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1.  Introduction 
Prior to the research described in this thesis, MLC was considered exclusively an autosomal 

recessive disorder and even though MLC1 was already identified in 2001 the function of the 

MLC1 protein remained unknown. Besides the mystery of MLC1’s function, the gene encoding 

MLC2 remained unidentified. As a consequence the approximately 25% of MLC patients 

without MLC1 mutations were sent home without a genetic cause for the disease. Prenatal 

diagnosis for future family planning remained unavailable for these families. The 

macrocephaly due to cerebral white matter edema is characteristic for the disease and the 

peak in head growth rate observed in the first year of life suggests that the MLC protein(s) 

play(s) a pivotal role during the development of the brain. Important information on cellular 

localization and developmental expression of MLC1 and MLC2 in humans and mice were 

missing.   

 The studies described in this thesis and discussed in this chapter have been aimed at: 

unraveling the function of the MLC1 protein (chapter 2), finding MLC2 and establishing its 

relationship to MLC1 (chapter 3), and better understanding the development of MLC by 

studying the cellular localization and developmental expression of MLC1 and MLC2 (chapter 

4). The studies have identified the second gene involved in MLC and increased our 

understanding of role of MLC1 and MLC2 in the pathophysiology of MLC. The final section of 

this chapter will discuss a few of the many questions that remain unanswered and some future 

challenges to overcome. 

 

2.  MLC1 function 
Unraveling disease mechanism by finding the responsible genes and studying the function of 

the corresponding proteins has been fairly straightforward for some monogenetic disorders, 

but not for MLC. The gene identified as the primary cause of MLC was the unnamed 

KIAA0027 gene, which unfortunately encodes an orphan protein of unknown function. The 

gene and protein were renamed into MLC1 and MLC1 1 and the search for the function of 

MLC1 and its relation to the pathophysiology of MLC began. MLC1 was demonstrated to be 

almost exclusively expressed in the brain, mainly in astrocytic endfeet near the blood-brain 

and CSF-brain barriers 2-5. The chronic cerebral white matter edema observed in MLC patients 

and the localization of MLC1 in astrocytic endfeet near the brain’s fluid barriers suggested a 

role for MLC1 in brain water homeostasis. 

2.1. Channel or transporter function 
Although MLC1 is an orphan protein, it contains an internal repeat as found in several ion 

channels and it shows weak amino sequence similarities to certain channels and transporters. 
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Thus, the hypothesis was born that MLC1 might have a function as channel or transporter 1,4,6. 

Multiple researchers tried to show the putative ion channel function of MLC1 in heterologous 

systems but failed 4,7. 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 caused 

by the inability to identify appropriate experimental conditions to activate the transporter or 

lack of proteins that are essential for MLC1 channel or transporter function. Nevertheless, the 

main research focus was shifted away from its potential transporter or channel function to 

finding channels that might functionally associate with MLC1. 

 

2.2. MLC1 associated transporters/channels 
In the past few years, multiple research groups have tried to find the channel and/or proteins 

that functionally interact with MLC1 in order to unravel the function of the MLC1 protein. This 

section will describe the proteins hypothesized or reported to interact with MLC1. Most of 

these interactions have only been reported by single groups of researches and remain to be 

confirmed by others. 

 

2.2.1. Water channel aquaporin 4 and the dystrophin-associated glycoprotein 

complex 
Like MLC1, the brain’s most prominent water channel aquaporin 4 (AQP4) is highly expressed 

in astrocytic endfeet near the blood-brain and CSF-brain barriers 8. AQP4 is involved in brain 

water homeostasis and cell volume control 9-11. Thus, the question was raised whether 

MLC1’s involvement in brain water homeostasis was conveyed by a functional relationship 

with AQP4.  

