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Abkürzungsverzeichnis 

 
ANOVA    Varianzanalyse (ANalysis Of VAriance) 
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α-SNT    α-Syntrophin 

BHS    Blut-Hirn-Schranke 

BRS    Blut-Retina-Schranke 

CSEQ    Calsequestrin 

DAG1    Dystroglycan (Gen) 
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MEBD    Muskel-Auge-Hirn-Erkrankung (Muscle-Eye-Brain-Disease) 

MGV    Mean Gray Value 

MLC Megalenzephale Leukoenzephalopathie mit subkortikalen 

Zysten (Megalencephalic leukoencephalopathy with 

subcortical cysts) 
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MMP 9 Matrix Metalloproteinase 9 

NKCC 1 Na+-K+-2Cl--Cotransporter 1 
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PDGFRβ   Platelet Derived Growth Factor Receptor β 

PNS    Peripheres Nervensystem 

PVE    Perivaskuläre Endfüße 

S-100β   S100 calcium-binding protein β 

SD    Standardabweichung (Standard Deviation) 

SEM    Standardfehler des Mittelwerts (Standard Error of the Mean) 

SR    Sarkoplasmatisches Retikulum 

VC    Variationskoeffizient 

ZNS    Zentrales Nervensystem 

…  
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1. Deutsche Zusammenfassung 

 
1.1 Einleitung 

Dystroglycan (DG) ist ein Glycoprotein, das durch das Gen DAG1 kodiert wird, und aus 

zwei Untereinheiten besteht, α-Dystroglycan (α-DG) and β-Dystroglycan (β-DG) (Barresi 

und Campbell, 2006). α-DG befindet sich extrazellulär, ist glykosyliert, und bindet an Pro-

teine der extrazellulären Matrix (EZM). β-DG ist transmembranär und intrazellulär durch 

Dystrophin an das Zytoskelett gebunden (Bozzi et al., 2009). DG fungiert daher als Bin-

deglied zwischen der EZM und dem Zytoskelett u.a. im Skelettmuskel, Herzmuskel, zent-

ralen und peripheren Nervensystem (ZNS und PNS) (Barresi und Campbell, 2006; Yos-

hida-Moriguchi und Campbell, 2015). In der Skelettmuskulatur stabilisiert DG Muskelfa-

sern während der Kontraktions-Relaxations-Zyklen, indem es die Integrität der Zellmemb-

ran mechanisch unterstützt (Bozzi et al., 2009; Rader et al., 2016). Im PNS ist DG an der 

Clusterbildung, Remodellierung und Stabilisierung neuromuskulärer Verbindungen betei-

ligt (Blake et al. 2002; Gawor und Prószyński, 2018). Im ZNS interagiert und kolokalisiert 

DG mit prä- und post-synaptischen Strukturen und stabilisiert die Verbindung zwischen 

Astrozytenendfüßen und Endothelzellen an der Blut-Hirn-Schranke (BHS) (Briatore et al., 

2020; Nickolls und Bönnemann, 2018; Pilgram et al., 2010; Waite et al., 2012). Während 

der Gehirnentwicklung trägt DG entscheidend zur Anheftung der Endfüße der radialen 

Glia an die Basalmembran bei und ist daher wichtig für die korrekte Ausrichtung der radi-

alen Glia und die neuronale Migration entlang der radialen Glia, insbesondere im Cortex 

und Cerebellum (Booler et al., 2015; Marshall et al. 2012; Nakagawa et al., 2015; Nickolls 

& Bönnemann, 2018). 

