.B. and M.D. contributed equally to the work. J.R.T.v.W. and M.S.v.d.K. 
shared senior authorship. 

 

Conflicts of interest 
Nothing to report. 

 

  



Chapter	3	

98	

References 
Agamanolis, D.P., et al., 1982. The neuropathology of glycine encephalopathy: a report of five cases 
with immunohistochemical and ultrastructural observations. Neurology. 32, 975-85. 
Agamanolis, D.P., Potter, J.L., Lundgren, D.W., 1993. Neonatal glycine encephalopathy: biochemical 
and neuropathologic findings. Pediatr Neurol. 9, 140-3. 
Ambrosini, E., et al., 2008. Biochemical characterization of MLC1 protein in astrocytes and its 
association with the dystrophin-glycoprotein complex. Mol Cell Neurosci. 37, 480-93. 
Boor, I., et al., 2007. MLC1 is associated with the dystrophin-glycoprotein complex at astrocytic 
endfeet. Acta Neuropathol. 114, 403-10. 
Boor, P.K., et al., 2005. MLC1: a novel protein in distal astroglial processes. J Neuropathol Exp 
Neurol. 64, 412-9. 
Brignone, M.S., et al., 2011. The beta1 subunit of the Na,K-ATPase pump interacts with 
megalencephalic leucoencephalopathy with subcortical cysts protein 1 (MLC1) in brain astrocytes: 
new insights into MLC pathogenesis. Hum Mol Genet. 20, 90-103. 
Brignone, M.S., et al., 2015. MLC1 protein: a likely link between leukodystrophies and brain 
channelopathies. Front Cell Neurosci. 9, 66. 
Capdevila-Nortes, X., et al., 2013. Insights into MLC pathogenesis: GlialCAM is an MLC1 chaperone 
required for proper activation of volume-regulated anion currents. Hum Mol Genet. 22, 4405-16. 
Capdevila-Nortes, X., et al., 2015. Structural determinants of interaction, trafficking and function in the 
ClC-2/MLC1 subunit GlialCAM involved in leukodystrophy. J Physiol. 593, 4165-80. 
De Zeeuw, C.I., Hoogland, T.M., 2015. Reappraisal of Bergmann glial cells as modulators of 
cerebellar circuit function. Front Cell Neurosci. 9, 246. 
Depienne, C., et al., 2013. Brain white matter oedema due to ClC-2 chloride channel deficiency: an 
observational analytical study. Lancet Neurol. 12, 659-68. 
Duarri, A., et al., 2008. Molecular pathogenesis of megalencephalic leukoencephalopathy with 
subcortical cysts: mutations in MLC1 cause folding defects. Hum Mol Genet. 17, 3728-39. 
Duarri, A., et al., 2011. Knockdown of MLC1 in primary astrocytes causes cell vacuolation: a MLC 
disease cell model. Neurobiol Dis. 43, 228-38. 
Dubey, M., et al., 2015. Mice with megalencephalic leukoencephalopathy with cysts: a developmental 
angle. Ann Neurol. 77, 114-31. 
Favre-Kontula, L., et al., 2008. GlialCAM, an immunoglobulin-like cell adhesion molecule is 
expressed in glial cells of the central nervous system. Glia. 56, 633-45. 
Haj-Yasein, N.N., et al., 2011. Glial-conditional deletion of aquaporin-4 (Aqp4) reduces blood-brain 
water uptake and confers barrier function on perivascular astrocyte endfeet. Proc Natl Acad Sci U S A. 
108, 17815-20. 
Harbord, M.G., et al., 1990. Megalencephaly with dysmyelination, spasticity, ataxia, seizures and 
distinctive neurophysiological findings in two siblings. Neuropediatrics. 21, 164-8. 
Hoegg-Beiler, M.B., et al., 2014. Disrupting MLC1 and GlialCAM and ClC-2 interactions in 
leukodystrophy entails glial chloride channel dysfunction. Nat Commun. 5, 3475. 
Jeworutzki, E., et al., 2012. GlialCAM, a protein defective in a leukodystrophy, serves as a ClC-2 Cl(-) 
channel auxiliary subunit. Neuron. 73, 951-61. 
Kocaman, G., et al., 2013. An unusually mild presentation of megalencephalic leukoencephalopathy 
with subcortical cysts. Clin Neurol Neurosurg. 115, 1564-6. 
Ladner, C.L., et al., 2004. Visible fluorescent detection of proteins in polyacrylamide gels without 
staining. Anal Biochem. 326, 13-20. 
Lanciotti, A., et al., 2010. MLC1 trafficking and membrane expression in astrocytes: role of caveolin-1 
and phosphorylation. Neurobiol Dis. 37, 581-95. 



Glialcam-Null	Mouse	

99	

Lanciotti, A., et al., 2012. Megalencephalic leukoencephalopathy with subcortical cysts protein 1 
functionally cooperates with the TRPV4 cation channel to activate the response of astrocytes to 
osmotic stress: dysregulation by pathological mutations. Hum Mol Genet. 21, 2166-80. 
Lanciotti, A., et al., 2016. Megalencephalic leukoencephalopathy with subcortical cysts protein-1 
regulates epidermal growth factor receptor signaling in astrocytes. Hum Mol Genet. 25, 1543-58. 
Leegwater, P.A., et al., 2001. Mutations of MLC1 (KIAA0027), encoding a putative membrane 
protein, cause megalencephalic leukoencephalopathy with subcortical cysts. Am J Hum Genet. 68, 
831-8. 
Lopez-Hernandez, T., et al., 2011a. Mutant GlialCAM causes megalencephalic leukoencephalopathy 
with subcortical cysts, benign familial macrocephaly, and macrocephaly with retardation and autism. 
Am J Hum Genet. 88, 422-32. 
Lopez-Hernandez, T., et al., 2011b. Molecular mechanisms of MLC1 and GLIALCAM mutations in 
megalencephalic leukoencephalopathy with subcortical cysts. Hum Mol Genet. 20, 3266-77. 
Marshall, O.J., 2004. PerlPrimer: cross-platform, graphical primer design for standard, bisulphite and 
real-time PCR. Bioinformatics. 20, 2471-2. 
Martin, J.J., Schlote, W., 1972. Central nervous system lesions in disorders of amino-acid metabolism. 
A neuropathological study. J Neurol Sci. 15, 49-76. 
Menkes, J.H., Hurst, P.L., Craig, J.M., 1954. A new syndrome: progressive familial infantile cerebral 
dysfunction associated with an unusual urinary substance. Pediatrics. 14, 462-7. 
Miles, L., et al., 2009. Megalencephalic leukoencephalopathy with subcortical cysts: a third confirmed 
case with literature review. Pediatr Dev Pathol. 12, 180-6. 
Moh, M.C., et al., 2009. Interaction of the immunoglobulin-like cell adhesion molecule hepaCAM with 
caveolin-1. Biochem Biophys Res Commun. 378, 755-60. 
Oberheim, N.A., Goldman, S.A., Nedergaard, M., 2012. Heterogeneity of astrocytic form and function. 
Methods Mol Biol. 814, 23-45. 
Pascual-Castroviejo, I., et al., 2005. Vacuolating megalencephalic leukoencephalopathy: 24 year 
follow-up of two siblings. Neurologia. 20, 33-40. 
Petrini, S., et al., 2013. Monocytes and macrophages as biomarkers for the diagnosis of 
megalencephalic leukoencephalopathy with subcortical cysts. Mol Cell Neurosci. 56, 307-21. 
Qiu, Z., et al., 2014. SWELL1, a plasma membrane protein, is an essential component of volume-
regulated anion channel. Cell. 157, 447-58. 
Ridder, M.C., et al., 2011. Megalencephalic leucoencephalopathy with cysts: defect in chloride 
currents and cell volume regulation. Brain. 134, 3342-54. 
Singhal, B.S., et al., 1996. Megalencephalic leukodystrophy in an Asian Indian ethnic group. Pediatr 
Neurol. 14, 291-6. 
Sirisi, S., et al., 2014. Megalencephalic leukoencephalopathy with subcortical cysts protein 1 regulates 
glial surface localization of GLIALCAM from fish to humans. Hum Mol Genet. 23, 5069-86. 
Skjolding, A.D., et al., 2013. Differences in distribution and regulation of astrocytic aquaporin-4 in 
human and rat hydrocephalic brain. Neuropathol Appl Neurobiol. 39, 179-91. 
Sowa, G., 2012. Caveolae, caveolins, cavins, and endothelial cell function: new insights. Front Physiol. 
2, 120. 
Teijido, O., et al., 2004. Localization and functional analyses of the MLC1 protein involved in 
megalencephalic leukoencephalopathy with subcortical cysts. Hum Mol Genet. 13, 2581-94. 
Teijido, O., et al., 2007. Expression patterns of MLC1 protein in the central and peripheral nervous 
systems. Neurobiol Dis. 26, 532-45. 
van der Knaap, M.S., et al., 1995. Leukoencephalopathy with swelling in children and adolescents: 
MRI patterns and differential diagnosis. Neuroradiology. 37, 679-86. 



Chapter	3	

100	

van der Knaap, M.S., et al., 1996. Histopathology of an infantile-onset spongiform 
leukoencephalopathy with a discrepantly mild clinical course. Acta Neuropathol. 92, 206-12. 
Van der Knaap, M.S., Valk, J., 2005. Magnetic resonance of myelination and myelin disorders Vol., 
Springer-Verlag, Berlin, Heidelberg. 
van der Knaap, M.S., et al., 2010. Megalencephalic leukoencephalopathy with cysts without MLC1 
defect. Ann Neurol. 67, 834-7. 
van der Knaap, M.S., Boor, I., Estevez, R., 2012. Megalencephalic leukoencephalopathy with 
subcortical cysts: chronic white matter oedema due to a defect in brain ion and water homoeostasis. 
Lancet Neurol. 11, 973-85. 
van der Voorn, J.P., et al., 2006. Childhood white matter disorders: quantitative MR imaging and 
spectroscopy. Radiology. 241, 510-7. 
Voss, F.K., et al., 2014. Identification of LRRC8 heteromers as an essential component of the volume-
regulated anion channel VRAC. Science. 344, 634-8. 
Wang, F., et al., 2012. Bergmann glia modulate cerebellar Purkinje cell bistability via Ca2+-dependent 
K+ uptake. Proc Natl Acad Sci U S A. 109, 7911-6. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Glialcam-Null	Mouse	

101	

Supplementary material 
Supplementary Table 1. Primer sequences for polymerase chain reaction  

PCR forward reverse 

Mlc1 
ATGATAACCACTTACTACAATT
AGAGG 

 

Mcl1  TGAAGCACTGCACGCCGTAGGTC 

Mcl1  
AACACCCATGTCTTGTAGCTGAAGCAC
G 

Glialcam  CCGGTCCCCCTGGCTACTCC  
Glialcam  CCAGCGCACATGCAACCGG 
Glialcam  CCTTCTATCGCCTTCTTGACG 
qPCR forward reverse 
Glialcam           TCCTTGCTTCTCAGCGACCT     TACCTGCGGCCTTGAAATGG 
GLIALCAM  AGTCTGTGCCTGCTGGAAAC                  GAGGGTGTCTGCTTCTGGTT 
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Supplementary Table 2. Number of animals employed per experiment and ages analyzed 

 
Animals used 

   per 
experiment 

Ages analyzed 

Immunohistochemistry 
wild-type 4 P21, 3m, 7m, 12m 
Mlc1-null 4 7m 
Glialcam-null 4 P21, 3m, 7m, 12m 
Immuno-electron microscopy 
wild-type 2 8m 
Mlc1-null 2 8m 
Glialcam-null 2 8m 
Brain wet and dry weight   
wild-type 3 P7, P21, 3m, 7m, 12m 
Glialcam-null 3 P7, P21, 3m, 7m, 12m 
Astrocyte quantitative morphology 
wild-type 3 P21, 3m, 7m, 12m 
Mlc1-null 3 P21, 3m, 7m, 12m 
Glialcam-null 3 P21, 3m, 7m, 12m 
Western blot 
wild-type 2 P0, P7, P14, P21, P28, 2m, 4m, 7m, 

12m 
Glialcam-null 2 P0, P7, P14, P21, P28, 2m, 4m, 7m, 

12m 
qPCR 
wild-type 2 P0, P7, P14, P21, P28, 2m, 4m, 7m, 

12m 
Glialcam-null 2 P0, P7, P14, P21, P28, 2m, 4m, 7m, 

12m 
P, postnatal day; m, months 
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Supplementary Table 3. Primary antibodies and dilutions 
 

Antibody Origin Dilution Vendor 
    
MLC1  rabbit 1:200 Thermo Fisher 
GlialCAM* mouse 1:100 R&D Systems 
GliaCAM* rabbit 1:1000/1:750 Proteintech 
GFAP chicken 1:1000 Millipore 
GFAP rabbit 1:200 Dako 
MBP mouse 1:50 Millipore 
PLP mouse 1:3000 AbD-Serotec 
ClC-2 rabbit 1:20 Santa Cruz 
α-dystroglycan mouse 1:100 Millipore 
β-dystroglycan mouse 1:100 Santa Cruz 
Aquaporin4 rabbit 1:200 Millipore 
Kir4.1 rabbit 1:200 Alomone 
Na,K-ATPase 
subunitβ1 mouse 1:25 Santa Cruz 
TRPV4 rabbit 1:40 Santa Cruz 
ZO-1 mouse 1:50 Invitrogen 
Caveolin-1  rabbit 1:50 Santa Cruz 
LRRC8A rabbit 1:50 Abcam 

*This antibody is commercially available under the name Hepacam. 
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Supplementary Table 4. Demographic data of human brain samples 

ID Age at death Cause of death 

1 1 d diffuse alveolar damage 

2 96 d sudden unexplained death 

3 100 d dehydration 

4 133 d multiple injuries 

5 2 y, 305 d asphyxia 

6 4 y, 258 d drowning 

7 5 y, 241 d bronchopneumonia 

8 13 y, 251 d multiple injuries 

9 13 y, 360 d hanging 

10 14 y, 198 d multiple injuries 

11 20 y, 93 d asphyxia 

12 20 y, 344 d BOR syndrome 

13 25 y, 67 d multiple injuries 

14 27 y, 97 d congestive heart failure 

15 30 y, 355 d multiple injuries 

 
d, days; y, years 
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Abstract 

Loss of function of the astrocyte specific protein MLC1 leads to the childhood onset white 
matter disease “megalencephalic leukoencephalopathy with subcortical cysts” (MLC). Studies 
on isolated cells show a role for MLC1 in astrocyte volume regulation and suggest that 
disturbed brain ion and water homeostasis is central to the disease. Excitability of neuronal 
networks is particularly sensitive to ion and water homeostasis. In line with this, reports of 
seizures and epilepsy in MLC patients exist. However, a systematic assessment and 
mechanistic understanding of seizures in MLC are lacking. We analyzed an MLC patient 
inventory to show that early onset of seizures is common in MLC. To address underlying 
mechanisms, we studied two distinct genetic mouse models of MLC. We uncovered 
spontaneous epileptiform brain activity and a lowered threshold for induced seizures in MLC 
mice. At the cellular level we found that although passive and active properties of individual 
pyramidal neurons are unchanged, extracellular K+ dynamics and neuronal network activity 
are abnormal in MLC mice. These findings show that disturbed astrocyte ion and water 
homeostasis in MLC leads to hyperexcitability of neuronal networks, and put forward a role 
for astrocyte volume regulation in epilepsy. 
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Introduction 
“Megalencephalic leukoencephalopathy with subcortical cysts” (MLC, MIM 604004) is a 
rare, heritable childhood brain white matter disease (van der Knaap et al., 1995; Singhal et 
al., 1996), most commonly caused by homozygous recessive mutations in MLC1 (Leegwater 
et al., 2001) or GLIALCAM (Lopez-Hernandez et al., 2011a). MLC1 is a membrane protein 
almost exclusively expressed in brain astrocytes (Boor et al., 2007). GlialCAM is a chaperone 
of MLC1, and ensures its localization in the membrane of astrocytic endfeet (Lopez-
Hernandez et al., 2011a; Lopez-Hernandez et al., 2011b; Capdevila-Nortes et al., 2013; 
Hoegg-Beiler et al., 2014). Patients show a very high water content in the brain white matter 
(Supplementary Fig. 1)(van der Voorn et al., 2006). Brain biopsies reveal countless fluid-
filled vacuoles within the outer lamellae of myelin sheaths (van der Knaap et al., 1996) and, 
to a lesser degree, in perivascular astrocyte endfeet (Duarri et al., 2011). Mutations affecting 
the MLC1 protein negatively impact volume-regulated anion channel (VRAC) activity, 
leading to impaired regulatory volume decrease in astrocytes (Ridder et al., 2011). As a 
result, astrocytes in the MLC brain are chronically swollen (Dubey et al., 2015). These 
findings indicate that impaired astrocyte volume regulation is a key feature of MLC. 
 
