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Involvement of Mlcl in the white matter development and

maintenance
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Summary of thesis contents

Astrocytes are one of the major glial cells in the CNS and maintain brain
milieu through the blood brain barrier formation, uptake of neurotransmitters and
supply of nutrients to neurons. In addition to this well-known function, astrocytes may
be involved in the white matter development and /or maintenance. This idea came
from the analysis of several glial specific gene deficient mice and human diseases.
Glial specific genes, connexin and inwardly rectifying potassium channel (Kir4.1), are
involved in the homeostasis of potassium concentration,. It has been reported that
deletion of connexin or Kird.1 in glial cells results in the leukodystrophy in mice,
(Lutz et al, 2009 ; Mognotti et al, 2011 ; Odermatt et al, 2003 ; Menichella et al,
2006). Moreover, a human disease, Alexander disease, is caused by missense
mutations in the GFAP gene, leading to infantile onset leukodystrophy. These previous
studies support the idea that astrocyte dysfunction can cause leukodystrophy. However,
studies on the relationship between astrocyte and the white matter
development/maintenance are still rare. One of the limitations is a lack of mice
recapitulating leukodystrophy phenotype through astrocyte dysfunction. In this study,
I generated a mouse model for a human disease, Megalencephalic
leukoencephalopathy with subcortical cysts (MLC, OMIM604004), to study whether
astrocyte dysfunction can lead to leukodystrophy. MLC (OMIMG604004) is a rare
autosomal recessive neurological disorder with infantile onset characterized by
chronic white matter edema, macrocephaly, slowly progressive deterioration in motor
function, cerebellar ataxia, spasticity, and mental decline. Two genes, encoding Micl
and GlialCAM, were identified to be responsible for MLC (Leegwater et al, 2001;
Lopez-Hernandez et al, 2011). Mutations in the Mlcl gene were reported in about
two-thirds of MLC patients (Leegwater et al, 2002; van der Knaap et al, 2012).

Various mutations in the Mlcl gene (missense mutations, frame shift and splice site
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mutations) have been reported in human MLC patients. However, correlation between
types of Mlcl mutations and the severity of MLC clinical symptoms has not been
clarified (Leegwater et al, 2002).

Human Mlcl and murine Mlcl genes encode a membranous protein with
eight transmembrane domains, whose function is unknown. Northern blot analyses
demonstrated that both human MIlcl and murine Mlcl genes were predominantly
expressed in the brain and in situ hybridization demonstrated that Mlcl mRNA is
present in astrocyte lineage cells including astrocytes, ependymal cells and Bergmann
glia, but not in oligodendrocytes (Schmitt et al, 2003; Teijido et al, 2004). Thereby,
astrocytic abnormalities should be involved in the leukodystrophy of MLC patients.
Studies using the heterologous expression of Mlcl gene demonstrated that Micl
mutants failed to be transported to the plasma membrane (Duarri et al, 2008; Teijido
et al, 2004). In addition, biopsy samples from a MLC patient harboring missense
mutation displayed low expression levels of Mlcl protein (Teijido et al, 2004). These
data suggested that Mlcl mutants show a loss-of-function effect, and the model animal
could be established by generating Mlcl null mouse.

To validate this hypothesis, | generated MIicl null mouse in which
STOP-tetO cassette is knocked-in to the Mlcl locus. | confirmed that endogenous
expression of Mlcl becomes below the detection level in the STOP-tetO knocked-in
homozygote. However, Mlcl null mouse was viable at least till 18 month of age with
normal fertility and showed no behavioral and histological abnormalities. These
results indicated that leukodystrophy as seen in human MLC was not recapitulated by
the Mlcl deficiency at least in mice.

More importantly, whether MLC1 mutations lead to loss-of-function or
gain-of-function was not well addressed so far. Interestingly, some of glia specific
gene-related diseases that are inherited in a Mendelian manner were modeled by wild
type gene overexpression in mice. Thereby, | generated Mlcl over expressing mouse. |