Krankheiten, die durch Mutationen im DAG1-Gen verursacht werden, werden als primäre 

Dystroglykanopathien bezeichnet. Eine davon ist die Muskel-Auge-Hirn-Erkrankung 

(Muscle-Brain-Eye-Disease, MEBD) mit multizystischer Leukodystrophie. MEBDs sind 

durch eine kongenitale Muskeldystrophie, Augendefekte und Malformationen des Gehirns 

gekennzeichnet (Geis et al., 2013; Haltia et al., 1997; Pihko et al., 1996; Raitta et al., 

1978; Santavuori et al., 1989). Die erstmals von Geis et al. (2013) beschriebene MEBD 

mit multizystischer Leukodystrophie trat bei zwei Schwestern einer libyschen Familie auf 

und wird durch eine homozygote Missense-Mutation (c.2006G>T) in DAG1 verursacht.  
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Die Mutation führt zu einer Cystein-Phenylalanin-Substitution der Aminosäure 669 

(p.Cys669Phe) in der extrazellulären Domäne des β-DGs. In vitro Untersuchungen des 

murinen β-DG mit der C667F Mutation (dem murinen Analogon der humanen C669F-

Mutation) zeigten, dass Vorstufen des mutierten DGs im endoplasmatischen Retikulum 

(ER) akkumulieren (Signorino et al., 2018). Um die Mechanismen, durch die die Mutation 

in β-DG zum Krankheitsbild der MEBD führt, aufzudecken und in Zusammenhang mit den 

Ergebnissen, die auf zellulärer Ebene gefunden wurden, zu bringen, haben wir ein Maus-

modell mit der C667F-Mutation (Dag1C667F Mauslinie) generiert und im Detail charakteri-

siert. 

Unsere Analysen zeigen, dass die homozygote Mutation bei Mäusen bereits während der 

Embryogenese zu deutlichen Wachstumsstörungen und einer stark erhöhten embryona-

len Letalität führt. Nur etwa ein Drittel der homozygoten Mäuse wird geboren und erreicht 

das hohe Erwachsenenalter. Adulte homozygote Mäuse zeigen milde histopathologische 

und funktionelle Störungen der Skelettmuskulatur sowie eine Destabilisierung der BHS 

und Blut-Retina-Schranke (BRS). Zusammenfassend rekapitulieren die homozygoten 

C667F-DG-Mäuse zwar nicht den kompletten MEBD-Phänotyp, stellen aber aufgrund der 

unvollständigen Penetranz des Entwicklungsphänotyps ein sehr nützliches Mausmodell 

dar, um die molekularen Auswirkungen von β-DG-Funktionsveränderungen sowohl wäh-

rend der Embryogenese als auch im Muskel, Gehirn und Auge erwachsener Tiere zu un-

tersuchen. Darüber hinaus können mit diesem Mausmodell Einblicke in die Pathogenese 

primärer Dystroglykanopathien gewonnen werden. 

1.2 Material und Methoden 

Tiere 

Die Versuche an Mäusen wurden unter strenger Einhaltung aller Protokolle und Richtli-

nien durchgeführt, die von den Tierschutzbeauftragten der Universität Bonn, der deut-

schen Bundesregierung und der EU-Gesetzgebung vorgegeben sind. Die Versuchspro-

tokolle wurden vom Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-

Westfalen genehmigt (Nummern: 81-02.04.2019.A415, 81-02.04.2019.A493). 
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Erzeugung der Mauslinien  
Die Dag1C667F Mauslinie wurde durch Genoway (Lyon, France) durch standardisierte ho-

mologe Rekombination in murinen embryonalen Stammzellen erzeugt. 

Genotypisierung 

Wildtyp, heterozygote und homozygote Mäuse wurden mittels Genotypisierung durch 

PCR-Amplifikation identifiziert. 

Histologie 

Hematoxylin und Eosin (H&E) Färbungen und Immunfärbungen wurden nach standardi-

sierten Protokollen durchgeführt. 

Proteinisolierung und Western Blot  
Proteine aus Skelettmuskel und Gehirn von Wildtyp, heterozygoten und homozygoten 

Mäusen (2 Monate, 6 Monate, 1 Jahr) wurden isoliert und Western Blots nach standardi-

sierten Protokollen durchgeführt. Diese Experimente wurden von Dr. Francesca Sciandra 

an der Università Cattolica del Sacro Cuore, Rom, ausgeführt. 