The consequences of impaired astrocyte volume regulation for neuronal network functioning 
in MLC are unknown. The disease is characterized by infantile-onset macrocephaly, slow 
deterioration of motor functions with ataxia and spasticity and later cognitive decline. Minor 
head trauma can lead to temporary worsening, often with seizures, prolonged 
unconsciousness and motor deterioration (Bugiani et al., 2003). Epilepsy has been described 
in many MLC patients. This epilepsy is mild and responds well to treatment, but status 
epilepticus has also been described (Mejaski-Bosnjak et al., 1997; Yalcinkaya et al., 2003). 
Occurrence of epilepsy has not been studied in a large cohort of genetically confirmed 
patients, and its cellular basis is not understood.  

 
The panglial syncytium, the glial network consisting of gap-junction coupled astrocytes and 
oligodendrocytes, is essential for the uptake and dispersal of extracellular K+ ([K+]o) released 
from neurons during periods of high neuronal activity (Walz, 2000; Kofuji and Newman, 
2004; Rash, 2010). Disruption of proteins important for this process, such as Kir4.1 K+ 
channels (Djukic et al., 2007; Haj-Yasein et al., 2011), glial gap junction proteins (Odermatt 
et al., 2003; Magnotti et al., 2011) and the astrocytic water channel aquaporin-4 
(AQP4)(Binder et al., 2006) lead to impaired [K+]o clearance and to epileptiform brain 
activity or an altered seizure threshold. MLC1 and GlialCAM undergo molecular interactions 
with several of these proteins (Brignone et al., 2015; Wu et al., 2016). Therefore, we 
hypothesize that defective astrocyte volume regulation in MLC leads to impaired control of 
[K+]o (van der Knaap et al., 2012), resulting in hyperexcitability of neuronal networks and 
epilepsy.  

 
We recently developed an Mlc1-null mouse that recapitulates major pathological features of 
MLC (Dubey et al., 2015). Additionally, Glialcam-null mice (Favre-Kontula et al., 2008) 
show similar pathological features (Hoegg-Beiler et al., 2014; Bugiani et al., in press). Mlc1- 
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and Glialcam-null mice (collectively referred to here as MLC mice) are excellent tools to 
investigate the pathophysiology of MLC. Here, we combine a clinical inventory of MLC 
patients with in vivo and in vitro electrophysiology in MLC mice to study the cellular 
pathophysiology of epilepsy in MLC. We confirm that early seizure onset is common in MLC 
patients. Similarly, MLC mice show spontaneous epileptiform activity and a reduced 
threshold for seizure induction. At the cellular level, we find that excitability of single 
neurons is unchanged, while stimulation-induced increases in [K+]o and network excitability 
are increased. Taken together, we demonstrate that loss of function of the astrocytic protein 
MLC1 disturbs neuronal network activity while leaving intrinsic neuronal properties intact. 
  
Materials and methods 
Study approval 
Experimental procedures involving mice were in strict compliance with the animal welfare 
policies of the Dutch government and were approved by the IACUC of the VU University, 
Amsterdam. The clinical inventory was approved by the Medical Ethics Committee of the VU 
University Medical Center. 

MLC patients 
We executed a cross-sectional observational study among the 205 genetically proven patients 
with autosomal recessive MLC present in the Amsterdam Leukodystrophy database. The 
database contains patients referred to the VUmc Center for Childhood White Matter 
Disorders for genetic testing. Standardized clinical questionnaires with items on epilepsy 
were completed primarily by the patient’s physician. If this source was not available, 
information was derived from medical records, supplemented by information provided by 
families. We applied Kaplan-Meier survival analysis to estimate occurrence and onset of 
seizures. Subgroups were compared using log-rank statistics. Sensitivity analysis revealed 
that it was justified to include all patients in the analysis, as similar outcomes were obtained 
when excluding patients younger than 6 years. 

Mice 
Transgenic mice and their wildtype littermates had a C57BL/6J background. Generation of 
the two MLC mutant lines has been previously described: Mlc1 deficient mice (Mlc1-null) 
were described in (Dubey et al., 2015); Glialcam deficient mice (Glialcam-null) were 
described in (Favre-Kontula et al., 2008; Bugiani et al., in press). For all experiments null 
animals were compared with their wildtype littermate controls, with the exception of 
electrocorticogram (ECoG) / seizure threshold recordings. Here, littermate data for both MLC 
lines was grouped because no differences between littermates were observed. 

Behavioral assays  
In vivo experiments were performed on adult (8-12 months old) mice. 48-h recordings of 
basal activity were performed on both male and female mice, but kainate induced seizures 
were only studied in male mice as gender strongly influences sensitivity to kainate (Zhang et 
al., 2008). For scoring of hind limb clasping, each mouse was suspended for 30 s by its tail 
and kept 10 cm above a stable platform. Scoring was as follows: 0: normal (hind limbs fully 
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spread and moving); 1: intermediate (intermittent clasping of one hind limb); 2: full (both 
hind limbs fully drawn up to the abdomen). Seizure threshold and severity were assessed 
using an intraperitoneal injection of kainate (kainic acid; Abcam; 10 mg/kg). The behavioral 
response was scored using a revised Racine’s seizure scale (Luttjohann et al., 2009), which 
has the following stages: (0) whisker trembling, (1) sudden behavior arrest, (2) facial jerking, 
(3) neck jerks, (4) clonic seizure (sitting), (5a) clonic seizure (lying on belly), (5b) tonic-
clonic seizure (lying on belly), (5c) tonic seizure, (6a) clonic seizure (lying on side), (6b) 
tonic-clonic seizure (lying on side), (6c) wild jumping. Maximal score observed during 
subsequent 10 minute time bins was noted by a trained observer unaware of the genotype of 
the mice. Mice were taken out of the experiment when seizure severity reached score 5c.  

Telemetric ECoG recordings 
ECoG recordings were performed with wireless ETA-F10 transmitters (Data Science 
International). To estimate signal gain, each transmitter together with its own antenna was 
adjusted to a ± 400 µV output signal with sinusoidal waves of 1 mV amplitude at 1Hz. For 
placement of the calibrated transmitter and recording electrode, animals were anesthetized 
with isoflurane (induction 3%, flow rate 0.8 l/min with maintenance 1.5-1.8%, flow rate 0.6 
l/min). A 1-cm midline sagittal incision was made starting above the interaural line and 
extending along the neck to create a pocket for subcutaneous placement of the transmitter 
along the dorsal flank of the animal. The recording electrode (stereotaxic coordinates relative 
to bregma: -2.22 mm anterior and 1 mm lateral) and ground electrode (6 mm posterior and 1 
mm lateral) were implanted subdurally through small holes drilled in the skull, held in place 
with stainless steel screws (A2-70, Jeveka) and sealed with dental cement. Mice were 
provided with Temgesic analgesic (0.1 mg per kg) before surgery and allowed to recover for 
7 days before recordings.  

 
For 48-h recordings of basal ECoG, mice remained in their home cage. ECoG signal was 
collected through a radiofrequency receiver (RLA1020, Data Science International) placed 
under each cage which relayed the signal to an analog output adapter (Option RO8, Data 
Science International). Sampling rate was 1 kHz and signals were low pass filtered at 200 Hz 
before analysis; acquisition was done using Powerlab 4/20 (AD-Instruments).  ECoG 
recordings were analyzed using the Neuroarchiver tool (Open Source Instruments, 
http://www.opensourceinstruments.com/Electronics/A3018/Seizure_Detection.html). Full 
details on this software and its method of event classification is on the website or in (Wykes 
et al., 2012). For details on analysis see supplementary methods. 

Slice preparation 
Acute brain slices were prepared from Mlc1-null mice, Glialcam-null mice and their wildtype 
littermates aged 3-5 months. For hippocampal brain slice preparation we used a partial 
sucrose based slicing artificial cerebrospinal fluid (ACSF) containing (in mM): 70 sucrose, 70 
NaCl, 25 D-glucose, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4*H2O, 5.0 MgSO4*H2O, 1 CaCl2, 3 
sodium pyruvate, 1 sodium ascorbate (carboxygenated with 5% CO2 / 95% O2, 300-310 
mOsm). Mice were decapitated and the brain was removed quickly in slicing ACSF. Coronal 
hippocampal slices (350 µm) were cut on a microtome (Thermo Scientific) and subsequently 
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transferred to sucrose based ACSF at 32ºC for 20 min, followed by 20 min recovery at room 
temperature. After this, slices were stored for at least 1 h at room temperature in normal 
ACSF containing (in mM): 125 NaCl, 3 KCl, 1.2 NaH2PO4, 1 MgCl2, 2 CaCl2, 26 NaHCO3, 
10 glucose (carboxygenated with 5% CO2 / 95% O2, 300-305 mOsm). For motor cortex (M1) 
slice preparation mice were first terminally anesthetized by intraperitoneal injection of 100-
120 mg/kg Euthasol and transcardially perfused with 10 ml ice-cold carbonated choline 
chloride based ACSF containing (in mM): 110 choline chloride, 11.6 sodium ascorbate, 7 
MgCl2, 3.1 sodium pyruvate, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 26 NaHCO3 and 10 glucose 
(carboxygenated with 5% CO2/95% O2, 300-310 mOsm). Slicing was also done in this 
choline chloride based ACSF. After cutting, M1 containing slices were placed in choline 
chloride based ACSF at 32ºC for 1 min, after which slices were stored for at least 1 h at room 
temperature in normal ACSF before use.  

Patch clamp recording 
Slices were transferred to the recording bath and perfused with normal ACSF (see above; 5 
ml/min at 30-31ºC for hippocampus, 2 ml/min at 33-34ºC for M1). To isolate intrinsic 
neuronal properties ACSF contained CNQX (10µM), AP-5 (50µM) and Gabazine (3 µM) 
during all patch clamp recordings. Patch pipettes were pulled from borosilicate glass 
capillaries (GC150-10, Harvard Apparatus) on a horizontal puller (Sutter Instruments) and 
filled with intracellular solution containing (in mM): 111 K-gluconate, 8 KCl, 10 HEPES, 4 
Mg-ATP, 0.4 Na-GTP, 10 K-phosphocreatine, 0.2 EGTA and 0.37% biocytin (7.4 pH, 
290±10 mOsm). Pipettes had a resistance between 3 and 5 MΩ. Somatic whole-cell patch 
clamp recordings were made using an Axopatch 700B amplifier (Axon Instrument). Data 
were acquired using Clampex software (pClamp 10.3, Axon Instruments; sampling: 50 kHz; 
filtering: 30 kHz).  

 
Recordings were included for analysis when access resistance (monitored by bridge-balance 
compensation in current-clamp) remained <20 MΩ for the duration of the recording. After 
determination of resting membrane potential cells were kept in current clamp at a constant 
membrane potential (-65 mV for CA1 pyramidal neurons; -70 mV for L5 pyramidal neurons 
in M1) through steady current injection. Active and passive neuronal properties (Fig. 4 and 
Supplementary Table 2) were determined by 800 ms long step current injections ranging from 
-100 to 625 pA (25 pA steps). Prolonged stimulation (Fig. 5) was performed by eight 20 s 
long incremental steps with an increment of ½ rheobase (rheobase: the current at which an 
action potential (AP) was first observed during determination of active properties). For most 
neurons pyramidal identity was confirmed after recording by biocytin staining, using the 
avidin-biotin-peroxidase method (Horikawa and Armstrong, 1988). Data were analyzed using 
a custom-written script in Matlab (version R2012a; see supplementary methods for details).  

K+-sensitive electrode recordings 
K+-sensitive microelectrodes were prepared from thin walled non-filamented glass capillaries 
(GC150T-10, Harvard Apparatus) pulled to obtain a tip inner diameter in the range of 2 µm 
(Voipio et al., 1994). Microelectrodes were silanized with gaseous N, N-
dimethyltrimethylsilylamine (41716, Sigma–Aldrich) at 200ºC for 8-10 h prior to being filled 
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with the selected backfilling solution and a short column of liquid membrane solution (120-
150 µm). We used a valinomycin-based membrane solution (99373, K+ Ionophore I Cocktail 
B, Sigma-Aldrich) and 150 mM NaCl, 3 mM KCl as backfilling solution (150-180 MΩ). For 
calibration, tips of a K+-sensitive and a field-potential electrode (2 MΩ filled with 150mM 
NaCl, 3mM KCl) were placed ~5 µm (± 2 µm) from each other. Voltage signal from both 
channels to the same reference electrode were recorded using a MultiClamp 700B double 
amplifier (Axon instruments), and differential voltage between the two electrodes was 
calculated by subtraction. K+-sensitive electrodes were calibrated before and after the 
experiment by washing calibration solutions with increasing [K+] through the bath (3, 6, 12, 
24 or 48 mM KCl, 150 mM NaCl; Supplementary Fig. 6). Data obtained with a K+-sensitive 
electrode was included only when calibrations before and after the experiments did not differ 
by more than 2.5 mV for 3, 6 or 12 mM of KCl.  
 
For recordings of [K+]o dynamics in hippocampus, both the K+-sensitive electrode and the 
field-potential electrode were placed in CA1 stratum radiatum (depth ~80-100 µm;  distance 
between electrodes  ~5 µm (± 2 µm). A concentric bipolar stimulation electrode was placed 
~550-600 µm lateral from the recording site onto stratum radiatum. Input-output curves were 
constructed by recording field excitatory postsynaptic potentials (fEPSPs) following single 
stimulation pulses of increasing strength from 0 to 950 µA (50 µA steps). Next, for recording 
stimulation-induced [K+]o a stimulation strength of 450 µA was used in all experiments, and 
10-s trains of stimulation at 5, 10 or 20 Hz were applied. Trains at each frequency were 
applied twice per brain slice and the averaged response parameters were calculated. 
Subsequently, both K+-sensitive and field-potential electrode were moved into CA1 stratum 
pyramidale (stimulation electrode remained in the same location), and recordings were 
repeated in this region. Data were analyzed using custom-written procedures in IGOR-pro 
(Wavemetrics; see supplementary methods for details).  