 AQP4s specific polarized expression in perivascular astrocytic endfeet is due to its 

association with the dystrophin-associated glycoprotein complex (DGC). The DGC anchors 

receptors and channels to astrocytic perivascular endfeet 12,13. Dystrophin, α-dystroglycan, β-

dystroglycan and merosin are important members of this complex 14. Merosin-deficient 

congenital muscular dystrophy patients have mutations in the gene LAMA2 coding for 

merosin. These patients show striking similarities in brain MRI features and pathology with 

MLC patients 15,16. Disruption of the DGC may lead to altered ion and water homeostasis of 

the brain and result in increased water content within the myelin.  

 Although no direct interaction between MLC1 and AQP4 was found, two research 

groups independently of each other reported on the association of MLC1 with various DGC 

members 2,17. Isolated DGC from solubilized rat brain revealed MLC1 as part of the complex 2.  

The biochemical interaction found between MLC1 and the DGC members was shown to be 
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Figure 1: Double 

immunostaining of 
human brain tissue 

with anti-human 

MLC1 and β-
Dystroglycan  (β-

BD) antibodies.  

β-BD is located in 

astrocyte 

membranes in 

contact with the 

basal lamina (BL), 

whereas MLC1 is 

located at the cell 

contacts between 

astrocytes (Ast). 

EC=endothelial cell. 

Scale bar: 500 nm. 

 

predominantly in intracellular vesicles 18. Light microscopy suggested co-localization of MLC1 

with various DGC members including β-dystroglycan in perivasuclair endfeet 17. 

  In order to confirm co-localization of MLC1 with the DGC complex we performed an 

electron microscopy study in human brain tissue. This study revealed that MLC1 and β-

dystroglycan do not have the same subcellular localization in human perivascular astrocytic 

endfeet. MLC1 is located in astrocyte-astrocyte contacts, further away from the basal lamina 

than the DGC complex (Figure 1).  

 
 

These results are not part of this thesis but were published as part of another paper 19. The 

expression of MLC1 in astrocyte-astrocyte contacts and not the most distal part of the 

astrocytic endfeet at the basal lamina was shown earlier in mice 4. These findings rule out that 

MLC1 and AQP4 or other DGC members physically associate at the plasma membrane of 

perivascular astrocytic endfeet in humans and mice. An explanation for the association 

between the DGC and MLC1 that was demonstrated before might be that MLC1 and 

members of the complex interact during trafficking to the astrocytic membrane in the endfeet. 

It is, however, still possible that MLC1 and DGC also have an indirect functional interaction in 

astrocytic perivascular endfeet under physiological or altered conditions like osmotic stress or 

in certain developmental stages.   

 It can be concluded that MLC1 is highly expressed in astrocyte-astrocyte contacts near 

the brain-fluid barriers, independent of DGC, which indicates a function that does not require 

direct binding to DGC.  
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2.2.2. The Na,K-ATPase pump   
Recently, MLC1 was shown to biochemically interact with the β1 subunit of Na,K-ATPase 

pump as part of a multi-protein complex that includes Kir4.1, syntrophin and dystrobrevin 20. 

The Na,K-ATPase pump is responsible for the vital task of maintaining the cell’s relatively high 

potassium and low sodium concentrations and a negative membrane potential 21. It does so 

by pumping 3 sodium ions out and 2 potassium ions in. The NA,K-ATPase pump is involved in 

preventing and counteracting cell swelling as it transports more ions out of the cell than in. As 

potassium partially leaks out of the cell, the net ratio of ion export and consequently water 

export is higher than the initial 3 to 2 export ratio.   

In their paper Brigone et al. hypothesized that in astrocytes MLC1 is involved in the 

control of intracellular osmotic conditions and volume regulation through its interaction with the 

β1 subunit of the Na,K-ATPase pump. They showed that astrocytes exposed to a hypo-

osmotic solution show increased MLC1 and Na,K-ATPase pump complex levels. Although 

MLC1 and the Na,K-ATPase pump are primarily plasma membrane proteins, the increase was 

mainly observed in intracellular membranes (vacuolar delimiting and nuclear membranes). 