RNA-Isolierung und quantitative RT-PCR  
Gesamt-RNA aus Gehirnen von 1 Jahr alten Wildtyp-, heterozygoten und homozygoten 

Mäusen wurde isoliert und quantitative RT-PCR nach standardisierten Protokollen durch-

geführt. Diese Experimente wurden von Dr. Manuela Bozzi an der Università Cattolica del 

Sacro Cuore, Rom, ausgeführt. 

Mikroskopie 
Immunfärbungen wurden mit einem invertierten Zeiss AxioObserver Z1 mit Zeiss Axio-

Cam MRm (Carl Zeiss, Oberkochen, DE) visualisiert. Kachelbilder wurden mit der Zen 

blue Software (Zeiss, 2012) erstellt. 

63x (C-Apochromat, 63x/1.4 oil, Zeiss) Bilder von Immunfärbungen wurden mit einem in-

vertierten Zeiss AxioObserver mit CSU-W1 Confocal scanner unit (50 mm pinhole disk, 

Yokogawa, Tokyo, JP) aufgenommen. 

Durchlicht-Bilder wurde mit dem Zeiss Axio Scope.A1 mit AxioCam 503 Color aufgenom-

men und mit Zen blue Software (Zen lite, 2019) prozessiert.  
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Bilder von Embryonen am Embryonaltag (E) 9.5 und E10.5 wurden mit einem Leica MZ10 

F Modular Stereo Mikroskop mit einer Leica DFC290 Kamera aufgenommen und mit der 

Leica Application Suite Version 3.3.0 (Leica Microsystems, 2003) prozessiert. 

Hochauflösende 3D-Struktur-Illuminations-Mikroskopie wurden mit einem OMXv4 Mikro-

skop (GE Healthcare, Little Chalfont, UK) mit 60x/N.A. 1.42 Olympus Öl-Immersionslinse 

und 4 separaten 15-bit sCMOS Kameras für Fluoreszenzbilder durchgeführt. Die Bilder 

wurden mit SoftWoRx 7.0.0 zu hochaufgelösten 3D Bildern prozessiert. Die 3D-Rekon-

struction erfolgte mit ChimeraX (Pettersen et al, 2021). Die hochauflösende 3D-Struktur-

Illuminations-Mikroskopie wurde von Dr. Wolfgang Hübner an der Universität Bielefeld 

durchgeführt. 

Laufrad 

Mäuse im Alter von 1 Jahr (1,05 bis 1,25 Jahre; Männchen n=4, Weibchen n=2) wurden 

2 Tage lang allein in Käfigen mit einem Rad mit 33 Sprossen (regular wheel), 4 Tage lang 

mit einem Rad mit 22 Sprossen (complex wheel) und schließlich 2 Tage lang mit einem 

Rad mit 14 Sprossen (highly complex wheel) (Scurry Mouse Misstep Wheel, Lafayette 

Instrument) gehalten. Die Laufaktivität wurde mit der Scurry Activity Monitoring Software 

(Lafayette Instrument) und Videos aufgezeichnet. Die Laufaktivität in der Dunkelperiode 

wurde mit Microsoft Excel (Version 16.16.27, Microsoft) und Igor Pro (Version 8.04, 

Wavemetrics Inc., Oregon, USA) analysiert. 

Quantifizierung 

Histologie: Alle Quantifizierungen wurden mit ImageJ vorgenommen. 