took advantages of tetracycline-controlled gene induction system and confirmed Micl
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overexpression (Mlcl OE) was achieved in astrocyte lineage cells including astrocytes,
ependymal cells and Bergmann glia. Embryonic malformation was not observed in
Micl OE mouse even when the Mlcl overexpression is induced from mid-embryo. At
birth the size and the body weight were indistinguishable between Mlcl OE and the
control groups. Mlcl OE mouse showed growth retardation and mild ataxic gait
transiently appeared around postnatal two weeks but these symptoms caught up to the
control by three month of age. Moreover, Mlcl OE mouse was viable at least till 18
month of age, and reproduction was not affected. | then performed histological
analysis and found that leukodystrophy is present in the white matter, especially in the
corpus callosum and the globus pallidus. Leukodystrophy in the CC appeared from
postnatal one to two weeks, and persisted for the whole life. Histological analysis
indicated that area with leukodystrophy contained numerous vacuole-like structures by
the light microscopic observation. This result indicated that leukodystrophy as seen in
human MLC was recapitulated in the mouse when Mlcl overexpression was induced
in astrocytes. By using MlIcl overexpressing mouse, | studied the process of
leukodystrophy formation.

| then examined the ultrastructural feature of the leukodystrophy
formation by electron microscopy, and compared them with those of MLC patients.
Vacuole-like structure as observed in the light microscopic study was composed of
both astrocytic swelling and oligodendrocyte-associating vacuoles. These
ultrastructural findings were relevant to those of human MLC. By manipulating the
timing of tTA-mediated Mlcl overexpression from P28 to P38 by DOX administration
(OEP28-P38), I found that the astrocytic swelling, but not oligodendrocyte-associated
vacuolus, correlated with the extent of tTA-mediated Mlcl overexpression. Moreover,
astrocytic swelling and oligodendrocyte-associated vacuoles were dramatically
improved when Mlcl overexpression was cancelled after completion of the
leukodystrophy formation (OEembryo-P28), resulting in the regression of

leukodystrophy lesions. Interestingly, Mlcl overexpression induced only during young
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adult stage (OEP28-P90), astrocytic swelling occurred in accordance with the
induction of tTA-mediated Mlcl OE, but niether oligodendrocyte-associated vacuoles
nor leukodystrophy phenotype were observed. These results indicated that Micl
overexpression primarily caused astrocytic swelling and affected the white matter
formation in infantile mouse. However, leukodystrophy lesions did not appear when
Milcl overexpression was induced after young adult stage even though the astrocytic
swelling was present in the white matter, suggesting astrocytes are involved in the
white matter development and/or maintenance at the critical period.

Finally, to validate the cell autonomous effect of overexpressed Mlcl, I
searched for MIcl interacting proteins. Because of the lack of immunoprecipitation
compatible anti-Mlcl antibody, | generated primary antibodies recognizing mouse
Mlcl N-terminus and C-terminus, respectively. By using newly developed anti-Mlcl
antibodies, We screened for Mlcl interacting proteins by immunoprecipitaton and
mass spectrometry analysis, and identified Na+/K+ ATPase o subunits, a member of
P-type ATPase, as a Mlcl interacting protein. Na+/K+ ATPase o subunit is a
component of sodium pump, which is essential for generating electrochemical
gradients across the cell membrane. Interestingly, pharmacological and genetic studies
indicated that mice with reduced sodium pump activity displayed astrocytic swelling
relevant to Mlcl OE mouse. Thus, | examined whether overexpressed Mlcl affects
sodium pump property using cultured astrocytes. This study indicated that sodium
pump activity was reduced in Mlcl overexpressing astrocytes without alterating the
amount of Na+/K+ ATPase [] subunits. Reduced sodium pump activity could be
reflected by the decreased cell surface expression of sodium pump. Thereby, |
measured the amount of cell surface Na+/K+ ATPase [] subunits by 3H-ouabain
binding assay. Unexpectedly, the amount of cell surface Na+/K+ ATPase [J subunits
increased in the MIlcl overexpressing astrocyte. Since oigomerization of Na+/K+
ATPase [] subunits and [] subunits on the endoplasmic reticulum is essential for

stabilization of the [J subunit, trafficking of the [J subunit to the plasma membrane
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and functional maturation as a pump may have been affected in the Micl
overexpressed astrocytes. However, Mlcl overexpression did not alter the amount of
Na+/K+ ATPase [1 subunits, thereby disturbance of [I-[] oligomerization in the
endoplasmic reticulum is unlikely to be involved in the reduction of sodium pump
activity in the MIlcl overexpressing astrocyte. Moreover, no evidence for Micl
interaction with Na+/K+ ATPase B2 subunit was obtained. From these findings, I
propose that 1) overexpressed Mlcl formed “Mlcl-[] subunit complex”, resulting in
the increased amount of the cell surface Na+/K+ ATPase [J subunits, 2) increased
“Mlc1-00 complex” formation disturbed “[]-[] subunits complex” formation, resulting
in lowered Na+/K+ ATPase pump activity. In this study, | generated Micl
over expression mouse to examine relationship between the astrocytes and the white
matter development, which showed leukodystrophy phenotype relevant to MLC, and
found that astrocytes dysfunction is involved in the leukodystrophy formation via
impairment of the sodium pump activity. My study will open a new insight into the

