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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 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 can not 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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