Die Querschnittsflächen und minimalen Feret-Durchmesser von Muskelfasern des M. 

quadriceps femoris von 6 Monate (männlich n=3, weiblich n=2) und 1 Jahr (männlich n=4, 

weiblich n=2) alten Mäusen und die minimalen Feret-Durchmesser von den Muskelfasern 

des Hinterbeins von neugeborenen (n=4) und 1 Woche alten (n=5) Mäusen wurden ge-

messen, um die De- und Regeneration von Muskelfasern zu beurteilen (Treat-NMD SOP 

DMD_M.1.2.001 Version 2.0). Der prozentuale Anteil der Muskelfasern mit zentralisierten 

Zellkernen von neugeborenen, 1 Woche, 6 Monate und 1 Jahr alten Mäusen wurde ge-

messen, um Anzeichen einer Muskelfaserregeneration zu erkennen. 
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Mean gray values (MGVs) von Immunfärbungen für α- and β-DG, KIR4.1 (Inwardly Rec-

tifying Potassium Channnel 4.1), AQP4 (Aquaporin 4) und α-SNT (α-Syntrophin) wurden 

an den perivaskulären Endfüßen der Astrozyten im Cortex und Auge von 2 Monate (n=5) 

und 6 Monate (n=5) alten Mäusen gemessen und quantifiziert. 

MGVs von Immunfärbungen für α- and β-DG im Sarkolemma der Skeletmuskeln von 1 

Jahr alten Mäusen (n=4) wurden gemessen und quantifiziert. 

MGVs von Immunfärbungen für β-DG und CASQ (Calsequesterin) im SR in Skeletmus-

keln von 6 Monate alten Mäuse (n=4) wurden gemessen und quantifiziert. 

Die Größe der Hirnventrikel wurde in 1 Woche alten (n=4) und 2 Monate alten (n=5) Mäu-

sen gemessen. 

Western Blot: Die densitometrische Analyse der Banden wurde mit der Alliance Q9 Ad-

vanced UVITEC Software durchgeführt und die Werte auf Tubulin normalisiert. Diese Ana-

lyse wurden von Dr. Francesca Sciandra an der Università Cattolica del Sacro Cuore, 

Rom, ausgeführt. 

Quantitative RT-PCR: Die Menge der Gene in homozygoten Mäusen wurde mit der 2-
ΔΔCT-Methode (Livak & Schmittgen, 2001) gemessen und gegen der Genmenge in Wildtyp 

Mäusen normalisiert. Diese Analyse wurden von Dr. Manuela Bozzi an der Università 

Cattolica del Sacro Cuore, Rom, ausgeführt. 

Statistik 
Statistische Tests wurden mit GraphPad Prism Software 8.0, 9.5 und 10.0.3 (San Diego, 

Kalifornien, USA) durchgeführt.  

Western Blots: Einseitige ANOVA mit Sidak's multiplem Vergleichstest. Fehlerbalken stel-

len den SD dar. 

Quantitative RT-PCR: Einseitige ANOVA mit Sidak's multiplem Vergleichstest. Fehlerbal-

ken stellen den SD dar. 

Histologie: Zweiseitiger Student's t-test für MGVs in Blutgefäßen oder perivaskulären End-

füßen. Einseitige ANOVA mit Sidak's multiplem Vergleichstest für das Gewicht der Mäuse. 
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Variationskoeffizient (VC) der Querschnittsflächen und minimalen Feret-Durchmessern in 

Muskelfasern wurde mit VC=1000 x Standardabweichung/Mittelwert (Briguet et al, 2004) 

gerechnet, und mit einseitiger ANOVA mit Sidak's multiplem Vergleichstest analysiert. 

Fehlerbalken stellen den SEM dar. 

Laufrad: Zweifache ANOVA mit Sidak's multiplem Vergleichstest. Fehlerbalken stellen 

den SEM dar. 