The interaction between MLC1 and the β1 subunit of Na,K-ATPase pump could possibly be 

explained by the interaction during joint trafficking to astrocytic endfeet membrane as also 

suggested for MLC1 and the DGC members.  

 Recently, a novel function for the β1 subunit of Na,K-ATPase pump was shown, namely 

that of cell adhesion molecule in adherens junctions 22. This function is interesting because 

MLC2 is a cell adhesion molecule that is responsible for the correct localization of MLC1 in 

adherens junctions. Therefore the β1 subunit NA,K-ATPase pump might function as a MLC1 

chaperone at adherens junctions. Clearly, the functional relationship between MLC1 and the 

β1 subunit NA,K-ATPase pump has yet to be established. It is important to note that the 

association found between MLC1 and the β1 subunit of the NA,K-ATPase pump by Brigone et 

al. could not be confirmed in our affinity purification studies that identified MLC2 as a binding 

partner of MLC1 23.   

 

2.2.3. Transient receptor potential vanilloid 4 
More recently the same group that published on the association between MLC1 and the 

multiprotein complex containing the β1 subunit of the NA,K-ATPase pump, calveolin-1 and a 

few DGC members18,24 reported a functional cooperation between this multi-protein-complex 

and the transient receptor potential vanilloid 4 (TRPV4)24. TRPV4 is a Ca2+ permeable, non 

selective cation channel that initiates regulatory volume decrease  in response to osmotic 

stress by mediating Ca2+ influx 25 26. In astrocytes TRPV4 is highly expressed in perivascular, 

subependymal and subpial endfeet27. In this paper Lancioti et al. hypothesize that MLC1 is 
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involved in astrocytic cell volume regulation by functionally associating with TRPV4. They 

show that the overexpression of wild type but not mutant MLC1 increases TRPV4 mediated 

intracellular calcium rises in response to hypotonic stimulation. It is important to note that 

these studies were not based on specific co-immunoprecipitation using MLC1 antibodies, but 

on less specific ouabain-chromatography. Additionally, all experiments were performed with 

overexpression of either normal or mutant MLC1 in astrocytoma cells. Both overexpression as 

the use of astrocytoma cells may cause artificial results. Experiments in primary cultures of 

astrocytes in combination with reduced MLC1 expression experiments are necessary to 

validate their findings. Importantly, the MLC1 induced volume regulated chloride current 

measured in primary astrocytes as part of chapter 2 were done in the present of lanthanum 

chloride. Lanthanum chloride blocks calcium channels including TRPV4, suggesting that 

MLC1 is involved in cell volume regulation independently of TRPV4. 

 

2.3. MLC1 and volume regulated chloride currents 
In chapter 2 we investigated whether a defect in MLC1 is related to decreased volume-

regulated chloride currents as a possible cause for the cerebral white matter edema. We 

showed that in patient-derived lymphoblasts, which are natural mutant cells, chloride currents 

are significantly reduced after hypotonicity-induced cell swelling as compared to control 

lymphoblast. As MLC1 is mainly expressed in astrocytes, we repeated similar experiments in 

cultures of astrocytes and showed that. MLC1 knock-down reduced volume-regulated anion 

(VRAC) currents, which could be rescued by the introduction of human MLC1. Additionally, 

overexpression of MLC1 increased chloride currents in a variety of cells, including HEK293 

cells, Sf9 insect cells and astrocytes. These MLC1 induced currents could be blocked by a 

range of chloride channel blockers. As astrocytes naturally express MLC1, we additionally 

showed that MLC1 knock-down reduced astrocytic chloride currents and that these currents 

could be rescued by subsequent over expression of wild type human MLC1.  