relationship between astrocytes and the white matter abnormality.
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T A Rat A MIHFHRHRRICAET L7 ) THEO—>TH Y, == —n1 RO IFF
RMEMKBEAFI DIERUCZ 5T 5 Z EBNAS BT WD, i, 7 A hathA FORFIZ
ERT2EB T, BENEZ T2 ERMEINTEY ., MAEORESHEFRICH T
A b A MNEFEETDHZENRBENTND, LLEREL, AEMEEZRIETSET
N= T ADOHWEITZ L, TA Mt A N EMAEOIRE - #iFF & OBFEIZHE B L%
TSN T oz, HEEIE, 7TA MY A FOMAEORE - HEFF~OE5 215
DNCTHTO, T A b P A MFREAIZIEIT 5 MLC1 BaF DL RIZ L - THEMIE
% & /=9 Megalencephalic leukoencephalopathy with subcortical cysts(MLC) & FEiE
L NOEBIZEHL, TOET N~ U AOEREZRATZ, 9, HEHIL Mlel RBELX
A~ AL Mlel 7 A br¥A MOBRIFEH S E72, Mlel @RFEH~ T X) 250
T2~ 7 A% tet-off v AT L&MW E Lz Ji#E(Tanaka et al., 2010) CTYERL. fi#tT L 7=,
Mlcl @RIEH ~ 7 2OV THEY A M7 4 —Z2 R § 22 RWEL, &
PMBEBRIC L VREOEEENBAL LT A bt A FeZEjafb L7z =) o THHZ
EEWLMNI LI, ZOFTRIZE F MLC O EHET 26D Tholo, o, R¥v
YA 7V G LD Mlel mRIFRHEOWIR 2 #/ET 2 Z & T, Mlel OEEIFBIZ L > T
—WKENZT A bt A FOBALRAET, ZAUIEIEHRNWTI =Y COZERbB LOREY
AT 4—=PNELDHZ LER LT, ZOREFIMITORE NG, M TRRIFEEL
A7z Mlel 23t OBERE /> 112 % L T dominant negative #RIZ/EFH L7 A b u¥4 ks DfEk
EEETEWVWIRMATZ T, ZORGREH LT 572012, EFFIEEZHWT
Mlcl fEEBEEE DORE Z iR, sodium pump DK EFE Th 5 Nat+/k+ ATPase «
subunits 73 Mlel #5AEHED—> & L CRE SN2, F72. sodium pump DOIEMELT
XTI RZBWT, TA e A NOBALNE LD Z ERBEICHEINTEY,
Mlcl EPRH~ 7 ZAORBZEFHUT LD ThHo7, £2T, TA A MIUE:
FHIE 2 H\ T sodium pump {EEDRIEEIT 572 & Z A, Mlel @RS~ 7 AHKT A
k%A MZBWT sodium pump EERH BT LT\, £72, Nat/k+ ATPase «
subunits 7% sodium pump & L CHERET 5 (21X Na+/k+ ATPase B subunit & &K%
KT DI ENEETHDZ ENHMBILTNDH, Mlel 23 8 subunit EFEAT 25 &0 9 FER
WS SENR o7 LU ED Z & 3G (in vitro (2B W Tl 8 Mlcl 1X Na+/k+ ATPase «
subunits & &S L. sodium pump @ o — B _EERDIEK D 25 WITHERH IR L CTRLEMIC
TEFR L. fi% L LT sodium pump DOIEMEME T 52 & 2R LT,

BIFFRIZBNTHFEE L, 7 A had A NOBALICER L CTHEYVA ha 7 4 —% X7
TET N~ A% Lo, £z, BT, A7), MY FEMT 5. Mlel
WRFBNZIB T DT A St A FOBALD A =X LD—HEW LN LTz, T bOfE
Bk, MEBORE - #EFFICRBIT AT A oA hoOEEMZEET IO THho72, UL
£ Z & EARFR IR T D & OffimIcE -7,