1.3 Ergebnisse  

Erzeugung und Charakterisierung der Dag1C66F7/C667F Mauslinie  
Eine Mutation im Exon 5 von Dag1 wurde durch homologe Rekombination in murine emb-

ryonale Stammzellen eingeführt (Abb. 1A in der Publikation), um eine Mauslinie mit der 

C667F-Mutation in der β-DG Ektodomäne zu generieren. Heterozygote Mäuse zeigten 

keinen offensichtlichen Phänotyp, während homozygote Mäuse nicht mit der erwarteten 

Häufigkeit geboren wurden (Abb. 1B). Pränatale Untersuchungen zeigten eine erhöhte 

Resorption und eine retardierte Entwicklung bei einem Teil der homozygoten Embryonen 

(Abb. 1C). Dies deutet auf eine partielle Penetranz des Mutationseffektes hin, der zum 

intrauterinen Tod führt (Abb. 1C, D). Immunfärbungen in homozygoten Embryonen zeig-

ten eine unregelmäßige Ablagerung von Laminin in der Reichert-Membran, eine EZM-

Schicht, die für die frühe embryonale Entwicklung bei Nagetieren essentiell ist, sowie eine 

schwache Expression von DG in den umgebenden Zellen (Abb. S1A, B). Dies deutet auf 

eine Destabilisierung der Reichert-Membran im Dag1C667F/C667F-Mausmodell hin. Überle-

bende Dag1C667F/C667F-Mäuse sind bis zu einem Alter von über einem Jahr gesund und 

zeigen keine offensichtlichen Verhaltensänderungen. Männliche homozygote Tiere haben 

jedoch im Alter von 2 und 6 Monaten ein signifikant niedrigeres Gewicht im Vergleich zu 

den Kontrollen (Abb. 1F). 

Der DG-Proteinspiegel ist in der Skelettmuskulatur und im Gehirngewebe von 
Dag1C667F/C667F-Mäusen verringert 
Eine Studie in transfizierten Zelllinien (Signorino et al., 2018) zeigte, dass die C667F-

Mutation in DG zu einer verstärkten Anreicherung von DG im ER führt. Daher untersuch-

ten wir die α/β-DG-Prozessierung und subzelluläre Lokalisierung in der Dag1C667F/C667F-

Mauslinie und führten Western-Blot-Analysen mit Antikörpern gegen das α/β-DG-
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Kernprotein oder glykosyliertes-α-DG durch (Western-Blot-Analyse ausgeführt von Dr. 

Francesca Sciandra). Diese Untersuchungen zeigten, dass, obwohl das mutierte DG kor-

rekt in seine α- und β-Untereinheiten gespalten und α-DG glykosyliert war, die α- und β-

DG-Spiegel in der Skelettmuskulatur und im Gehirn von Dag1C667F/C667F-Mäusen im Ver-

gleich zu den Kontrollen signifikant reduziert waren (Abb. 1G-I, S1C, D). 

α- und β-DG in Dag1C667F/C667F-Mäusen sind am Sarkolemm des Skelettmuskels lo-
kalisiert 
Um die Lokalisation von DG im Skelettmuskel zu untersuchen, führten wir anschließend 

Co-Immunfärbung für glykosyliertes α-DG, β-DG und α/β-DG-Kernprotein mit Laminin am 

Hinterbeinmuskel (M. tibialis, M. biceps femoris, M. trizeps femoris) zu verschiedenen 

Zeitpunkten durch (Abb. 2A-D, G, H und nicht gezeigte Daten). Diese Analysen zeigten, 

dass α- und β-DG sowie Laminin korrekt am Sarkolemm homozygoter Mäuse lokalisiert 

waren. Im Gegensatz zu den Ergebnissen des Western Blots, die eine Reduktion im α- 

und β-DG Spiegel zeigten, konnten wir entlang des Sarkolemms von homozygoten Mäu-

sen keine signifikante Reduktion der Fluoreszenzintensität der α- und β-DG-Immunfär-

bung messen (Abb. 2J, K und nicht gezeigte Daten). Doppel-Immunfärbungen für Calse-

questrin (CASQ), einem Marker für das sarkoplasmatische Retikulum (SR), mit entweder 

glykosyliertem α-DG oder β-DG im Skelettmuskel von 1 Woche und 6 Monate alten Mäu-

sen, und die Quantifizierung der Fluoreszenzintensität der β-DG-Färbung im SR von Ske-

lettmuskeln von 6 Monate alten Mäusen zeigten ebenfalls keinen signifikanten Unter-

schied zwischen Kontroll- und homozygoten Tieren (Abb. 2E, F, I und nicht gezeigte Da-

ten). Zusammenfassend führt die C667F-Mutation zu einer allgemeinen Verringerung des 

DG-Proteinspiegels, die in der Western-Blot-Analyse sichtbar wird. Es gibt jedoch keine 

offensichtlichen Auswirkungen auf die Lokalisierung, Verarbeitung und Aufrechterhaltung 

von DG im Skelettmuskel. 