 

2.4. MLC1 and cell volume regulation 
Volume-regulated chloride channels are involved in regulatory volume decrease after cell 

swelling 28. In chapter 2 we showed that patient-derived lymphoblasts indeed display reduced 

regulatory volume decrease after cell swelling as compared to control lymphoblasts. Although 

not statistically significant, a similar trend was seen in cultured astrocytes with reduced levels 

of MLC1 as compared to astrocytes with increased levels of MLC1. Reintroduction of human 

MLC1 rescued the regulatory volume decrease in astrocytes with MLC1 knock-down. The lack 

of statistical significance was due to large variation in MLC1 expression in astrocytes related 
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to variation in the degree of MLC1 knock-down between individual astrocytes. Future 

experiments with astrocytes obtained from the MLC1 knockout mice can confirm the findings. 

 

2.5. Is MLC1 a novel chloride channel? 
Our findings that MLC1 induces volume regulated chloride currents do not prove that MLC1 is 

a volume-regulated channel by itself. It remains possible that MLC1 interacts with and 

activates a chloride channel. To exclude the possibility that MLC1 is a protein that activates a 

channel one would have to isolate, purify and introduce it into an artificial lipid bilayer that 

contains no other proteins. We have made several attempts in various ways to isolate and 

purify MLC1. Unfortunately the structure of MLC1 makes it nearly impossible to purify the 

protein for these purposes. Using Sf9 insect cells was the closest we came to studying a lipid 

bilayer. Invertebrates do not have the MLC1 gene and therefore most likely also lack possible 

partners that could function as the MLC1 channel subunit. Overexpression of MLC1 in Sf9 

insect cells showed increased chloride currents after hypotonic stimulation as compared to 

Sf9 cells without MLC1.  

 Another experiment that would answer the question if MLC1 is a chloride channel, would 

be to change the ion selectivity of the channel by mutating specific amino acids that are 

located in its pore region. Until now, we were only able to show that patient mutations abolish 

MLC1-induced currents completely in a variety of cell lines.  

 Consequently, it is at present undecided whether MLC1 is a volume-regulated chloride 

channel or a protein that is essential for its function. 

 

3. Discovery of MLC2 
After the discovery of the MLC1 gene in 2001 1, it soon became evident that MLC1 was not 

the only gene involved in MLC. About 25% of MLC patients did not have mutations in MLC1 

and showed no linkage with the MLC1 locus. For the past decade, scientists have made 

attempts to find MLC2 29. The lack of success of genetic linkage studies was attributed to 

genetic heterogeneity 30,31 due to the existence of MLC3 and perhaps even MLC4 and MLC5. 

In chapter 3 of this thesis 23 GLIALCAM was identified as MLC2,  the second gene involved in 

MLC. Almost all of the remaining 25% of MLC patients without MLC1 mutations were shown 

to have mutations in GLIALCAM. None of the remaining families excluded linkage with both 

the MLC1 and GLIALCAM locus. These findings argue against the existence of MLC3, MLC4 

etc. and suggest that MLC1 and GLIALCAM are the only genes associated with MLC. The 

inability to identify GLIALCAM as MLC2 through genetic-linkage studies was not caused by 

the supposed existence of MLC3, MLC4, etc, but by variability in mode of inheritance of MLC. 
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3.1. Mode of inheritance 
Up until our discovery of GLIALCAM as the second gene involved in MLC, the disease was 

exclusively considered an autosomal recessive disorder because all MLC patients with MLC1 

mutations had either homozygous or compound heterozygous MLC1 mutations 30,32-34. In 

chapter 3 we show that the majority of MLC patients with GLIALCAM mutations only have a 

single mutation that they inherited from one parent, indicating an autosomal dominant mode of 

inheritance. This concept was reinforced by the fact that most of these parents with a 

GLIALCAM mutation also had a macrocephaly.  