Statistics 
Statistical analysis was performed with Prism 7 software (Graphpad). For behavioral and 
ECoG recordings non-parametric ANOVA (Kruskal-Wallis), followed by Dunn’s multiple 
comparisons (wildtype vs Mlc1-null and Glialcam-null) was performed. For patch clamp data 
and basal [K+]o, parameters we tested for normality using the Shapiro-Wilk test. Data was 
then compared using either a regular t-test or, in case of deviant normal distribution, the 
Mann-Whitney test. For input-output analysis and analysis of stimulation-induced [K+]o two-
way ANOVA followed by Sidak’s multiple comparison test was performed.  
 

Results  
 
Clinical seizures in MLC patients  
Information on seizure characteristics was obtained from 158 patients (137 families; 
Supplementary Table 1). Of these patients 141 had recessive MLC1 mutations and 17 had 
recessive GLIALCAM mutations. Survival analysis showed that 75.8% of patients with MLC1 
mutations experienced at least one seizure before an age of 25 years (Fig. 1A). Similar results 
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were obtained for patients with GLIALCAM mutations, with at least one seizure before 25 
years in 73.4% (Fig. 1B). There was no significant difference between survival curves for 
patients with an MLC1 defect and patients with a GLIALCAM defect (log-rank test: p=0.56). 
Overall, median age at the occurrence of the first seizure was 3 years, mode 2 years (range 
from first year of life up to 56 years). 
 
Of all patients with seizures, 13% had experienced only one seizure at the time of clinical 
inventory, in most provoked by mild head trauma (8 out of 12 patients) and in a few by febrile 
illness (2 out of 12 patients). 73% had epilepsy that was well controlled with medication, 
while 14% had epilepsy that was moderately to poorly controlled with medication. Of all 
patients who were at least 6 years of age at the inventory, 63% met the International League 
against Epilepsy (ILAE) criteria for epilepsy (Perucca, 2014). The nature of seizures was 
variable. Clinically, generalized tonic-clonic seizures and focal seizures (sometimes with 
impaired awareness and/or focal to bilateral tonic-clonic seizures) were most common. Mild 
head trauma was an important provoking factor, causing one or more seizures in 55% of 
patients with seizures. One or more status epilepticus had occurred in 17%, of which most 
(58%) occurred for the first time several years after the first seizure. Six of the 158 patients 
were deceased. Of these six, three deaths were related to epilepsy: one patient died at the age 
of 56 years as consequence of status epilepticus after mild head trauma and two patients were 
suspected of sudden unexpected death in epilepsy (SUDEP) at ages of 15 and 23 years.  
 
 

 

 
 

Figure 1: Early onset seizures are often observed in MLC patients. 
Survival analysis (Kaplan-Meier) of the proportion of patients that are seizure free as a 
function of age for patients with homozygous recessive MLC1 (A; red) or GLIALCAM (B; 
green) mutations. Censored patients (seizure free at last follow up) are indicated by vertical 
lines. 95% confidence intervals are depicted by shaded areas. 
 
Taken together, the patient inventory shows that an early onset of epileptic seizures is an 
integral part of the MLC phenotype. Mild head trauma is an important provoking factor and 
status epilepticus occurs relatively frequently. 
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Hind limb clasping and spontaneous interictal activity in MLC mice 
To understand the cellular pathophysiology of epilepsy in MLC, we studied two MLC mouse 
models, the Mlc1-null mouse and the Glialcam-null mouse. Previous behavioral analysis of 
Mlc1-null mice in an automated phenotyper did not uncover behavioral abnormalities (Dubey 
et al., 2015); for Glialcam-null mice behavioral analysis has not been reported. We observed 
that both Mlc1-null and Glialcam-null mice showed hind limb clasping when suspended from 
the tail (Supplementary Fig. 2). This is a sign of neurological abnormality, and co-occurs with 
seizures or increased seizure susceptibility in several mouse models for neurological diseases 
(Ivanov et al., 2004; Novarino et al., 2012; Amendola et al., 2014). 

 
To test whether abnormal electrical activity is present in the brains of MLC mice, we 
performed wireless ECoG recordings in both Mlc1-null and Glialcam-null mice (Fig. 2A). 
Long-term recordings (48 h) from mice in their home cage revealed that both MLC lines 
show a significantly higher occurrence of abnormal discharges than wildtype mice (Fig. 2B-
E; wildtype: 51.82±5.3 events/day, n=15; Mlc1-null: 465.1±86.8 events/day, n=14; Glialcam-
null: 361.5±89.0, n=12; P=0.0001; wildtype vs Mlc1-null, P<0.0001; wildtype vs Glialcam-
null, P=0.0027). These epileptiform discharges bear resemblance to interictal spikes 
(Glasscock et al., 2007). They did not have a clear behavioral correlate, as assessed from 
simultaneous video recordings of mouse behavior.  
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Figure 2: ECoG recording reveals spontaneous interictal activity in MLC mice.  
(A) Schematic representation of the implanted electrode for wireless ECoG recording. (B) X-
ray image of a mouse showing subcutaneous placement of the radio-transmitter (bar = 5 mm). 
(C) Top: representative example 12-min ECoG recording from a Mlc1-null mouse (red trace). 
Bottom: Expanded display of 100 s from the top trace. Right, boxed: Further expansion (10 s) 
of the boxed region. (D) Same as (C), but for a Glialcam-null mouse (green trace). (E) Same 
as (B, C), but for a wildtype mouse (blue trace). (F) Bar graph showing the number of 
interictal spikes per day for all three groups. Open circles indicate individual mice, bars show 
average ± SEM. *P<0.05; **P<0.01; ***P<0.001. 
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Taken together, MLC mice show an overt hind limb clasping phenotype. Although major 
behavioral seizures did not occur during our recording sessions, and were not observed during 
previous phenotyping (Dubey et al., 2015), unprovoked interictal spikes are present in MLC 
mice. 
 
Lowered seizure threshold and increased seizure severity in MLC mice  
The presence of unprovoked interictal spikes in MLC mice suggests that these mice might be 
more sensitive to evoked seizure activity. To test this, mice received a single intraperitoneal 
injection with the chemoconvulsant kainate, at a dose which does not induce severe seizures 
in C57BL/6J mice (10 mg/kg)(McCord et al., 2008). Injection was followed by ECoG 
recording and behavioral scoring to determine seizure severity using the modified Racine 
score (Luttjohann et al., 2009). Within 20 min after injection, all mice showed an increased 
Racine score. However, while wildtype mice only reached Racine score 2, with time Mlc1-
null and Glialcam-null mice developed more severe seizures with multiple generalized tonic-
clonic seizure events (Racine score 5a to 5c). Thus, the seizure score at 60 min was 
significantly higher in MLC mice than in wildtype controls (Fig. 3A; wildtype: n=8; Mlc1-
null: n=8; Glialcam-null: n=7; P=0.0014; wildtype vs Mlc1-null, P=0.0060; wildtype vs 
Glialcam-null, P=0.0023). 

 
Analysis of ECoG recordings following kainate injection revealed three main types of 
epileptic events: spike-wave complexes either with a single negative peak (‘simple’ spike-
waves) or featuring one or more shoulders (polyspike-wave or ‘complex’ spike-waves), 
interspersed with runs of intermediate frequency discharges (5-12 Hz) lasting 0.2-12 s, which 
typically had a small amplitude (Fig. 3B). In our behavioral analysis, intermediate frequency 
discharges correlated with more severe motor seizures (Supplementary Movie 1), in line with 
previous data (Katzel et al., 2014). In the 60 min following kainate injection, wildtype mice 
showed few simple spike-waves and complex spike-waves, with very rare intermediate 
frequency discharges (Fig. 3C-E). In contrast, both Mlc1-null and Glialcam-null mice showed 
a significantly higher number of intermediate frequency discharges than wildtype animals 
(Fig. 3E; wildtype: 4.1±2.9 discharges/h; Mlc1-null: 39.0±24.8; Glialcam-null: 35.4±15.8; 
P=0.0101; wildtype vs Mlc1-null, P=0.028; wildtype vs Glialcam-null, P=0.012). No 
significant differences were observed in the occurrence of simple and complex spike-waves, 
although a trend towards more events in MLC mice was present.	 Taken together, these 
findings highlight that MLC mice have a lower threshold for kainate induced seizures than 
wildtype mice. 	
 
Neuronal excitability in MLC mice 

The observed spontaneous epileptiform ECoG activity and the lowered threshold for evoked 
seizures suggest neuronal hyperexcitability in MLC mice. To test whether this was due to 
increased intrinsic neuronal excitability we performed whole-cell patch clamp recordings 
from CA1 pyramidal neurons in acute hippocampal brain slices (Fig. 4A, B). Passive 
electrophysiological properties (membrane potential, input resistance) did not differ between   
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Figure 3: Lowered seizure threshold in MLC mice.  
(A) Behavioral scoring of seizure activity over time in wildtype (blue) and MLC mice (Mlc1-
null: red; Glialcam-null: green; thin lines show individual mouse responses; thick lines show 
averages) following kainate injection (10 mg/kg i.p). For each 10-min interval, the highest 
level of epileptic activity was scored using the modified Racine seizure scale (see materials 
and methods). The bar graph shows maximum Racine score during 60-min trial (open circles 
indicate individual mice, bars show average). MLC mice reached significantly higher 
behavioral seizure scores. (B) Top: Morlet-wavelet ECoG spectra from kainate-injected mice. 
Bottom: ECoG traces showing simple spike wave discharges (SS), complex spike wave 
discharges (CS) and runs of intermediate frequency activity (IF) (expanded below). (C-E) 
Temporal progression of kainate induced SS, CS and IF events, respectively. Bar graphs show 
total number of SS, CS and IF events in 60-min trial. A significantly higher number of IF 
events was observed in MLC mice. Error bars and shaded regions indicate SEM. *P<0.05; 
**P<0.01; ***P<0.001. 
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Figure 4: Intrinsic properties of CA1 pyramidal neurons are unaltered in MLC mice. 
(A) Schematic drawing of the hippocampus showing the patch clamp electrode at the region 
of recording (CA1). (B) Representative AP firing pattern of a wildtype (blue) and an Mlc1-
null (red) pyramidal neuron upon 200, 300, 400 and 600 pA current injection. (C) Top: AP 
waveform of the first AP fired by single cells (thin lines) and the average AP waveform per 
genotype (thick lines). Bottom: AP phase plane plot of the first AP fired by single cells. Data 
of Mlc1-null (red) and wildtype littermates (blue) are shown on the left and data of Glialcam-
null (green) and wildtype littermates (blue) on the right. (D) Active properties (first three 
panels; threshold, AP peak and half-width) and passive properties (last three panels; input 
resistance (Rin), resting membrane potential (RMP) and rheobase) for wildtype (blue) and 
Mlc1-null mice (red) and (E) for wildtype (blue) and Glialcam-null mice (green). (F) Input-
output curve showing AP firing frequency versus stimulation current (left) and scatter plot 
showing maximum firing frequency (right) for wildtype (blue) and Mlc1-null (red) pyramidal 
neurons and (G) for wildtype (blue) and Glialcam-null (green) pyramidal neurons. Error bars 
and shaded regions indicate SEM. **P<0.01; ***P<0.001. 
  



 
Chapter 4 

118 

MLC mice and their wildtype littermates (Fig. 4D, E and Supplementary Table 2). 
Furthermore, the waveform of the first AP fired upon positive current injection was 
indistinguishable between Mlc1-null mice and littermate controls (Fig. 4C). Quantitative 
waveform properties (e.g. threshold, half-width and absolute peak) did not show significant 
differences (Fig. 4D and Supplementary Table 2). Glialcam-null mice also showed similar AP 
waveform properties as their wildtype littermates, apart from a slight increase in AP peak and 
half-width (Fig. 4E and Supplementary Table 2). Importantly, input-output characteristics and 
maximal firing frequency were identical in both MLC mouse lines compared to their wildtype 
littermate controls (Fig. 4F, G; wildtype vs Mlc1-null: P=0.74; wildtype vs Glialcam-null: 
P=0.39). 

 
We hypothesized that stimulating single neurons to fire APs for a prolonged period might 
uncover more subtle differences in intrinsic properties. Sustained AP firing was evoked by 
applying prolonged current injections with stepwise increments (8 subsequent steps of 20 s 
with an increment of ½ rheobase; Fig. 5A). Prolonged stimulation altered the AP waveform 
(Fig. 5B), but again this did not differ between MLC mice and their wildtype littermate 
controls. AP properties that changed during prolonged stimulation included firing frequency, 
AP half-width and absolute AP peak. These changes were similar in MLC mice and their 
wildtype littermate controls (Fig. 5C-E; wildtype vs Mlc1-null: P=0.55 (frequency), P=0.95 
(half-width) and P=0.71 (absolute peak); wildtype vs Glialcam-null: P=0.26 (frequency), 
P=0.30 (half-width) and P=0.83 (absolute peak)).  
 
To check whether intrinsic neuronal properties in other brain regions are similarly unaffected 
in MLC mice we performed an additional set of whole-cell patch clamp recordings from layer 
5 pyramidal neurons in primary motor cortex (M1). Like in CA1 pyramidal neurons, we 
observed no differences in passive and active neuronal properties, nor in responses to 
prolonged current injections that could explain hyperexcitability in MLC mice 
(Supplementary Fig. 3 and 4 and Supplementary Table 3). 
 
Taken together, these results show that intrinsic excitability of principal neurons in 
hippocampus and neocortex is largely unchanged in MLC mice, and cannot account for the 
observed epileptiform activity and decreased seizure threshold. 
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Figure 5: Prolonged stimulation leads to similar AP firing in MLC mice and wildtype 
littermates. 
(A) Representative firing response trace of a CA1 neuron during prolonged stimulation. (B) 
Representative phase plane plots showing the first derivative (V s-1) versus membrane voltage 
(mV) for representative wildtype (blue, left) and Mlc1-null (red, right) neurons. Each line 
represents the first AP from a 20-s current step, with the earliest AP as darkest color and latest 
AP as lightest color. (C-E) Input-output curves showing the average firing frequency (C), 
average half-width (D) and average AP peak (E) per 20-s current step versus stimulation 
current (represented as multiplications of the rheobase). Left panels show data of Mlc1-null 
mice (red) and wildtype littermates (blue) and right panels show data of Glialcam-null mice 
(green) and wildtype littermates (blue). Shaded regions indicate SEM. 
 