Ein Teil der Dag1C667F/C667F-Mäuse zeigt einen spät einsetzenden histopathologi-
schen Phänotyp im Skelettmuskel 
Histologische Analysen zur Identifikation von Anzeichen einer Muskeldystrophie sind u.a. 

zentralisierte Zellkerne und eine Zunahme der Variation im Muskelfaserdurchmesser. Wir 

untersuchten diese Parameter an den Hinterbeinmuskeln (M. quadriceps femoris) von ho-

mozygoten Mäusen (Abb. 3B-D und nicht gezeigte Daten). Es gab einen signifikanten 
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Anstieg des Prozentsatzes an zentralisierten Zellkernen bei zwei der männlichen homozy-

goten Mäuse nach 6 Monaten und 1 Jahr (Abb. 3B). Allerdings gab es zu keinem der 

analysierten Zeitpunkte einen signifikanten Unterschied im Variationskoeffizient des mini-

malen Feret-Durchmessers (Briguet et al., 2004, siehe Material und Methoden) der Mus-

kelfasern bei homozygoten Mäusen im Vergleich zu Kontrollmäusen (Abb. 3D und nicht 

gezeigte Daten). Die Histogramme des minimalen Feret-Durchmessers zeigten jedoch 

eine Verbreiterung und Abflachung bei homozygoten Mäusen im Vergleich zu Kontrollen 

(Abb. S2A, B). Dies deutet auf eine subtile, spät einsetzende und nur teilweise penetrante 

Myopathie bei erwachsenen (älter als 2 Monate) Dag1C667F/C667F-Mäusen hin. 

Eine weiterführende Analyse ergab keine offensichtliche Korrelation zwischen der DG-

Proteinexpression, der DG-Lokalisierung im Sarkolemm und der Histopathologie in ho-

mozygoten Mäusen (Abb. S3). 

Reduzierte Laufkapazität bei 1-jährigen Dag1C667F/C667F-Mäusen 
Um die Funktion und Koordination der Skelettmuskulatur in Dag1C667F/C667F-Mäusen zu 

analysieren (Novak et al., 2012), wurde die Aktivität von einjährigen Kontroll- und 

Dag1C667F/C667F-Mäusen auf einem Laufrad erfasst (Elbaz et al., 2019; Mosca et al., 2013; 

Ruiz et al., 2022) (Abb. 3E). Die durchschnittliche und maximale Laufgeschwindigkeit pro 

Dunkelperiode und pro Laufrunde war bei allen Laufradtypen in den Mutanten im Ver-

gleich zu den Kontrollen reduziert (Abb. 3H, I, S2F, G).  Die Analyse der Gesamtzeit, die 

pro Dunkelperiode auf dem Laufrad verbracht wurde, sowie der Dauer und der Anzahl der 

einzelnen Runden auf dem Laufrad zeigte keine signifikanten Unterschiede zwischen 

Kontroll- und homozygoten Mäusen (Abb. 3F, S2C, D). Dies deutet auf eine beeinträch-

tigte Muskelfunktion hin, jedoch nicht auf eine Beeinträchtigung der Koordination, Aus-

dauer und Motivation der homozygoten Tiere. Insgesamt weisen diese Ergebnisse auf 

eine milde funktionelle Myopathie bei homozygoten Tieren hin. 