 MLC patients with two recessive GLIALCAM mutations show the same clinical picture 

and identical severe white matter abnormalities on MRI as seen in MLC patients who have 

two recessive MLC1 mutations. Although infantile MLC patients with a single, dominant 

GLIALCAM mutation are indistinguishable from patients with recessive GLIALCAM or MLC1 

mutations, older MLC patients with a single dominant mutation differ substantially in MRI and 

clinical features from recessive GLIALCAM and MLC1 mutations.  

 

3.2. Improving phenotype 
The remarkably thing about patients with a single dominant GLIALCAM mutation is that over 

time their MRIs improve and in some cases become completely normal 35. Apart from the 

macrocephaly, the majority of these patients become clinically normal over time. Some 

patients, however, display a stable mental retardation with or without autism. Interestingly, the 

parent who shares the autosomal dominant mutation usually had or still has a macrocephaly.  

 The improving phenotype is unique to the patients with a dominant GLIALCAM mutation. 

MRI and clinical improvement is not observed in patients with recessive GLIALCAM or MLC1 

mutations. The existence of a recessive progressive and dominant improving disease is 

unique to MLC. None of the few genes like LMNA, SOX18 or Ankyril-1 36-38, which are 

associated with both recessive and dominant diseases, are associated with an improving 

phenotype. 

 The improvement in clinical picture and MRI of patients with single dominant GLIALCAM 

mutations is encouraging and suggests that treatment after the disease has presented itself 

may still allow a cure of MLC patients with recessive GLIALCAM or MLC1 mutations.  

 The discovery of GLIALCAM as the second gene involved in MLC1 is now used to 

provide families of MLC patients with GLIALCAM mutations with the genetic cause of the 

disease and information about the disease outcome. Consequently, these families now have 

the choice to partake in prenatal diagnosis for future family planning.   
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3.3. GlialCAM  
The second gene involved in MLC encodes the cell adhesion molecule GlialCAM. Cell 

adhesion molecules are transmembrane receptors that mediate cell-cell and cell-extracellular 

matrix interactions 39. GlialCAM belongs to the immunoglobulin superfamily of cell adhesion 

molecules, which constitute the largest repertoire of cell adhesion molecules in vertebrates 40. 

GlialCAM contains an extracellular domain consisting of two immunoglobulin loops, a 

transmembrane segment and a cytoplasmic tail and forms homodimers in the plasma 

membrane. Initially, GlialCAM was called HepaCAM as it was first discovered in and isolated 

from liver 41,42. As soon as HepaCAM was shown to be predominantly expressed in glial cells, 

it was renamed GlialCAM 43.  

 Cell adhesion is essential to maintain the structural integrity of tissues and dynamic 

changes in cell adhesion participate in the morphogenesis of developing tissues 44,45. 

Dysfunction in cell adhesion is associated with neoplasm 46. Multiple studies show that 

GlialCAM influences the proliferation, motility and differentiation of cultured carcinoma and 

blastoma cells 45,47,48.  

 Unfortunately the function of GlialCAM in glial cells under normal physiological 

conditions has remained unknown. We showed that in astrocytes GlialCAM functions as 

chaperone for MLC1, targeting MLC1 to cell-cell junctions. Additionally we showed that unlike 

MLC1, GlialCAM is also detected in myelin and is not obligatorily associated with MLC1. 

GlialCAM expression and localization are independent of MLC1 49.  

 As GlialCAM is more widely expressed than MLC1, additional functions of GlialCAM, 

independent of MLC1, under normal physiological conditions in glial cells remain to be 

determined. A role for GlialCAM in myelination was suggested when GlialCAM expression 

was shown to start early postnatally in a similar pattern as the myelin basic protein (MBP) 43. 

Interestingly, MLC1 expression in mice also shows a similar developmental expression pattern 

to myelin basic protein (discussed in section 5).  