Increased stimulation-induced [K+]o around CA1 synapses of MLC mice 
Several studies suggest that impaired astrocyte functioning can lead to disturbed [K+]o 
dynamics. Therefore, we measured [K+]o dynamics using calibrated K+ sensitive electrodes 
(Voipio et al., 1994) in the hippocampal CA1 area (stratum radiatum) of acute coronal brain 
slices (Fig. 6A). We did not observe differences in basal [K+]o when comparing recordings 
from MLC mice and their wildtype littermates at rest (Fig. 6B; [K+]o: wildtype: 3.0±0.06 mM; 
n=10 vs Mlc1-null: 3.1±0.04; n=10; P=0.63; wildtype: 3.1±0.08; n=11 vs Glialcam-null: 
3.1±0.10; n=11; P>0.99).  
Next, we simultaneously recorded [K+]o and field potential responses in stratum radiatum 
upon extracellular stimulation of Schaffer collaterals (stimulation electrode 550-600 um away 
from recording site; Fig. 6A). First we determined the input-output curve of the fEPSP 
amplitude by single stimulations with stepwise increases in stimulation strength (Fig. 6C). 
Notably, no genotype differences were observed in input-output curves, showing that basal 
synaptic functioning of the Schaffer collaterals is unchanged in MLC mice (Fig. 6C; wildtype 
vs Mlc1-null: P=0.47; wildtype vs Glialcam-null: P=0.14). 
Increases in [K+]o were induced by sustained repetitive Schaffer collateral stimulation at a 
fixed stimulation strength (450 µA) for 10 s, either at 5, 10 or 20 Hz. A stimulation 



 
Chapter 4 

120 

frequency-dependent increase in [K+]o was observed in all experiments (Fig. 6D, E top). 
However, significantly higher stimulation-induced increases in [K+]o were measured both in 
Mlc1-null (Fig. 6F top; P=0.034) and in Glialcam-null mice (Fig. 6G top; P=0.013). In 
contrast, the sum of all fEPSP amplitudes measured during repetitive stimulation was not 
different between genotypes (Fig. 6F, G bottom; wildtype vs Mlc1-null: P=0.87; wildtype vs 
Glialcam-null: P=0.29). The observed differences in peak [K+]o were stimulation frequency-
dependent, with 20 Hz stimulation showing the strongest increase in peak [K+]o (Fig 6 F, G 
top). Despite the fact that MLC mice showed a significantly higher increase in [K+]o during 
the stimulation, the post-stimulation [K+]o recovery (80 to 20% decay time) was not different 
between MLC mice and wildtype littermates (Supplementary Fig. 5).  
These findings show that while the strength and efficacy of Schaffer collateral synapses are 
unchanged in MLC, prolonged high-frequency stimulation of these synapses leads to a larger 
increase in [K+]o in MLC mice than in their wildtype littermates.  
 
Increased network excitability in CA1 somatic layer of MLC mice  
Increased [K+]o in the dendritic layer upon repetitive stimulation could lead to stronger and 
more sustained depolarization of the dendritic tree and may therefore lead to an increase in 
network excitability. Hence, after finishing recording in stratum radiatum we moved 
recording electrodes into the CA1 cell body layer (stratum pyramidale) while keeping the 
stimulation electrode at the same position (Fig. 7A). When determining the input-output curve 
in stratum pyramidale with single stimulations, both MLC mice showed a trend towards an 
increase in population spikes (pop-spikes; for quantification of pop-spike area see Fig. 7B and 
materials and methods) although this did not reach significance (Fig. 7B, C; wildtype: n=10 
vs Mlc1-null: n=10: P=0.053; wildtype: n=11 vs Glialcam-null: n=11: P=0.076). Similar to 
what was observed in stratum radiatum, prolonged Schaffer collateral stimulation (10 s at 5, 
10 and 20 Hz) led to larger increases in [K+]o in both MLC mice than in wildtype littermates 
(Fig. 7C; wildtype vs Mlc1-null: P=0.021; Wildtype vs Glialcam-null: P=0.035). Also similar 
to stratum radiatum, the increase in [K+]o was frequency dependent (Fig. 7F, G top). 
Strikingly, the sum of all pop-spike areas evoked during the train stimulation was also 
increased in both MLC mouse models (Fig. 7C; wildtype vs Mlc1-null: P=0.015; wildtype vs 
Glialcam-null: P=0.033), indicating increased network excitability in MLC mice (Fig. 7F, G 
bottom). Similar to what we observed in stratum radiatum, the post-stimulation [K+]o 
recovery (80 to 20% decay time) in stratum pyramidale was not different between MLC mice 
and wildtype littermates (Supplementary Fig. 5). 
 
In conclusion, [K+]o recordings show that, while Schaffer collateral input strength is 
unchanged, prolonged synaptic stimulation leads to higher rises in [K+]o in CA1, both in 
stratum radiatum and in stratum pyramidale. Furthermore, this stimulation leads to higher 
amounts of synchronized AP firing of CA1 pyramidal neurons, indicating increased 
excitability of neuronal networks in MLC mice.  
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Figure 6: Larger stimulation-induced rises in [K+]o in CA1 stratum radiatum of MLC 
mice.  
(A) Schematic drawing of the hippocampus showing recording and stimulating electrodes. 
(B) Basal [K+]o in stratum radiatum (wildtype: blue; Mlc1-null: red; Glialcam-null: green). 
(C) Input output curve showing fEPSP amplitude versus stimulation current. (D, E) Top: 
averaged trace of [K+]o upon 10-s stimulation (grey area) at 5, 10 and 20 Hz. Bottom: 
averaged fEPSP amplitude for each stimulation pulse during 5, 10, 20 Hz stimulation. (F, G) 
Stimulation frequency-dependent increase in [K+]o in MLC mice with no change in fEPSP 
amplitude sum. Thin lines show individual experiment. Error bars and shaded regions indicate 
SEM. *P<0.05; **P<0.01. 
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Figure 7: Increased stimulation-induced [K+]o rises and network excitability in CA1 
stratum pyramidale of MLC mice. 
(A) Schematic drawing of the hippocampus showing recording and stimulating electrodes. 
(B) Representative field recording upon single Schaffer collateral stimulation (450 µA) in a 
wildtype mouse (blue) and an Mlc1-null mouse (red). The pop-spike area was defined as the 
shaded region in the traces. (C) Pop-spike area versus stimulation current (wildtype: blue; 
Mlc1-null: red; Glialcam-null: green). (D, E) Top: averaged trace of [K+]o upon 10-s 
stimulation (grey area) at 5, 10 and 20 Hz. Bottom: averaged pop-spike area for each 
stimulation pulse during 5, 10, 20 Hz stimulation. (F, G) Stimulation frequency dependent 
increase in [K+]o in MLC mice and total pop-spike sum. Thin lines show individual 
experiment. Error bars and shaded regions indicate SEM. *P<0.05; **P<0.01. 
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Discussion  
In this study, we have shown that an early onset of epileptic seizures is common in MLC 
patients. We studied the cellular pathophysiology of seizures in two different genetic mouse 
models for MLC. Both Mlc1-null and Glialcam-null mice show hind limb clasping, 
unprovoked epileptiform (interictal) brain activity and a lowered threshold for kainate 
induced seizures. Using slice electrophysiology we found that while AP properties and 
intrinsic excitability of principal neurons in hippocampus and primary motor cortex are 
unchanged in MLC mice, changes in [K+]o upon network activation and network excitability 
are higher in both MLC mouse models. Thus, astrocyte dysfunction in MLC leads to 
disturbed [K+]o

 dynamics and network hyperexcitability, and lowers the threshold for 
seizures.  
 
Seizures in MLC patients and MLC mouse models 
This is the first report on seizure characteristics in a large cohort of genetically confirmed 
patients with recessive MLC. An estimated 75% of all MLC patients experiences at least one 
seizure and 63% of patients older than 6 years has been diagnosed with epilepsy, which is in 
line with previous reports (Singhal et al., 2003; Yalcinkaya et al., 2003), and confirms that 
epilepsy is common in MLC. The epilepsy in MLC patients is generally well controlled with 
medication, as compared to the general epilepsy population (only 14% had moderately to 
poorly controlled epilepsy, versus 20-30% of general epilepsy patients (Sander, 1993; Berg et 
al., 2012). In spite of this, the occurrence of status epilepticus (~17%) is high compared to the 
overall occurrence reported for children and adults with epilepsy during follow-up (~10%) 
(Hauser, 1990; Berg et al., 2004; Stroink et al., 2007), indicating that once seizures are 
initiated restoring neuronal network activity to its normal state is hampered in MLC patients. 
No significant difference was found in seizure characteristics between patients with recessive 
GLIALCAM and MLC1 mutations, although this could be related to the low number of 
GLIALCAM mutated patients in the study. 
 
A striking feature of MLC is the high susceptibility to develop seizures immediately 
following mild head injury (54% of patients with seizures). In patients with epilepsy in 
general, mild head trauma is rarely reported as seizure-precipitating factor (<2% of patients 
(Nakken et al., 2005; Stanuszek et al., 2015). Interestingly, animal studies show that closed 
head injury leads to a rise in brain [K+]o (Takahashi et al., 1981; Katayama et al., 1990). The 
high sensitivity to mild head injury of MLC patients could therefore reflect an increased 
sensitivity to rises in [K+]o, which would be in line with our observations in mouse models for 
MLC (see below).  
 
Our results in Mlc1-null and Glialcam-null mice confirm that epileptiform brain activity and a 
lowered seizure threshold are an integral part of MLC. It should be noted that overt 
spontaneous behavioral seizures are absent in both mouse models for MLC. In this respect, 
the phenotype of MLC mice is milder than that of MLC patients. This discrepancy between 
MLC mice and patients has been discussed before (Dubey et al., 2015), and might be related 
to differences in chemical and structural brain composition leading to different compensation 
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by mice to loss of MLC1 function compared to humans. Another likely contributing factor is 
the much shorter life-span of mice (~2 years) than that of humans, as MLC patients develop 
major neurological dysfunction only after a delay of several years to decades (van der Knaap 
et al., 1995; van der Knaap et al., 2012).  
 
Cellular basis of epilepsy in MLC 
The use of mouse models allowed us to investigate the cellular basis of epilepsy in MLC. A 
decreased seizure threshold is often associated with changes in neuronal excitability. 
However, we did not observe any change in intrinsic neuronal excitability which could 
explain the decreased seizure threshold either in hippocampal CA1 pyramidal neurons or in 
cortical L5 pyramidal neurons. Therefore, we conclude that intrinsic hyperexcitability of 
principal neurons is not the cause of seizures in MLC.  
 
K+ sensitive electrode recordings revealed increased peak [K+]o rises in hippocampal CA1 
upon trains of Schaffer collateral stimulation in MLC mice. Importantly, the strength of 
synaptic transmission at Schaffer collateral synapses was not altered, indicating that increases 
in stimulation-induced [K+]o were not due to increased input strength. When recording 
population responses to the same Schaffer collateral stimulation in stratum pyramidale we 
observed an increase in CA1 pyramidal neuron population spiking, indicative of increased 
network excitability. In line with this, it was previously shown that modest rises in [K+]o 
increase hippocampal population spiking while leaving levels of synaptic transmission 
unaffected (Balestrino et al., 1986). Therefore, we conclude that although intrinsic excitability 
of individual neurons is unchanged, MLC mice show altered [K+]o dynamics and increased 
network excitability. 
 
How could loss of function of the astrocyte specific protein MLC1 lead to disturbed [K+]o 
dynamics and seizures? It is well established that astrocytes are crucial for [K+]o homeostasis 
(Walz, 2000; Kofuji and Newman, 2004). Furthermore, using mathematical models it was 
shown that disturbing glial K+ uptake leads to seizures (Kager et al., 2000). Indeed, 
dysfunctional astrocyte [K+]o homeostasis is implicated in epilepsy (Coulter and Steinhauser, 
2015). K+ homeostasis is tightly linked to the homeostasis of other ions, and MLC1 and 
GlialCAM colocalize and/or interact with several proteins involved in ion and water 
homeostasis. This includes the dystrophin glycoprotein complex (Boor et al., 2007; 
Ambrosini et al., 2008), Na+/K+-ATPase (Brignone et al., 2011), the swelling sensitive cation 
channel TRPV4 (Lanciotti et al., 2012) and the gap-junction protein connexin 43 (Wu et al., 
2016). MLC1 and GlialCAM may therefore play a central role in organizing these 
components necessary for astrocyte ion and water homeostasis.  
 
In the healthy brain astrocytes counteract increases in [K+]o during periods of high neuronal 
activity through transporter-mediated K+ uptake (Macaulay and Zeuthen, 2012) and spatial K+ 
buffering (Kofuji and Newman, 2004). This leads to astrocyte swelling and depolarization, 
which can be counteracted by activation of volume-regulated anion channels (VRACs). We 
and others have previously shown that mutations in MLC1 or GLIALCAM lead to dysfunction 
of astrocytic VRACs (Ridder et al., 2011; van der Knaap et al., 2012; Dubey et al., 2015), 
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leading to chronic astrocyte swelling in the MLC brain. We previously hypothesized that this 
could limit the K+ uptake capacity of astrocytes, thereby leading to activity dependent white 
matter vacuolization (van der Knaap et al., 2012). In line with this hypothesis, our study 
confirms that [K+]o is disturbed in MLC. We show that this is accompanied by network 
hyperexcitability and seizures. The fact that MLC patients show a high occurrence of status 
epilepticus fits in this framework, since a disturbed uptake of K+

 likely hampers restoration of 
disturbed ion gradients to their normal state following a seizure. 
 
MLC1 and GlialCAM share their localization in astrocyte endfeet abutting blood vessels with 
the inwardly rectifying K+ channel Kir4.1 and the water channel aquaporin-4 (AQP4). Both 
these proteins are necessary for [K+]o regulation and have been linked to seizures. Kir4.1 is 
crucial for K+ spatial buffering (Newman et al., 1984; Newman, 1986; Seifert et al., 2009) 
and for efflux of K+ from astrocytes following active transport (Macaulay and Zeuthen, 
2012). Astrocyte specific Kir4.1 conditional knockout results in reduced astrocyte K+ uptake, 
disturbed clearance of [K+]o, white-matter vacuolization, ataxia and stress-induced seizures 
(Djukic et al., 2007; Haj-Yasein et al., 2011), thereby resembling the MLC phenotype. 
However, astrocyte specific Kir4.1 knockout mice are much more severely affected and die at 
3-4 weeks of age (Djukic et al., 2007). Disturbed AQP4 levels in perivascular endfeet also 
leads to abnormal [K+]o dynamics and a seizure phenotype (Amiry-Moghaddam et al., 2003; 
Binder et al., 2006; Strohschein et al., 2011; Haj-Yasein et al., 2015), although the 
mechanism by which AQP4 interacts with Kir4.1 and impacts on [K+]o  is not fully understood 
(Nagelhus and Ottersen, 2013). 
 
Epilepsy was long thought to be primarily caused by malfunction of neurons, but in the last 
decades many studies have convincingly shown that alterations in astrocyte function play an 
important role in its pathogenesis (for review see (Crunelli and Carmignoto, 2013; Coulter 
and Steinhauser, 2015)). In line with this, our study demonstrates that defective astrocyte 
volume regulation in MLC leads to dysregulation of [K+]o, network hyperexcitability and 
seizures. These results highlight the importance of astrocyte volume regulation for neuronal 
network functioning and form an important next step in our understanding of the cellular 
pathophysiology of MLC. 
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Supplementary material  

 
 
 
Supplementary Figure 1: MRI characteristics of MLC. 
Sagittal T1-weighted images (A, B) and axial T2-weighted images (C, D) of a healthy 
individual (A, C) and an MLC patient with MLC1 mutations (B, D) at the age of 2 years. In 
the patient, the white matter has an abnormal signal and is swollen, resulting in broadening of 
the gyri (B, D). A cyst is located in the anterior temporal subcortical region (red arrow in B).  