Keine offensichtlichen anatomischen Veränderungen im Gehirn oder Auge der 
postnatalen Dag1C667F/C667F-Mäuse 
DG spielt eine wichtige Rolle bei der Bindung der radialen Gliaendfüße an die Basal-

membran und daher für die Migration der Neuronen entlang der Radialglia während der 

Gehirnentwicklung, insbesondere im Cortex und Cerebellum (Moore et al., 2002). Um dies 

in Dag1C667F/C667F-Mäusen darzustellen, führten wir zu verschiedenen postnatalen 
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Zeitpunkten Immunfärbungen mit einem neuronalen Marker (BCL11A für kortikale Neu-

rone) zusammen mit einer Zellkernfärbung (Hoechst), sowie Immunfärbungen für GFAP 

und Laminin durch. Diese Analysen zeigten keine Desorganisation der kortikalen Schich-

ten oder des Aufbaus des Cerebellums (Abb. 4B-E und nicht gezeigte Daten). Die Loka-

lisierung von GFAP-positiven Astrozyten und Laminin an der Pia mater war bei den ho-

mozygoten Tieren ebenfalls vergleichbar mit den Kontrollen (Abb. 4C-E und nicht ge-

zeigte Daten). 

Die Augen der Dag1C667F/C667F-Mäuse zeigten keine makro- oder mikroskopischen Patho-

logien (Abb. 4F). In der Retina spielt DG eine wichtige Rolle bei der Aufrechterhaltung der 

strukturellen Integrität der inneren Grenzmembran (internal limiting membrane, ILM), die 

für die neuronale Migration und die Struktur der Netzhaut wichtig ist (Clements et al., 

2017). Die Retina in den Dag1C667F/C667F-Mutanten zeigte eine organisierte Schichtung 

(Abb. 4G, H und nicht gezeigte Daten). Müller-Gliazellen, die mit Immunfärbung gegen 

Glutaminsynthetase (GS) markiert wurden, waren in den homozygoten Mäusen strukturell 

normal und korrekt lokalisiert. Die mit Laminin markierte ILM war bei den homozygoten 

Mäusen ebenfalls korrekt angelegt (Abb. 4H und nicht gezeigte Daten). 

Die molekulare Zusammensetzung der gliovaskulären Einheit im Gehirn von 
Dag1C667F/C667F-Mäusen ist beeinträchtigt 
DG spielt eine wichtige Rolle bei der Funktion der perivaskulären Endfüße (PVE) von Ast-

rozyten und damit bei der Aufrechterhaltung der BHS (Abb. 5B) (Menezes et al., 2014; 

Zaccaria et al., 2001). Wir untersuchten den DG-Komplex an der PVE durch Co-Immun-

färbungen für DG und Lektin (als Marker für Blutgefäße). In der Großhirnrinde waren Gly-

kosyliertes α-DG und β-DG korrekt an den Blutgefäßen lokalisiert. Das DG-Kernprotein 

fehlte jedoch in den PVE in der molekularen Schicht des Kleinhirns von Dag1C667F/C667F-

Mäusen (Abb. 5F). Eine Quantifizierung der Fluoreszenzintensität von glykosyliertem α-

DG oder β-DG in Immunfärbungen zeigte ebenfalls eine Reduktion beider Proteine ent-

lang der Blutgefäße im Gehirn von Dag1C667F/C667F-Mäusen im Vergleich zu Kontrolltieren. 

Darüber hinaus bildete β-DG ungewöhnliche Aggregate entlang von Blutgefäßen in Ge-

hirnen homozygoter Tiere (Abb. 5A, C, D, S4A, B und nicht gezeigte Daten). Die Visua-

lisierung von β-DG Immunfärbungen mittels hochauflösender Mikroskopie (durchgeführt 

von Dr. Wolfgang Hübner) zeigte einen Verlust der perivaskulären Lokalisierung von β-
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DG im Gehirn homozygoter Tiere (Abb. 5E). Astrozytäre PVE, die mit GFAP, GLT-1 (Glu-