 

3.4. MLC causing GLIALCAM mutations 
GlialCAM and MLC1 are both highly expressed in astrocyte-astrocyte junctions adjacent to the 

brain fluid barriers. In chapter 3 we showed that GlialCAM is a major binding partner of MLC1 

and that GlialCAM traffics MLC1 to cell-cell junctions of cultured astrocytes. GlialCAM 

mutations were recently shown to not only interfere with MLC-GlialCAM interaction but also 

with GlialCAM-GlialCAM interaction. Correct oligmerization is a perquisite for correct targeting 
49.  

 As GLIALCAM mutations can be recessive or dominant, we studied the effect of 

dominant and recessive GlialCAM mutations on the localization of MLC1. We showed that in 
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most cases overexpression of wild type MLC1 and mutant GlialCAM containing either 

recessive or dominant mutations drastically reduced MLC1 localization in astrocyte-astrocyte 

junctions. Subsequently, adding wild type GlialCAM rescued the MLC1-trafficing defect in 

astrocytes overexpressing recessive mutations but not in astrocytes overexpressing dominant 

mutations. These results are in accordance with the general idea that recessive mutations are 

gene dose mutations, whereas dominant mutations have a toxic effect, which cannot be 

rescued with additional wild type protein. 

  The MLC causing GLIALCAM mutations identified in chapter 3 are all located in the 

extracellular part of GlialCAM. There is no overlap between dominant and recessive 

mutations; they are consistently different, but they may affect the same residue. Recessive 

GlialCAM mutations are spread across this extracellular region whereas the dominant 

mutations are clustered in a predicted putative interface of the first immunoglobulin-like 

domain 23. The extracellular domain of GlialCAM contains many glycosylation sites. 

Glycosylation is one of the most common post-translational modifications of the extracellular 

domains of membrane bound proteins and is important for both activity and stability of these 

proteins 50,51. The extracellular domain of GlialCAM is highly glycosylated with approximately 

50% of its mass attributed to glycans 44.   

 

3.4.1. GlialCAM interacts with ClC-2  
Recently GlialCAM was shown to functionally interact with ClC-2 52. ClC-2 is an anion channel 

that has been implicated in ion homeostasis and cell volume regulation 53,54. Like MLC1, 

GlialCAM also chaperones ClC-2 to cell-cell junctions. Additionally GlialCAM serves as a ClC-

2 auxiliary subunit as co-expression of GlialCAM and ClC-2 significantly enhances ClC-2 

chloride conductance 52.  Interestingly, ClC-2 knockout mice have white matter vacuolation 

that resembles the white matter vacuolation in MLC patients 55. The resemblance in 

phenotype between the ClC-2 knockout mouse and MLC patients might suggest a role for 

ClC-2 in pathophysiology of MLC. A role for ClC-2 in MLC through the interaction with 

GlialCAM is, however, unlikely as GlialCAM expression and localization remain nearly 

unaffected in the MLC patients with MLC1 mutations 49. Furthermore, no ClC-2 mutations 

have been found in MLC patients without MLC1 mutations29. Results presented in chapter 2 

and 3 strongly suggest that MLC1 dysfunction is solely responsible for the development of 

MLC either through the lack of functional protein or insufficient membrane expression as a 

result of GlialCAM mutations.  
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4. How humans compare to mice 
4.1. Cell types expressing MLC1  
In the years following the discovery of MLC1, multiple research groups have reported strong 

MLC1 expression in Bergmann glia as well as perivascular, subependymal and subpial 

astrocytes in both humans and mice2,3,5,56.  MLC1 expression has also been reported in 

human and mouse ependymal cells 4,5,56, whereas the expression of MLC1 by neurons has 

only been reported in mice 2,56.  While creating a transgenic MLC1-eGFP knockout mouse as 

a model for MLC, we decided to use the heterozygous mice, which express both MLC1 and 

green fluorescent protein (GFP), to study which cell types express MLC1.  