 
Chapter 4 

132 

 
 

 
 
 
 

 
 
Supplementary Figure 2: Hind limb clasping in MLC mice.  
(A) Representative pictures illustrating the hind limb clasping phenotype (Left: wildtype; hind 
limbs splayed outwards away from abdomen, scored 0; middle, right: Mlc1-null and 
Glialcam-null mice respectively; hind limb clasping towards the abdomen, scored 2; for 
details on scoring see methods). (B) Both Mlc1-null (red: n=12) and Glialcam-null (green: 
n=8) mice exhibited significantly increased hind limb clasping severity compared to the 
wildtype controls (blue: n=14; P=0.0003; wildtype vs Mlc1-null, P=0.0003; wildtype vs 
Glialcam-null, P=0.014.). Open circles show individual mice. Bars indicate mean ± SEM.  
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Supplementary Figure 3: Intrinsic properties of layer 5 pyramidal neurons in M1. 
 (A) Schematic showing region of recording (primary motor cortex, M1). (B) Representative 
AP firing pattern of a wildtype (blue) and an Mlc1-null (red) pyramidal neuron upon 250, 
350, 450 and 600 pA current injection. (C) Top: AP waveform of the first AP fired by single 
cells (thin lines) and the average AP waveform per genotype (thick lines). Bottom: AP phase 
plane plot of the first AP fired by single cells. Data of Mlc1-null mice (red) and wildtype 
littermates (blue) are shown on the left and data of Glialcam-null mice (green) and wildtype 
littermates (blue) on the right. (D) Active properties (first three panels; threshold, AP peak 
and half-width) and passive properties (last three panels; input resistance (Rin), resting 
membrane potential (RMP) and rheobase) for wildtype (blue) and Mlc1-null mice (red) and 
(E) for wildtype (blue) and Glialcam-null mice (green). No differences were observed 
between MLC mice and their wildtype littermates (see also Supplementary Table 3). (F) 
Input-output curve showing AP firing frequency versus stimulation current (left) and scatter 
plot showing maximum firing frequency (right) for wildtype (blue) and Mlc1-null (red) 
pyramidal neurons and (G) for wildtype (blue) and Glialcam-null (green) pyramidal neurons. 
No differences were observed between Mlc1-null mice and their wildtype littermates. In 
Glialcam-null mice we observed a significant decrease in input output curve (wildtype vs 
Glialcam-null: P=0.040) and in maximum firing frequency (wildtype vs Glialcam-null: 
P=0.006). This reduced excitability in Glialcam-null mice cannot account for network 
hyperexcitability. Error bars and shaded regions indicate SEM. **P<0.01; ***P<0.001. 
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Supplementary Figure 4: Prolonged stimulation of layer 5 pyramidal neurons in M1. 
(A) Representative firing response trace of a layer 5 pyramidal neuron in M1 during 
prolonged stimulation. (B) Representative phase plane plots showing the first derivative (V s-

1) versus membrane voltage (mV) for representative wildtype (blue, left) and Mlc1-null (red, 
right) neurons. Each line represents the first action potential from a 20-s current step, with the 
earliest AP as darkest color and latest AP as lightest color. (C-E) Input-output curves showing 
the average firing frequency (C; wildtype vs Mlc1-null; P=0.970; wildtype vs Glialcam-null; 
P=0.095), average half-width (D; wildtype vs Mlc1-null; P=0.1322; wildtype vs Glialcam-
null; P=0.330) and average AP peak (E; wildtype vs Mlc1-null; P=0.669; wildtype vs 
Glialcam-null; P=0.584) per 20-s current step versus stimulation current (represented as 
multiplications of the rheobase). Left panels show data from Mlc1-null mice (red, n=12) and 
wildtype littermates (blue, n=18); right panels show data from Glialcam-null mice (green, 
n=32) and wildtype littermates (blue, n=21). Shaded regions indicate SEM.  
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Supplementary Figure 5: No change in the post stimulation [K+]o decay.  
(A) Extracellular K+ decay time after stimulation (time between reaching 80% and 20% of the 
relative [K+]o increase at the end of the stimulation train; 80-20% decay time), recorded in 
stratum radiatum, was not significantly different when comparing MLC mice with wildtype 
littermates. Top shows 80-20% decay time for Mlc1-null mice (red) and wildtype littermates 
(blue) for 5, 10 and 20 Hz stimulation frequencies (Mlc1-null: n = 10; wildtype: blue line: n 
=10: top). Bottom shows the same but for Glialcam-null mice (green) and their wildtype 
littermates (blue; Glialcam-null: n=11; wildtype: n=11). (B) Same as in (A), but for 
recordings performed in stratum pyramidale. Again, no difference in decay time was observed 
in MLC mice (Mlc1-null: n=10; wildtype: n=10) (Glialcam-null: n=11; wildtype: n=11). Thin 
lines show individual experiment. Thick lines show mean ± SEM. *P<0.05; **P<0.01. 
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Supplementary Figure 6: Calibration of K+ sensitive electrodes.  
(A) Differential voltage response of successive introduction of calibration solutions 
containing increasing amounts of  K+ ions (3, 6, 12, 24, 48 mM KCl). (B) Semi-log graph of 
the voltage response vs [K+]o. Each electrode was calibrated before (blue line) and after (red 
line) the brain slice recording. Points show steady-state voltage at different [K+]o values; lines 
show sigmoidal fits to these points.  
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Supplementary Table 1. Details on clinical inventory. 
 
 MLC1 GLIALCAM Overall 

All patients 
   

≥1 seizure 64.5% (91/141) 70.6% (12/17) 65.2% (103/158) 

Patients with seizures    

Number of seizures    
   Single seizure 11.0% (9/82) 27.3% (3/11) 12.9% (12/93) 
   Well controlled epilepsy 74.4% (61/82) 63.6% (7/11) 73.1% (68/93) 
   Moderately - poorly controlled epilepsy 14.6% (12/82) 9.1%  (1/11) 14.0% (13/93) 

History of status epilepticus 16.4% (12/73) 18.2% (2/11) 16.7% (14/84) 

Epilepsy related death 2.2%  (2/91) 8.3%  (1/12) 2.9% (3/103) 

Mild head trauma as provoking factor 57.9% (44/76) 30% (3/10) 54.7% (47/86) 

 
Numbers in the denominator represent the number of patients for whom information is 
available. 85 patients were male and 73 female. The median age of patients at the latest 
clinical evaluation was 12 years (range 17 months – 56 years).   
 
  



  
 
 

Supplementary Table 2. Intrinsic properties of hippocampal CA1 pyramidal neurons. 
 
 wildtype Mlc1-null Normal 

distribution 
P-value wildtype Glialcam-

null 
Normal 

distribution 
 P-value 

   n-number 9 11   14 7   

   Vm (mV) -58.8±2.0 -60.6±1.8 no 0.78 -56.5±1.1 -59.4±1.4 yes 0.14 
   Input resistance (MΩ) 112.7±6.2 116.2±5.9 yes 0.68 112.6±5.1 104.0±6.9 yes 0.33 

AP properties 
        

   Rheobase (pA) 108.3±9.3 118.2±12.7 yes 0.55 103.6±10.8 114.3±10.7 no 0.20 
   Threshold (mV) -47.1±1.1 -46.2±0.8 yes 0.46 -47.5±0.8 -46.9±1.1 no 0.66 
   Absolute peak (mV) 65.2±1.0 65.7±0.6 yes 0.68 62.5±0.7 67.1±0.5 no 0.0002 
   Max rise (mV/ms) 710.8±21.8 693.0±23.0 yes 0.59 721.2±9.4 754.6±21.4 yes 0.11 
   Max decay (mV/ms) 129.4±4.9 125.4±5.0 yes 0.58 136.5±2.2 136.8±5.4 yes 0.95 
   Half-width (ms) 0.66±0.02 0.70±0.02 no 0.10 0.62±0.01 0.68±0.02 no 0.0063 
   Absolute AHP (mV) -56.0±1.2 -56.5±0.8 yes 0.75 -57.6±0.9 -56.3±0.7 yes 0.34 
   Max firing frequency (Hz) 36.4±4.3 37.2±1.9 no 0.24 43.1±2.6 47.5±2.7 yes 0.61 

 
Values indicate mean ± SEM.  
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Supplementary Table 3. Intrinsic properties of layer 5 pyramidal neurons in M1. 
 
 wildtype Mlc1-null Normal 

distribution 
P-value wildtype Glialcam-

null 
Normal 

distribution 
 P-value 

   n-number 18 12   21 32   

   Vm (mV) -69.6±1.2 -66.1±1.6 Yes 0.09 -68.4±0.7 -67.4±0.7 Yes 0.21 
   Input resistance (MΩ) 71.8±7.1 68.3±7.9 Yes 0.75 73.5±7.1 64.7±4.8 Yes 0.29 

AP properties 
        

   Rheobase (pA) 263.9±19.4 289.6±27.9 Yes 0.43 275±20.6 300±18.2 Yes 0.38 
   Threshold (mV) -39.8±0.8 -37.7±1.1 Yes 0.13 -39.0±1.0 -39.3±.5 Yes 0.74 
   Absolute peak (mV) 50.0±0.6 49.7±1 Yes 0.75 52.6±1.2 50.5±0.8 Yes 0.12 
   Max rise (mV/ms) 625.1±12.4 629.8±20.1 Yes 0.84 601.1±16.6 583.6±13.9 Yes 0.42 
   Max decay (mV/ms) 176.9±9.2 175.7±9.6 Yes 0.93 164.3±6.5 157.4±5.4 No 0.53 
   Half-width (ms) 0.44±0.02 0.41±0.02 Yes 0.41 0.47±0.02 0.49±0.01 No 0.25 
   Absolute AHP (mV) -56.9±0.8 -56.8±1.3 Yes 0.95 -52.1±0.9 -53.7±0.9 No 0.06 
   Max firing frequency (Hz) 49.0±2.8 49.9±6.9 No 0.80 49.0±2.6 38.9±2.5 Yes 0.006 

 
Values indicate mean ± SEM.  
 
 
 
Supplementary Movie 1. Correlation of SS, CS and IF events with behavioral seizures. 
Movie shows video recorded seizure behavior together with the simultaneously recorded ECoG signal (inset) in a Glialcam-null 
mouse. Racine score and ECoG event type is highlighted when relevant. Simple spike-waves did not have a clear behavioral correlate, 
while complex spike-waves often correlated with head jerks. Runs of intermediate frequency discharges co-occurred with severe 
motor seizures. 
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Supplementary methods 

ECoG analysis: Automated epileptiform event counting 
ECoG recordings were processed with the Neuroarchiver tool (Open Source Instruments, 
http://www.opensourceinstruments.com/Electronics/A3018/Seizure_Detection.html). Full details 
on this software and its method of event classification is on the website or in (Wykes et al., 
2012). Briefly, event detection was performed by determining values of six metrices (described 
below) from subsequent 1-s ECoG epochs, and comparing them with a library of events, which 
had manually been classified as seizure-like.  For automated event detection a power threshold 
was set (5 times baseline power), and putative events were those epochs in which this threshold 
was crossed. For each such event, the following six metrices were determined: power (in the 0-
200 Hz band), coastline (the cumulative absolute difference in voltage between consecutive data 
points), voltage asymmetry (balance of points exceeding two standard deviations on either side 
of the mean), coherence (voltage range/standard deviation), intermittency (low-frequency power 
of the rectified high-frequency signal) and rhythm (periodicity). To obtain a metric bounded 
between 0 and 1, a sigmoidal function was applied to these six parameters. Based on these six 
parameters, events were classified according their Euclidian distance to events in a manually 
constructed event library. The event library was constructed by an operator who, with reference 
to synchronized video recordings, classified events as ‘no event or baseline’ (no obvious 
electrographic or behavioral event), ‘interictal event’ (< 250 ms; short-high-frequency bursts, 
>250 ms; long-high-frequency bursts) or ‘artifact’ (grooming related noise or antenna glitches). 
In recordings from kainate injected animals, several additional event types appeared: single 
negative peak spike waves (‘simple’ spike-waves, SS), spike waves having one or more 
shoulders (‘polyspike’-waves or complex spike-waves, CS) and runs of intermediate frequency 
(IF) discharges (5-12Hz) lasting 0.2-12 s with typically smaller amplitude (Fig. 3B and 
Supplementary Movie 1). During library construction, the event classifier stepped through 
subsequent putative events from either 48-h or kainate induced seizure ECoG recordings, and 
putative events were provisionally identified as belonging to above categories according to their 
Euclidean distance to previously classified neighbors. This classification was manually overruled 
until the percentage of false allocation was sufficiently low. All event types were classified using 
a single library. Following library construction, all ECoG data was analyzed by comparison of 
putative events with the library without further manual interference. 

Patch clamp analysis 
Data were analyzed using a custom-written script in Matlab (version R2012a). Input resistance 
was calculated from the steady-state response to hyperpolarizing current pulses. AP parameters 
were measured from the first AP evoked during the current step protocol. APs were required to 
exceed a membrane potential threshold of -20 mV and a speed threshold of 10 mV/ms to be 
included in analysis.  AP threshold was defined by determining the peak of the AP derivative, 
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and measuring the membrane potential at which 10% of this maximum was reached. AP half-
width was calculated as the time difference between the two time points corresponding to 50% of 
the AP amplitude (AP peak-AP threshold). Absolute AHP peak value was defined as the 
minimum membrane potential within 100 ms after the AP peak or until the next AP peak was 
generated. Input-output characteristics were calculated as average firing frequency for every 
current step. The maximum firing frequency was defined as the highest average frequency 
reached on a current step.  
 

K+-sensitive electrode analysis 
Data was analyzed using custom-written procedures in IGOR-pro (Wavemetrics). Voltage / [K+] 
curves obtained during calibration were fitted using a sigmoidal function. The differential 
voltage values obtained in the slice were then transformed into [K+] by using the transformation 
curve obtained through averaging calibration curves from before and after the experiment. 
Relative [K+]o peak was defined as the maximum [K+]o measured during extracellular 
stimulation relative to the baseline [K+]o measured just before stimulation. 80-20% decay time 
was measured by determining the time between crossing 80% and 20% of the relative [K+]o level 
measured at the end of the extracellular stimulation train. fEPSP peak was determined for each 
fEPSP recorded in Stratum radiatum. Population spike area was determined from field 
recordings in Stratum pyramidale, and defined as the area between large negative deflections in 
the measured fEPSP and a fitted diagonal connecting neighboring local maxima (Fig. 7B; shaded 
area). 
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Discussion 
 
The principal aim of the work presented in this thesis was to examine a genetic disease 
characterized by chronic white matter edema, megalencephalic leukoencephalopathy with 
subcortical cysts (MLC), in order to increase our understanding of this disease as well as that 
of water homeostasis in the healthy brain.  Over the course of three chapters, we tested the 
validity of two mouse models for MLC (Mlc1-null and Glialcam-null mouse). Importantly, 
we then used these MLC mice to investigate the pathophysiological mechanisms leading to 
activity-dependent brain edema. In this discussion, I will first address the need for a validated 
model to study a human disease. I will focus on the similarities and the slight differences 
between the two mouse models and discuss the gaps of knowledge that these mouse models 
helped to fill. Additionally, I will compare our work to that of other research groups that have 
generated MLC mouse and zebra-fish models. In the second part of the discussion I will 
focus on the implications of the mouse model studies for our understanding of brain ion-
water homeostasis. Finally, I will discuss unsolved questions and future directions for MLC 
research. 
 