In chapter 4 we demonstrate that GFP positive cells in heterozygous mutant mice are 

astrocytes, Bergman glia and ependymal cells. These results are in accordance with the in 

situ hybridization results of Schmitt et al. 2003 4. Additionally we stained for neuronal marker 

NeuN, oligodendrocytic cell marker Olig2 and endothelial cell marker CD31. As expected, we 

did not find any co-localization of GFP positive cells with the oligodendrocytic cell marker 

Olig2 or the endothelial cell marker CD31. In contrast to the previously reported expression of 

MLC1 in neurons 4,5, we did not find any co-localization of GFP positive cells with the neuronal 

marker NeuN. The lack of co-localization of GFP with NeuN could be due to expression level 

differences. It is therefore not excluded that neurons express MLC1 at low levels that do not 

enable GFP detection in adult MLC1-eGFP mice. The MLC1 cell type expression study 

described in chapter 4 strongly suggests that MLC1 is localized in the same cells in humans 

and mice. 

 

4.2. Developmental expression of MLC1 
Developmental expression studies in mice show that MLC1 expression increases during 

development and suggest the most important role in the adult mouse brain 5,56.  No 

developmental expression study has previously been performed in humans but the early and 

rapid disease onset followed by stabilization and delayed slow deterioration suggests that 

MLC1 might play a pivotal role during early development in the period of most intense 

myelination and less so later in life.  

In chapter 4 we studied the developmental expression of MLC1 and GlialCAM in both 

humans and mice. We demonstrate that MLC1 mRNA and protein levels in mice increase 

during development with highest levels found in adult mice, which is in accordance with 

previously published data 4,5. In contrast, human MLC1 mRNA and protein levels decrease 

during development with highest expression found in infants. GlialCAM mRNA and protein 

levels increased during development in both humans and mice. The striking difference in 
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developmental MLC1 levels in human and mice points to a difference in human and mouse 

physiology, which may also be important in MLC disease development in human and mice. 

Therefore, the mouse might not be the ideal animal to model the disease.  

 

5. Challenges to come  
5.1. MLC1 is involved in brain water homeostasis 
In chapter 2 we showed that the MLC1 protein is involved in volume regulated chloride 

currents and regulatory volume decrease. Volume regulated anion currents and regulatory 

volume decrease after cell swelling are important processes involved in maintaining water and 

ion homeostasis 4,57. A role for MLC1 in brain water and ion homeostasis fits with the 

abnormally high white matter water content observed in MLC patients 59.  

 It has become evident that MLC1 is involved in brain water and ion homeostasis through 

chloride currents and volume regulation. We did not indisputably show that MLC1 is a channel 

itself nor did we identify the channel that MLC1 possibly interacts with. A challenge for the 

future will be to determine whether MLC1 is a volume regulated ion channel or an activator of 

a yet unknown volume regulated anion channel. 

 

5.2. Vacuoles in the myelin sheet 
Unraveling the pathophysiology of MLC1 includes explaining why MLC1 and GLIALCAM 

mutations lead to increased white matter water content with countless fluid-filled vacuoles 

within myelin sheaths. This thesis has made clear that mutations in MLC1 (or its chaperone 

GlialCAM) disrupt pivotal processes involved in brain water and ion homeostasis. Additionally, 

we have shown that in humans MLC1 protein levels peak during the period of most intense 

myelination. 

 In order for mylinated neurons to sustain their excitability, potassium needs to be 

siphoned away from the axon after action potential firing. Oligodendrocyte-astrocyte and 

astrocyte-astrocyte coupling through gap junctions are involved in the removal of potassium 

and water from the myelin sheath. The excess ions and water can travel through the glial 

syncytium towards the blood brain barrier59. Blocking the oligodendrocyte-astrocyte gap 

junctional coupling in mice by knocking out Cx32 and Cx47 causes severe myelin 

vacuolation60. We hypothesize that in MLC patients, MLC1 dysfunction disrupts volume 

regulation processes necessary for the disposal of excess water and osmolytes after action 

potential firing. The disrupted astrocytic water and ion extrusion near the brain-fluid barriers 

could explain the presence of extra water in the form of vacuoles in myelin and astrocytic 
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endfeet. A challenge for the future is to investigate whether MLC is indeed caused by 

insufficient potassium siphoning after action potential firing. 

   

5.3. Dominant mutations show improvement 
The improving phenotype observed in patients with dominant GLIALCAM mutations shows us 

that myelin vacuolation can be reversible even after several years. 

 Generally, recessive mutations have a gene-dose effect whereas dominant mutations 

have a toxic effect and can thus not be rescued with wild type protein. We confirmed this in 

our studies. Strikingly, all dominant GLIALCAM mutations are clustered in a predicted putative 

interface of the first immunoglobulin-like domain, whereas the recessive mutations are spread 

out over the entire extracellular domain. A challenge for the future will be to determine why 

mutations in the predicted putative interface of the first immunoglobulin-like domain have a 

toxic effect.  

 An even bigger challenge for the future will be to determine why dominant GLIALCAM 

mutations initially cause a typical MLC phenotype that normalizes with time.  

Solving this question could prove most useful in developing treatment for MLC patients. 

 
5.4. MLC1 is the central protein involved in MLC 
MLC can be considered a natural disease model of white matter edema. The data presented 

in this thesis show that MLC1 is the cardinal protein involved in MLC.  In chapter 3 we show 

that MLC1 and GLIALCAM mutations most likely explain all MLC patients, as no families with 

MLC patients have been reported that exclude genetic linkage with both MLC1 and 

GLIALCAM loci.  These results indicate that it is unlikely that there is still another gene and 

protein involved in MLC. We showed that GliaCAM is involved in trafficking of MLC1 to its 

proper location. MLC-causing MLC1 mutations do not change the location of GlialCAM, but 

MLC-causing GLIALCAM mutations abolish the proper location and thus function of MLC1. 

MLC1 mutations and GLIALCAM mutations both result in a lack of functional MLC1. Our 

conclusion is that MLC1 dysfunction is sufficient to explain the disease MLC for both MLC1 

and GLIALCAM mutations.  

 A challenge for the future is to unravel the precise role of MLC1 dysfunction in the 

development of edema.  

 

5.5. MLC1 mouse model   
A MLC1 mouse model has successfully been created and preliminary data show myelin 

vacuolation in adult mice. These MLC1 knockout mice contain an eGFP reporter gene that 
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substitutes exon 2 and 3 in the MLC1 gene. In chapter 4 heterozygous mice that express 

MLC1 and GFP were used to study MLC1 cell type and developmental expression. We 

showed that GFP positive cells are abundantly expressed throughout the brain and do not 

colocalize with neuronal, oligodendrocyte or endothelial cell markers. The GFP-positive cells 

express the astroglial cell markers GFAP and/or S100β and are astrocytes, radial glia or 

ependymal cells. That means that MLC1 is expressed in the same cells in humans and mice. 

 We subsequently showed that the developmental expression of MLC1 in human and 

mice are different. Therefore, MLC1 knockout mice might not be suited to study the 

development of MLC.  

 Nonetheless the astrocytes from the MLC1 knockout mouse could be used for various in 

vitro experiments. So could astrocytes from the knockout mouse be used to confirm the patch-

clamp and volume regulation experiments presented in chapter 2. Comparing wild type and 

MLC1 knockout astrocytes could give higher statistically significant data, because residual 

MLC1 is still present in knock-down astrocytes, which is not the case in knockout astrocytes. 

Removing virus infection from the experimental procedure should also yield higher numbers of 

successful recordings, as the population will no longer consist of virus-stressed astrocytes. 

Additionally, knockout astrocytes might attempt to counteract MLC1 absence by up-regulating 

the expression of other proteins. If so, identifying these proteins will increase our 

understanding about both MLC as astrocytic water and ion regulation.  

 Finally, the MLC1 knockout mouse will be indispensible to study possible treatment of 

MLC.  
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