Missing models of MLC 
 
It is widely accepted that lessons learned from Mendelian disorders can help us understand 
multi-factorial complex disorders. For example, identification of loci for susceptibility to 
schizophrenia, mapped by studying monogenic diseases, has contributed significantly to 
understanding the complexity of this disease (Lindsay et al., 1995; Millar et al., 2005). MLC 
is a genetic disorder that provides us with the opportunity to study the complex mechanism of 
chronic white matter edema in detail, and also sheds light on water homeostasis in the healthy 
brain. 
As discussed in the introduction and in chapters 1 and 2, previous studies on MLC1 are based 
on patient tissue obtained from biopsies and from one autopsy, on patient leukocytes, and 
most of all on cell lines engineered to knockdown or overexpress MLC1. Only one study has 
been reported on tissue of a patient with GLIALCAM mutations. MLC patient tissue is 
extremely scarce and hence in-depth research on MLC1 and GlialCAM function in the intact 
brain is missing.  
In MLC, the evidence generated from previous research on patient tissue and mice suggests a 
complex inter-communication between different cells in the brain (neurons, oligodendrocytes 
and astrocytes) and brain-fluid barriers. Hence, to study the pathomechanism of MLC, it is 
vital to have a model that recapitulates the astrocyte network and the intact blood-brain 
barrier together with neurons and myelinated axons. To model and study such a system in 
vitro is at present not feasible, and good models can only be achieved by disruption of either 
MLC1 or GlialCAM in the living brain. Availability of such a living brain model is not only 
a powerful tool to study the role of the MLC1 and GlialCAM proteins, but can answer 
numerous questions related to their physiologic role in myelination and brain development 
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and importantly can help understand movements of ions and water between multi-cellular 
compartments in the healthy brain. 
 
In chapter 2, we developed and characterized an Mlc1-null mouse to model the human MLC 
disease. We also tested the validity of the Glialcam-null mouse as a model for the human 
disease (chapter 3). With these two studies, we filled the gap of missing models. The first and 
the major effort was to verify if MLC mouse models reflect human MLC. 
 

Human and mouse MLC1 and GlialCAM expression patterns 
 
Different as they are, humans and mice are surprisingly similar on many levels. Regions of 
the mouse and human genomes that code for proteins are 85% identical, ranging from 60% to 
99% for some genes. By contrast, non-coding regions are much less similar (50% or less). 
Humans and mice get similar diseases, in many instances due to the same genetic causes 
(Batzoglou et al., 2000). Therefore, results from mouse experiments can be insightful for 
human diseases. However, we must be careful when making comparisons. It is important to 
realize and to stress that increased understanding from a mouse model is only helpful, if 
testable predictions from the mouse work are confirmed or refuted in experiments on human 
brains, preferably of patients. If the data from mice and humans are not in line, then the 
increased insight into the studied process only applies to the respective species.  
To prepare for our study of mouse models for the human disease MLC, we first looked at the 
expression patterns of MLC1 and GlialCAM in the normal developing brain of humans and 
mice. 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 of age, although full completion is not 
reached before adolescence. 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. In the second year of life, the megalencephaly and 
white matter edema stabilize. The timing of the megalencephaly and its progression coincide 
with the onset and rate of myelination. This is an important correlation to take into account, 
linking megalencephaly in MLC to myelination. To understand whether the period of rapid 
myelination correlates with expression of genes involved in MLC, we looked at the MLC1 
and GlialCAM expression pattern during brain development in normal humans and mice. We 
showed that MLC1 and GlialCAM expression in the human brain is highest in the first year 
of life and then slowly decreases to stabilize from 5-8 years of age. So, the development and 
severity of white matter edema in MLC parallel myelination and MLC1 and GlialCAM 
expression in the brain are highest during most active myelination. In the case of a defect in 
MLC1 or GlialCAM, white matter swelling starts with myelination and is most severe when 
myelination is most active and expression of MLC1 and GlialCAM is highest.  
 
In mice, myelination occurs soon after birth, and most myelin is deposited within the first 3 
to 4 postnatal weeks. In the mouse brain, MLC1 and GlialCAM expression increases with 
age up to 3 weeks and remains relatively constant thereafter. Our results indicate that, in 
mice, expression of both MLC1 and GlialCAM increases during rapid myelination and 
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reaches a plateau when most myelin has been deposited. Hence, looking at the expression 
temporal profile for MLC1 and GlialCAM, this is suggestive of an evolutionarily conserved 
functional role during active myelination of both proteins across species.   
 
We observed a unique difference in the temporal expression pattern of MLC1 and GlialCAM 
between the human and mouse brain. Interestingly, although in both species expression of 
MLC1 and GlialCAM reaches its peak during early brain development and active 
myelination, expression stays high in mice throughout their lifespan whereas in humans 
expression goes down soon after bulk myelination has occurred and stabilizes a few years 
later. The reason for this difference is unclear and uninvestigated. One could speculate about 
the reasons. There are many differences between mouse and human brain, both in timing and 
rate of development and myelination, life span, as well as brain white matter structure, 
composition and metabolism. MLC presumably arises because of a defect in compensating 
action potential generated shifts in ions and water in myelinated fibers. Notably, mice hardly 
have cerebral hemispheric white matter, whereas humans have a large volume. Differences in 
metabolic rate determine differences in production of metabolic water. The cellular and 
molecular composition of mouse and human brains also differs. So, many factors could be 
responsible for the difference in MLC1 and GlialCAM expression patterns over time and 
most likely the explanation is multifactorial. 
 

Filling the gaps 
 
Significant progress in our understanding of MLC followed and will follow the development 
of MLC mouse models. Due to the previous lack of a living model allowing dynamic studies 
at the cellular level in intact tissue, our knowledge of MLC1 and GlialCAM and their role in 
vivo has been limited by insufficient spatial and temporal resolution.  The use of MLC mouse 
models has helped to clarify longstanding controversies in the field. Here I discuss the gaps 
in knowledge that we filled, but also some questions that arose in the process. 

Cell type specific expression in mice 
 
One of the main questions raised after identification of the proteins that are malfunctioning in 
MLC was the cellular and subcellular localization of these proteins. 
We developed Mlc1-promoter-driven GFP-expressing Mlc1-null mice that could settle an old 
controversy concerning the spatial localization of the MLC1 protein.  In both human and 
mouse brain, MLC1 is expressed in cells of astroglial lineage. Abundant MLC1 expression in 
neurons and axons has only been reported in mice (Teijido et al., 2004; Teijido et al., 
2007).  Using heterozygous mice expressing fluorescent protein driven by the Mlc1 promoter, 
we confirmed that GFP positive cells are astrocytes, Bergmann glia, and ependymal cells and 
not neurons, oligodendrocytes or endothelial cells. This confirms the exclusive 
compartmentalization of MLC1 protein in cells of astroglial lineage also in mice 
(chapter2; (Schmitt et al., 2003). 
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GlialCAM, a cell adhesion protein, has a wider expression than MLC1. GlialCAM is not only 
expressed in astrocytes, but also in neurons and oligodendrocytes (Depienne et al., 2013; 
Favre-Kontula et al., 2008). Recent studies suggest a role for GlialCAM as chaperone protein 
for MLC1 and ClC2 in astrocytes. Using a cell culture system, it has been shown that 
GlialCAM is not only a chaperone protein, but can also act as an auxiliary subunit of the 
ClC2 channel, changing rectification properties of ClC2-mediated currents (Jeworutzki et al., 
2012). These studies are suggestive of more than one role of GlialCAM, which could 
possibly explain its broad spatial expression in comparison to MLC1. However, although 
GlialCAM might have additional roles in the brain, it is puzzling that the loss of either MLC1 
or GlialCAM produces an indistinguishable disease phenotype.    
 

Megalencephaly, increased water content and swollen astrocytes in MLC 
 
One of the striking clinical signs of MLC patients is megalencephaly. MRI studies indicate 
high water content in the brain. We looked at brain size and water content of MLC mice at 
different developmental stages. Megalencephaly was visually noticeable in MLC mice at 7 
months of age. Differences in the brain wet weight between MLC mice and control mice 
started appearing between postnatal day 7 to postnatal day 21 and remained through life. No 
differences in the brain dry weights were found indicating that the increase in size is due to 
increased water content of the brain and not due to increased amount of tissue. It is notable 
that the increase in the water content of the brain between P7 to P21 correlates with the 
normal peak expression of MLC1 and GlialCAM in the mouse brain. 
  
Strategic localization of astrocytic MLC1 and GlialCAM around the brain fluid barriers, 
together with an increase in brain water content in MLC patients and mice, is suggestive of 
a role of these proteins in ion and water homeostasis of the brain.  Indeed, we observed 
astrocytic morphological changes at P21 and astrocytes stayed swollen throughout adult life 
(we sampled until 12 months) in both MLC models. Around the blood vessels and to a lesser 
degree underneath the pial surface astrocytes appeared hypertrophic. The astrocytic cell 
processes abutting blood vessels and brain surface were enlarged, a change that was clearly 
detectable by both electron and optical microscopy. In Mlc1-null mice, we saw no change in 
the expression of GFAP, vimentin and nestin in these cells arguing against reactive gliosis 
and rather suggestive of physical swelling of the astrocytes. MLC mice generated by another 
group also showed a significant increase in Bergmann glia membrane capacitance, suggestive 
of swollen cellular size (Hoegg-Beiler et al., 2014). These recordings were made in acute 
brain slices from MLC mice kept in isotonic anion selective solution in the presence of gap-
junction blockers. The finding of swollen perivascular astrocytic process in mice is in line 
with compartmentalization of water-filled vacuoles in astrocytic end-feet in a brain biopsy 
from an MLC patient (Duarri et al., 2008).  
 
Early megalencephaly, cytoplasmic swelling of astrocytes and progressive vacuolization of 
myelin are the key features of MLC. Some studies also report increased size of 
extracellular/interstitial spaces (Harbord et al., 1990; Pascual-Castroviejo et al., 2005). To 
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test if the increased water content of the brain is due to a leaky BBB we stained for 
immunoglobulin (IgG) in  Mlc1-null mice. We could not find IgG staining in the brain 
parenchyma suggesting that the integrity of the BBB is intact in Mlc1-null mice and that the 
increase in brain water content in Mlc1-null mice is not due to a leaky BBB. With 
Hematoxylin-Eosin and GFAP staining, we found no evidence of cell death or toxicity in 
MLC mice brain. Therefore swelling of astrocytes in MLC cannot be explained by vasogenic 
or cytotoxic brain edema. Cytoplasmic swelling of astrocytes (ICF), vacuolization of myelin 
(ISF) and enlarged extracellular spaces (ISF) represent a rearrangement of increased 
parenchymal water mass between compartments. This intracellular-extracellular distribution 
of water quantities in the MLC mouse brain does not fit the existing edema classification and 
calls for a new category, caused by disturbances of astrocyte volume regulation.  
 

Reduced VRAC activity and slow regulatory volume changes 
 
Several years ago, our research group discovered that volume-regulated anion channel 
(VRAC) activity is impaired in MLC (Ridder et al., 2011). By using multiple cell lines over- 
and under-expressing the MLC1 protein, impairment of VRAC function was shown when 
MLC1 expression was reduced. These results in artificial cell lines were confirmed in MLC 
patient lymphoblasts. Impairment of VRAC activity after hypo-osmotic shock was elegantly 
connected to reduced regulatory volume decrease (RVD) in patient lymphoblasts. We 
performed similar experiments on primary cortical astrocyte cultures prepared from Mlc1-
null mice (chapter 2). We activated VRAC via brief trypsin treatment and by replacing the 
isotonic extracellular solution with a hypotonic solution. In both conditions, we found 
significantly reduced outward rectifying anionic currents in astrocytes from Mlc1-null 
compared to wild-type mice. Furthermore, we could partially rescue outward rectifying anion 
currents by re-expression of MLC1 with the help of an adeno-virus. Added to these 
experiments, we also looked at RVD in astrocytes from Mlc1-null mice. In line with previous 
findings from MLC patient lymphoblast, we found a disturbed RVD in Mlc1-null astrocytes 
as compared to control astrocytes. 
In a study performed in parallel by another research group on MLC mice, the inward 
rectification properties of ClC2 currents were studied in Bergmann glia in acute brain slices 
(Hoegg-Beiler et al., 2014).  Only moderate changes were found in early activation of the 
inward current density and delayed inactivation current densities were not different between 
MLC and control Bergmann glia. The authors concluded that such moderate differences in 
ClC2 current density were due to the increase in cell capacitance and changes in the electrical 
accessibility of ClC2 currents from the processes of the Bergmann glia. In this study the 
outward rectifying VRAC properties in isotonic or hypotonic conditions were unfortunately 
not studied.  
In yet another study using primary rat astrocyte cultures, GlialCAM together with MLC1 was 
shown to be required for proper VRAC activation (Capdevila-Nortes et al., 2013). In this 
study, astrocytes were isolated at postnatal day 0-2 and were treated with Dibutryl-cAMP to 
differentiate and increase MLC1 expression (Capdevila-Nortes et al., 2013). Later, the same 
research group showed no significant changes in VRAC activity using primary astrocyte 
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culture from Mlc1-null mice (Sirisi et al., 2014). Although we do not know the explanation 
for this discrepancy, it might be related to the timing of MLC1 expression in mice. In the 
study where no VRAC activity changes were observed, primary astrocytes were isolated from 
mice at postnatal day 2 and were not treated with Dibutryl-cAMP. Previous studies, including 
the one in chapter 2 of this thesis, suggested no significant MLC1 expression at P2. We 
isolated primary cortical astrocytes at P7, when a sufficient number of astrocytes show 
endogenous MLC1 expression. Therefore, we conclude that care has to be taken when 
studying MLC1 and GlialCAM function in isolated cells. Control tests for sufficient levels of 
MLC1 expression under the chosen experimental conditions are crucial. 
 

Progressive white matter edema in MLC 
 
MRI and diffusion parameters indicate swelling of the cerebral white matter because of 
increased water content in MLC patients (Singhal et al., 1996; van der Knaap et al., 1995). As 
described in the introduction, the brain biopsies from MLC patients showed countless fluid-
filled vacuoles within the outer lamellae of myelin sheaths and, to a lesser degree, in 
perivascular astrocytic end feet. We looked at the structure and development of myelin in the 
MLC mice at multiple ages (chapters 2 and 3). We found progressive myelin vacuolization in 
both MLC mouse models with a slight difference in the timing of the appearance of vacuoles. 
In Glialcam-null mice, vacuolization of the cerebellar white matter was detectable as early as 
P21. In Mlc1-null mice, no vacuolization was observed until the age of 3 months. Despite the 
difference in the timing of appearance of vacuoles, vacuolization was progressive over time 
in both the MLC mice. 
  
Recently, a divergent and interesting approach to the study of MLC1 function was taken by a 
Japanese group, that generated two new mouse models, one with Mlc1 overexpression (Mlc1-
OE) and the other with Mlc1 knockout (Mlc1-KO) (Sugio et al., 2017). In this study, Mlc1-
OE (also called early onset leukodystrophy; myelin vacuolization at 1 month), and Mlc1-KO 
(also called late onset leukodystrophy; myelin vacuolization at 15 month) mice were 
characterized. Mlc1-OE and Mlc1-KO mice were generated via the FAST (Flexible 
Accelerated STOP TetO-knockin) gene modulation system. The authors found much earlier 
vacuolization of the corpus callosum in Mlc1-OE mice (at 1 month of age) than in Mlc1-KO 
animals (cerebellar white matter vacuolization at 15 months). In our Mlc1-null mice (chapter 
2), cerebellar white matter vacuolization starts around 3 months. The difference in the onset 
of vacuolization and pathology between the two models (null versus KO) could be related to 
the genetic approach used to generate the respective mouse lines. Our Mlc1-null mice were 
generated via complete removal of exon 2 and 3, making the MLC1 protein non-functional 
throughout mouse life. By contrast, Mlc1-KO mice were generated via suppression of the 
Mlc1 promoter region. Therefore, any residual Mlc1 expression in the Mlc1-KO can be 
sufficient to delay the pathology. This could explain delayed onset of white matter 
vacuolization in Mlc1-KO mice.   
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In the same study the authors used a biochemical assay to show that overexpressed MLC1 in 
the Mlc1-OE mice precipitates with components of the Na+/K+-ATPase pump (Sugio et al., 
2017). Furthermore, the authors showed reduced activity of Na+/K+-ATPase pump in 
astrocytes with overexpression of MLC1. By contrast, no change in Na+/K+-ATPase pump 
activity was observed in the Mlc1-KO model. The authors therefore suggested that the 
swollen astrocytes in the overexpression model are related to the reduced activity of the 
Na+/K+-ATPase pump.  The Na+/K+-ATPase pump is essential for active clearance of 
extracellular potassium (Larsen et al., 2014). The role of the Na+/K+-ATPase pump in 
astrocytic volume regulation is still not clear (Larsen and MacAulay, 2014). Notably, MLC1 
and Na+/K+-ATPase subunit interaction has been previously reported in astrocytoma cell 
lines (Brignone et al., 2011), and therefore its dysfunction could be involved in MLC. 
However, considering these findings within the frame of MLC, it should be kept in mind that 
MLC is caused by MLC1 dysfunction or absence of the protein in the astrocytic membrane 
(Chapter 1). The Mlc1-OE mouse model could be an interesting approach to investigate a 
toxic effect of MLC1 on the Na+/K+-ATPase pump and its role in white matter integrity. 
However, this study provides no additional understanding of MLC disease that is caused by 
loss of function and not by overexpression of MLC1.  
 

The function of MLC1 and associated proteins 
 
Despite research efforts on the cellular pathophysiology of MLC, the exact function of the 
MLC1 protein is still a mystery. MLC1 does not belong to a known class of proteins and is 
therefore considered to be an orphan protein. MLC1 contains internal repeats as found in 
several ion channels and it shows weak amino acid sequence similarities to certain channels 
and transporters (Teijido et al., 2004). Because of this, multiple research groups, including 
our own, have tried to pinpoint the putative ion channel function of MLC1 in heterologous 
systems, and failed. Failure to find ion channel properties for MLC1 could be simply due to 
the fact that MLC1 is not a channel or transporter. Alternatively, this failure might be due to 
the absence in these studies of other proteins that might be important for MLC1 channel or 
transporter function. One could argue that MLC1 is part of a bigger protein cluster where 
multiple ion channels and receptors form a complex cell-signaling unit. The main 
research focus slowly shifted away from the potential transporter or channel function of 
MLC1 to its association with other proteins that are channels or transporters.  Development 
of MLC mouse models could play a key role in delineating the spatiotemporal localization of 
the proposed MLC1 partner proteins. Hence, in chapters 2 and 3, using the MLC mouse 
models we investigated the spatial expression patterns of MLC1 partner proteins in the 
absence of MLC1 or GLIALCAM. 

·     MLC1-GLIALCAM-CLC2 troika 

Cell culture-based studies showing clear MLC1-GlialCAM and GlialCAM-CLC2 
interactions (Capdevila-Nortes et al., 2013; Jeworutzki et al., 2012; Lopez-Hernandez et al., 
2011a) prompted us to investigate the co-localization of these proteins in vivo. Using MLC 



Chapter	5	

	 151	

mice, we investigated the spatial localization of the proteins. We found that lack of either 
MLC1 or GlialCAM leads to disturbed membrane localization of the other protein in 
Bergmann glia and at the perivascular astrocytic end feet (Chapters 2, 3).  Similar findings 
were reported in parallel studies performed by another group on MLC mouse and zebrafish 
models (Hoegg-Beiler et al., 2014; Sirisi et al., 2014). When looking at the total protein 
expression level in cerebellum of MLC mice, it was shown that while loss of GlialCAM leads 
to both reduced expression and loss of normal localization of MLC1 in the cerebellum, loss 
of MLC1 has no effect on GlialCAM expression level, but only affects its subcellular 
localization (Hoegg-Beiler et al., 2014). These results suggest a complex interplay between 
these three proteins. 
 
Using MLC patient tissue the localization and expression of MLC1 and GlialCAM has also 
been studied. Importantly, one study showed no change in either the localization or the 
expression of GlialCAM in cerebral brain tissue from a patient carrying recessive MLC1 
mutations (Lopez-Hernandez et al., 2011b). However, surprisingly, the same research group 
more recently suggested a disturbed localization of GlialCAM in cerebellar Bergmann glia 
from another patient with recessive MLC1 mutations (Sirisi et al., 2014). Although we do not 
know the reason for the disparity between these two studies, these findings highlight that 
results concerning dependency of GlialCAM localization on MLC1 expression cannot be 
easily translated from mouse to human. With different conclusions from two different MLC 
brain tissue studies, at this moment we cannot conclude if the findings in mice are in line 
with the MLC patient material. More experiments are required using MLC patient tissue to 
validate the findings in MLC mice.  
 
Hoegg-Beiler and colleagues also found reduced ClC2 expression and localization in 
Bergmann glia and disturbed membrane localization of ClC2 at perivascular end feet in the 
mice lacking either MLC1 or GlialCAM protein. We found low immunoreactivity of ClC2 
protein in the cerebellum of both MLC mice (chapter 2 and 3). Using immuno-EM, we found 
ClC2 immuno-reactivity in the perivascular astrocytic end feet of the GlialCAM-null mice 
(chapter 3). Interestingly, using immunofluorescence and Western blot, Hoegg-Beiler and 
colleagues showed no detectable changes in MLC1 and GlialCAM expression in ClC2-null 
mice (Hoegg-Beiler et al., 2014). Concluding from the recent studies on mice, this suggests a 
degree of dependency of ClC2 localization on MLC1 and GlialCAM. However at this 
moment our understanding is limited to studies on mouse brain and future experiments are 
need to validate these findings using MLC patient tissue. 
  
Although the results described above suggest a molecular interplay between MLC1, 
GlialCAM and CLC2 in mice, the relevance of this interplay is put into question by clinical 
observations. The clinical and pathological phenotypes related to MLC1/GLIALCAM 
mutations versus CLCN2 mutations in humans are quite different. In humans, bi-allelic 
recessive mutations in MLC1 or GLIALCAM lead to a clinically indistinguishable disease 
(classical MLC) with megalencephaly, increased water content in the cerebral white matter 
and epilepsy.  Recessive mutations in CLCN2 on the other hand lead to a clinically distinct 
leukodystrophy with no megalencephaly, a different distribution of the brain white matter 
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pathology and no epilepsy (Depienne et al., 2013). In patients with mutations in CLCN2, 
MRI studies show low apparent diffusion coefficient (ADC) values suggesting micro-
vacuolization of the white matter (Depienne et al., 2013). By contrast, patients with classical 
MLC show high ADC values suggestive of macro-vacuolization of the white matter (van der 
Voorn et al., 2006).  In mice, MLC1, GlialCAM, and CLC2 dysfunction lead to progressive 
vacuolization of the cerebellar white matter (chapters 2, 3 and (Blanz et al., 2007). In ClC2-
KO mice, megalencephaly was not studied; this would be an interesting topic for further 
investigation. Differences in phenotypes related to ClC2 dysfunction between humans and 
mice require further studies. In astrocytes, GlialCAM and MLC1 localization is restricted to 
cell processes and in particular end-feet (chapter 2 and 3), while CLC2 has a more diffuse 
membrane localization (Depienne et al., 2013). The observations from disease perspective 
suggest a straightforward relation of GlialCAM as a chaperone of MLC1, but the relation 
with ClC2 is much more complicated and open for future research. 

·      MLC1-GLIALCAM-AQP4-Kir.4.1 and other associated proteins 

AQP4 is the central water channel in the brain, and therefore plays a crucial role in brain 
water homeostasis. Interestingly, previous studies have suggested a close association between 
MLC1 and AQP4 and other members of the dystrophin-associated glycoprotein complex 
(DAGC) such as the Kir4.1 potassium channel (Boor et al., 2007). This suggests that MLC1 
and GlialCAM could be involved in the proper functioning of this crucial complex in 
astrocytes. We studied the localization of AQP4 and Kir4.1 in adult MLC mouse brain 
(Chapter 3). AQP4 localization was not altered in Mlc1-null mice. By contrast, we found 
redistribution of APQ4 in Glialcam-null mouse astrocytes. Slight increases and redistribution 
of the Kir 4.1 channel were observed in Mlc1-null mice and in MLC patient material. Such 
changes were absent in Glialcam-null mice. This suggests that redistribution of members of 
the DAGC occur in MLC mice, but that there are differences between Glialcam-null and 
Mlc1-null mice. The reason for this redistribution, and why there are differences between 
different MLC mice, is currently unclear. 
 
A recent study shows intracellular calcium-dependent synergistic changes in both AQP4 and 
Kir4.1 expression in Müller glia (Jo et al., 2015). The increase in intracellular calcium was 
shown to occur via the TRPV4 channel after hypotonic-induced swelling. The TRPV4 
channel is permeable to Ca2+ and Mg2+ and activated by osmotic swelling of the cell. In 
chapters 2 and 3 we showed both MLC mice have swollen astrocytes at P21, which remain 
swollen throughout the life of the mice. Using immunohistochemistry and immuno-EM, we 
looked at TRPV4 channel expression in the brain of both MLC mice. We found TRPV4 
spatial localization in MLC mice was comparable to control mice. The chronic astrocytic 
swelling in MLC could point to disturbed activation of TRPV4 leading to changes in AQP4 
and Kir4.1 expression in MLC mice. Such conclusion requires further experiments 
investigating the functional interaction of TRPV4 and the timing of AQP4 or Kir4.1 
expression changes in MLC mouse brain. 
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In addition to the MLC-associated proteins discussed above, multiple other MLC-associated 
or MLC-interacting proteins were suggested from studies using different in vitro cell lines 
(Boor et al., 2007; Brignone et al., 2011; Jeworutzki et al., 2012; Lanciotti et al., 2012). We 
used immunofluorescence and immuno-EM to investigate spatial changes in several of them, 
namely α- and β-dystroglycan, β1 subunit of Na,K-ATPase, ZO-1, and caveolin-1. We found 
no changes in the localization of these proteins in either Mlc1-null or Glialcam-null mice 
compared with control mice. The previously reported association could be related to the in 
vitro experimental manipulation probably explaining the discrepancy between previous in 
vitro and our in vivo results. 
 
A recent study suggests that GlialCAM associates with connexin 43 and enhances its 
localization at cellular junctions (Wu et al., 2016). Important to note, astrocyte specific 
deletion of connexins 43 and 30 leads to white matter vacuolization similar to MLC mice 
(Lutz et al., 2009).  We do not know what the exact contribution of connexin 43 is to the 
MLC pathology. It would be interesting to look at the localization of connexin 43 in MLC 
mouse brain tissue. A possible role of Connexin 43 in management of activity dependent 
extracellular potassium dynamics has been proposed (Kamasawa et al., 2005; Rash et al., 
2005).  

·      LRRC8, a Volume-regulated anion channel 

In our previous studies on the function of MLC1 in patient lymphoblasts and in heterologous 
cells, we identified the dysfunction of VRACs as a key feature of MLC (Ridder et al., 2011). 
In chapter 2 we have confirmed these findings in our Mlc1-null mice, and found reduced 
VRAC activity with disruption of the MLC1 protein. While we were performing these 
experiments the molecular identity of the VRAC was still enigmatic. However, following the 
completion of this study, its molecular identity was finally discovered (Qiu et al., 2014; Voss 
et al., 2014). It was found that VRACs are heteromers of different LRRC8 subunits. This 
finding prompted us to investigate the spatial correlation of LRRC8A (a necessary subunit for 
VRAC functioning) with MLC1 and GlialCAM. Using immunofluorescence and immuno-
EM, we found that LRRC8 is expressed at the vascular basal lamina, the location where 
MLC1 and GlialCAM are also expressed. In both MLC animals, LRRC8 spatial localization 
is unchanged (chapter 3). This suggests that at least for the astrocytic end feet surrounding 
blood vessels the LRRC8 localization does not require either MLC1 or GlialCAM 
presence.  The fact, however, that we found no difference in the spatial localization between 
control and MLC mice in no way excludes a functional interaction between the related 
proteins. Future studies exploring the activation and deactivation properties of VRACs in 
relation to MLC1 or GlialCAM could be interesting. With time, LRRC8 subunits could act as 
potential pharmacological targets for the development of therapy for MLC patients. 
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Activity dependent brain ion-water dynamics 
 
How does an astrocytic protein (MLC1) lead to progressive myelin vacuolization and 
produce a neuronal phenotype (epilepsy)? Detailed characterization of MLC mice and 
comparison of the disease in mice and humans helped us better understand MLC. However, 
the question regarding what the link is between astrocytic volume dysfunction and pathology 
of other cell types remained unanswered. As described in the introduction, brain volume 
regulation and brain excitability (epilepsy) can be interdependent. An enticing hypothesis 
suggesting activity-dependent [K]+

O dysregulation as a cause for white matter vacuolization 
in MLC was presented (van der Knaap et al., 2012). In chapter 4, the primary aim was to 
investigate epilepsy in MLC mice and MLC patients. Later, using MLC mice, we tested the 
activity-dependent management of [K]+

O to see whether this might explain the epilepsy in 
MLC. 
 

Epilepsy in MLC  
(Mice to men approach) 
 
The basic defect in MLC is disturbed volume regulation of astrocytes. While for the white 
matter, mainly consisting of myelinated fibers conducting action potentials, the consequences 
of a defect in compensating shifts in ions and water consist of swelling of astrocytes and 
accumulation of extracellular as well as intramyelinic water, the consequences for the gray 
matter, mainly consisting of neurons, may be different. Insufficient compensation of action 
potential related shifts in ions may decrease the threshold for epilepsy.  In chapter 4, we 
therefore looked at epilepsy in the MLC patient population and in MLC mice. 
 
Previous studies report sporadic epilepsy and cases of status epilepticus in MLC patients, 
especially after minor head injury (Yalcinkaya et al., 2003). Notably, although over 60% 
MLC patients have epilepsy, no study looked at the onset of epilepsy in MLC. We looked at 
epilepsy onset in the MLC patient population, and confirmed its early onset in MLC patients. 
Notably, the early onset of epilepsy in MLC patients is in line with the timing of highest 
MLC1 and GlialCAM expression. Epilepsy in MLC can easily be controlled with standard 
anti-epileptic therapy (van der Knaap et al., 1995), but status epilepticus is relatively 
common.  
 
Finding an epileptic phenotype in MLC mice was related to serendipity. In chapter 2, we 
performed a detailed behavioral monitoring of the Mlc1-null mice using an automated 
phenotyper. In 12-month-old Mlc1-null mice, we found no motor deficit using the rotarod or 
the balance beam.  Later, while handling the MLC mice for other experiments, hindlimb 
clasping and sudden freezing were observed. This led us to perform radiotelemetric 
electrocorticogram (ECoG) recordings from the motor cortex of MLC mice. These recordings 
uncovered interictal spikes and polyspike events in MLC mice. Such interictal events showed 
no behavioral correlate and only poly-spikes (> 1 sec. long) events correlated with brief 
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behavioral arrests (observation, not quantified). This triggered us to test for induced seizure 
threshold, and indeed both MLC mice showed severe seizures following administration of a 
sub-threshold dose of kainic acid. Lowered threshold to kainic acid suggests 
hyperexcitability, which could account for mild head trauma provoking seizures in MLC 
patients. Hence, with these experiments we further validate that MLC mice recapitulate 
important characteristics of MLC in humans.  
 
A decreased seizure threshold is often related to increased neuronal excitability. However, we 
found no difference in intrinsic properties of single neurons in hippocampal CA1 or in the 
motor cortex of MLC mice compared to littermates (chapter 4). Although this finding shows 
that there are no obvious differences in excitability or in somatic action potential properties, 
we cannot rule out a more subtle electrophysiological phenotype. For example, a recent study 
using an ataxia model, due to a dominant mutation in Kv1.1 channels, showed broadening of 
the action potential waveform at the presynaptic bouton while such changes were absent 
when recording at the soma of Purkinje cells (Begum et al., 2016), suggesting that a defect in 
an axonal potassium channel can modulate action potential waveform and that such changes 
cannot always be detected by somatic recordings. At this moment we do not know if the 
dysfunction of MLC1 and GlialCAM can lead to changes in the clustering of the various 
channels that are present at the pre-synaptic bouton or along the axon. It is important to note 
that in excitatory neurons broadening of the action potential waveform can lead to higher pre-
synaptic calcium influx and increase the pre-synaptic release and can also lead to 
hyperexcitability (Vivekananda et al., 2017). However, from our field potential recording 
from the CA1 hippocampus, we do not see changes in the synaptic strength between MLC 
mice and control animals. This does not completely rule out subtle synaptic changes in MLC 
mice at the single connection level between two neurons. This is an interesting point for 
future investigation in MLC research. For now, we can conclude that lowered seizure 
threshold in MLC mice is not due to altered somatic excitability of pyramidal cells.  
In our study (chapter 4) we reported an increase in peak [K]+

O during high-frequency 
stimulation of the network. We only looked at the excitatory synaptic strength in 
hippocampus CA1. Increased network excitability can also be due to reduced power of the 
inhibitory circuit. What happens to the inhibitory circuits in MLC is not known. Disturbed 
extracellular anion homeostasis can affect GABAergic cell function (Glykys et al., 2014). 
Therefore, for a complete picture it is important to still measure synaptic function of 
interneurons in MLC animals. 
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Disturbed potassium dynamics 
(Cross talk between neurons and glia) 

Compartmentalization of potassium during high frequency activity 
	
Neurons generate and conduct information-carrying voltage differences (in the form of action 
potentials) across the brain. Such rapid and continuous communication by shifting electrical 
voltage requires fast and efficient management of ions across the membrane. As discussed in 
the introduction of this thesis, the movement of ions is inextricably coupled to movements of 
water. Continuous shifts of ions and the associated osmotic water across the membrane 
generate electrical and osmotic gradient forces. Hence, tight control of water and ion 
homoeostasis is vital for normal brain function. The [K]+

O, which in resting interstitial fluid is 
between 2.7 and 3.5 mM, builds up locally as a product of each downward stroke of the 
action potential (Somjen, 2002). In excess [K]+

O can have a depolarizing effect that can 
precipitate epileptiform activity.  Therefore [K]+

O must be cleared rapidly.  
 
Astrocytes play a crucial role in regulating activity-dependent [K]+

O (Kofuji and Newman, 
2004). The vast network of interconnected glial cells helps long distance cytoplasmic 
movement of excess neuron-derived K+ and water in a process called potassium siphoning. 
Although well established in the retina, the potassium siphoning hypothesis is still 
controversial in other brain areas. In the introduction, we discussed multiple molecular 
components (channels and transporters), which might have a significant role in potassium 
spatial buffering. Perisynaptic astrocytic processes also express Kir4.1, Na+/K+-ATPase and 
NKCC1 to clear locally increased [K]+

O. It is possible that both clearance by a panglial 
syncytium (cytoplasmic movement of ions and water) and active local clearance (pump 
mediated uptake of ions and water) of [K]+

O work simultaneously and synchronize depending 
upon age, brain region (gray and white matter) and type of activity.  
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Figure	1:	Activity-dependent	 [K]+O	regulation	in	MLC.	Increase	in	the	neural	network	activity	leads	to	
increase	 in	 the	 local	 [K]+O	 in	 the	 extracellular	 space	 and	 underneath	 the	myelin	 at	 the	 juxtaparanodal	
region	 (top).	 In	 the	healthy	brain	 (left),	 the	perineuronal	 and	perisynaptic	astrocyte	processes	 takes	up	
this	 excess[K]+O,	 which	 causes	 minor	 swelling	 of	 astrocytes	 (left,	 middle).	 With	 regulatory	 volume	
decrease	 astrocytes	 regain	 their	 shape	 in	 order	 to	 maintain	 uptake	 capacity	 and	 prepare	 for	 the	 next	
round	of	 high	 network	 activity	 (left,	 bottom).	 At	 the	 paranode,	 K+	exits	 at	 the	 paranodal	 axonal	 plasma	
membrane;	and	intracellular	 and	 intercellular	pathways	 for	K+	through	gap-junctions	 link	myelin	 layers	
and	 astrocytic	 syncytium.	 In	 MLC,	 astrocytes	 are	 chronically	 swollen,	 with	 potentially	 reduced	
extracellular	space	and	defective	panglial	syncytium	(right).		Due	to	malfunctioning	of	RVD	in	MLC,	uptake	
capacity	of	astrocytes	is	reduced.	Activity	dependent	increases	in	[K]+O	are	therefore	not	effectively	dealt	
with,	which	will	lead	to	further	depolarization	of	neurons	(hyperexcitability)	or	compartmentalization	of	
ions	between	the	myelin	attracting	osmotic	water	leading	to	vacuolization.	
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A hypothesis was built to suggest that in MLC one of the most important consequences of the 
defect in the astrocytic RVD, caused by a defect of VRAC, is that the astrocytic disposal of 
excess potassium and water associated with action potential firing requires slightly steeper 
electrical and osmotic gradients than normal (Fig. 1). This might therefore result in higher 
levels of [K]+

O upon network activity, and could explain the presence of osmotically driven 
water in the form of vacuoles in myelin and inside the astrocytic end feet (van der Knaap et 
al., 2012). Using the hippocampal slice preparation, we tested this hypothesis in chapter 4. 
We found an increase of the activity-dependent [K]+

O while intrinsic properties of pyramidal 
neurons were unchanged (chapter 4). Therefore, at least in the hippocampus, this finding is in 
line with the hypothesis that astrocyte K+ homeostasis is disturbed in MLC. However the 
exact link between the defective VRAC and RVD to acute increase in [K]+

O upon network 
stimulation is still not clear. The contribution of Kir4.1 and Na+/K+-ATPase to clear locally 
increased [K]+

O in MLC still not known. Future experiments using pharmacological tools to 
understand the role of both Kir4.1 and Na+/K+-ATPase to clear locally increased [K]+

O in 
MLC can be informative. 
 
It remains to be tested if cytoplasmic movement of ions and water through the panglial 
syncytium is affected in MLC. The new study suggesting that GlialCAM affects the 
localization of connexin 43 gives the first direct evidence of a possibly disturbed panglial 
syncytium communication in MLC. Using MLC mice, future experiments looking at the 
panglial syncytium volumes during neural network activity can be very interesting.  
 
In conclusion, astrocytes are central cells in brain ion-water homeostasis, as they are 
equipped with the right ion and water channels necessary for executing homeostatic 
functions, and they are located close to brain fluid barriers. Their efficiency in this role likely 
has a great impact on neuronal activity. Any disturbance in the volume regulation of 
astrocytes can therefore adversely affect neuronal activity, which in turn can feedback and 
add to the disturbed astrocyte volume regulation and retention of water in various 
compartments. By studying these interactions in the context of MLC we can both gain more 
insight into the disease, but also learn much about normal brain physiology.  
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Future challenges and therapeutic options 
 
We have now developed, characterized and validated two MLC mouse models. MLC mouse 
models show important similarities to human MLC. MLC mouse models cannot only be 
instrumental for first pre-clinical drug screenings but can also be vital to understand cellular 
and molecular mechanism of water handing of the brain. In our study of seizures in MLC we 
made a start with this. Additionally, it is important to outline what other interesting questions 
could be answered using MLC mouse models. 
 

Functional link between MLC1 and associated proteins 
  
Future studies exploring the functional link of MLC1 and GlialCAM with LRRC8, AQP4, 
Kir4.1 or TRPV4 are essential. Of special interest is the modulation of astrocyte volume 
regulation by (G-protein coupled) receptors and intracellular calcium. VRAC has been shown 
to be activated iso-volumetrically by signaling via purinergic (Akita et al., 2011; Wang et al., 
1996) and bradykinin receptor signaling, the former at least in part involving Ca2+-signaling 
and protein phosphorylation events (Mongin and Kimelberg, 2002) and later regulated by 
reactive oxygen species (ROS) and Ca2+ nano-domains (Akita et al., 2011; Liu et al., 2009). 
TRPV4 is activated during swelling, which leads to increased intracellular Ca2+ and Mg2+ that 
can trigger calcium-induced calcium release (CICR). It has been shown that increases in 
intracellular Ca2+ after hypotonic swelling can lead to expression changes of AQP4 and 
Kir4.1. Conversely, changes in intracellular Ca2+ signaling were reported in AQP4 KO mice 
brain (Thrane et al., 2011). These experiments suggest a possible role of Ca2+ signaling in 
volume regulation. Notably, protein kinase C (PKC), a central enzyme for several signal 
transduction cascades, can be activated via diacylglycerol or intracellular Ca2+. PKC seems to 
be involved in modulation RVD in many cells. Stimulation of PKC by diacylglycerol analogs 
potentiated RVD and mimicked the effect of swelling on K+ efflux in salivary duct cells and 
in isolated perfused liver, and inhibitor of PKC attenuated RVD (Lan et al., 2006; Moran and 
Turner, 1993).  
 
It is critical to disentangle the exact type of second-messenger mechanism that plays a role in 
synchronizing these proteins. MLC1 contains phosphorylation sites that can be catalyzed via 
PKC (Lanciotti et al., 2010). It might be possible that in the brain all MLC1 associated 
proteins communicate with each other via intracellular Ca2+-dependent signaling. As a first 
step, it can be very interesting to test if astrocytic intracellular Ca2+ signaling is different in 
MLC mice. Later, pharmacological tools can be used to interfere with receptor signaling, 
intracellular calcium and intracellular second messengers, to dissect the signaling pathways. 
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MLC1-GlialCAM-ClC2 trafficking to the membrane 
  
Studies using mouse tissue suggest that correct localization of MLC1, GlialCAM and ClC2 
along Bergmann glia processes is disrupted if MLC1 or GlialCAM is dysfunctional. Using a 
biochemical approach, MLC1 presence in lipid rafts was shown in cultured astrocytes and rat 
brain tissue (Lanciotti et al., 2010). Lipid rafts are highly dynamic and possess considerable 
lateral mobility within the loosely ordered membrane. It has been proposed that MLC1 
membrane expression level is spatiotemporally regulated via agents modulating intracellular 
trafficking (Brignone et al., 2015). With the help of immunohistochemistry and immuno-EM 
we looked at Caveolin-1 localization in MLC mice (chapter 3). The localization of Caveolin-
1 was unchanged in MLC mice, supposedly reflecting the stability of the lipid raft. We do not 
know if MLC1-GlialCAM-ClC2 traffic together to the membrane in a single lipid raft and if 
the size of the lipid raft is changed in MLC. It is unclear what mutations and molecular 
interaction between these proteins affect the lipid raft delivery to the membrane. A GFP-
tailed protein live-cell-imaging approach could help understand if certain mutations affect the 
trafficking of these proteins to the membrane. This would need to be combined with super-
resolution imaging (Ku et al., 2016), to obtain a detailed view of the molecular trafficking 
within astrocyte membrane nano-domains. 
  

Heterogeneity in astrocyte population 
 
Astrocytes are involved in all essential CNS functions, including ion and water homeostasis, 
blood flow regulation, energy metabolism, immune defense, neurotransmission, myelin 
deposition and maintenance and neurogenesis (Oberheim et al., 2012). Hence, it is not 
surprising that astrocytic morphology and function differ between brain regions, and that 
different subclasses of astrocytes exist within one brain area (Zhang and Barres, 2010). 
Therefore, it is important to consider astrocytic functional heterogeneity while studying 
MLC. A recent study suggests that astrocytes can be classified according to different gene 
expression patterns that are specific to brain region and developmental age (John Lin et al., 
2017). In this study, MLC1-expressing astrocytes were classified in population C. Population 
C astrocytes were the highest population throughout the adult mouse brain (cerebellum > 
cortex > brainstem >thalamus > olfactory bulb). Notably, during early brain development (P1 
to P7) population C reaches its peak percentage and stays constant thereafter. Interestingly, 
when population C astrocytes were co-cultured with neurons, the neurons showed a highly 
significant increase in spontaneous synaptic activity (both inhibitory and excitatory currents 
frequency) suggesting support of this class of astrocytes to synaptogenesis. Such studies need 
to be looked at in the light of MLC1 expression patterns in the brain, where cerebellum is the 
most affected (highest population C astrocytes) in mice brain. Over time, astrocytic 
classification will be strengthened by identification of better molecular markers for specific 
types of astrocytes. A better astrocytic classification can help us disentangle brain region-
specific vulnerability to vacuolization, cyst formation, swelling or epileptic foci in MLC. 
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Therapeutic challenges for MLC 
 
MLC is a disease without available treatment. Therefore it is important to evaluate what the 
therapeutic options for MLC patients might be in the near future. Pharmacological 
interventions in young MLC patients during brain development and progressive swelling may 
be different from the intervention needed for MLC patients who are older and in advanced 
stages of the disease.  
 
MLC2B patients with dominant mutations in the GLIALCAM gene show a reversible 
phenotype, which initially mimics classic MLC and later improves. This raises the hope that 
if classic MLC is pharmacologically corrected at an early stage the disease might be 
reversible. In line with this, transient myelin vacuolization has been reported before 
(McKinney et al., 2009). Pathological phenotyping and proteomics of heterozygous 
Glialcam-dominant negative mutant mice could be insightful. For molecular understanding of 
the volume regulation and drug screening, the MLC patient lymphoblast can be a potential 
model. Later, the screened molecule can be tested on validated MLC mice. What therapeutic 
agent can normalize the increased activity dependent rises in [K]+

O, which are described in 
this thesis? Which pharmacological intervention can speed up the recovery phase of 
astrocytic/lymphoblast volume regulation? Such questions can be an effective line of 
investigation towards therapeutics for MLC. At the same time, understanding the functional 
link of MLC1 with other proteins could yield selective and novel pharmacological targets. 
Therefore, the development and use of MLC mice has been a crucial step in our search for 
MLC treatment. 
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