tamattransporter 1, auch EAAT1) und S-100β (S100 calcium-binding protein β) (Langer 

et al., 2017) markiert werden können (Abb. 5I, J, S4C und nicht gezeigte Daten), sowie 

die perivaskuläre Basalmembran, die mit Laminin dargestellt wird (Abb. 5F) und PDGFRβ-

positive Perizyten im perivaskulären Raum (Abb. 5K) (Thomsen et al., 2017) sind in ho-

mozygoten Mäusen allerdings korrekt etabliert. Zusammenfassend zeigen unsere Ergeb-

nisse, dass die C667F-Mutation in β-DG zu einer Reduktion und abnormalen Lokalisie-

rung von DG entlang der Blutgefäße in ansonsten strukturell normalen PVE führt. 

Immunfärbungen für die Bindungspartner von β-DG entlang der BHS (Cherkaoui et al, 

2021; Fujimoto et al, 2023; Jukkola und Gu, 2015; Lien et al, 2012; Nicchia et al, 2008; 

Sato et al, 2018) zeigten einen fast vollständigen Verlust von AQP4 (Aquaporin 4), KIR4.1 

(Inwardly Rectifying Potassium Channel 4.1, auch bekannt als KCNJ10), Dystrophin 

(DYS) und α-Syntrophin (α -SNT) in den PVE von homozygoten Mäusen (Abb. 6A-J, und 

nicht gezeigte Daten). Der Verlust dieser Proteine in den PVE wurde jedoch nicht von 

einer entsprechenden Verringerung der AQP4- oder KIR4.1-Spiegel begleitet (Abb. 6E, 
K). Dies spricht dafür, dass die β-DG-Bindungspartner in homozygoten Mäusen zwar nor-

mal exprimiert aber nicht korrekt in den PVEs lokalisiert sind. Im Gegensatz dazu waren 

AQP4, α-SNT und KIR4.1 entlang der Blutgefäße im Gehirn der 1 Woche alten homozy-

goten Tieren normal exprimiert und lokalisiert (Abb. S4D–F). Dies deutet darauf hin, dass 

DG für die Aufrechterhaltung der molekularen Zusammensetzung der PVE wichtig ist, 

aber nicht für die ersten Schritte der PVE-Etablierung, die bei Mäusen erst postnatal er-

folgt. 

Eine mögliche Folge der Fehllokalisation von AQP4 ist ein gestörter Liquorfluss und eine 

daraus resultierende Anfälligkeit für die Entwicklung eines Hydrozephalus. Wir maßen da-

her die Größe der Hirnventrikel als möglichen Indikator für die Entwicklung eines Hydro-

zephalus. Zwei von sechs 1-wöchigen homozygoten Mäuse hatten vergrößerte Ventrikel, 

während dies bei 6-monatigen Dag1C667F/C667F Mäusen nicht nachweisbar war (Abb. 6L). 

Zusammenfassend führt die Dag1C667F-Mutation zu einer gestörten molekularen Zusam-

mensetzung der PVE im erwachsenen Mausgehirn, mit möglichen funktionellen Konse-

quenzen für den Liquorfluss. 
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Die molekulare Zusammensetzung der gliovaskulären Einheit der Retina ist in 
Dag1C667F/C667F-Mäusen beeinträchtigt 
Wie bei der BHS ist der DG-Komplex an der Aufrechterhaltung der Blut-Retina-Schranke 

(BRS) beteiligt und in den PVE von Müller-Gliazellen im tiefen und mittleren Plexus und 

in den PVE der Astrozyten im oberflächlichen Plexus lokalisiert (Abb. 7B) (Haenggi und 

Fritschy, 2006; Nicchia et al, 2016). Wir untersuchten die BRS durch Immunfärbung für 

Marker der PVE der Retina. Die perivaskuläre Basalmembran, die mit Immunfärbung ge-

gen Laminin visualisiert wurde (Gnanaguru et al., 2013) war bei homozygoten Mäusen im 

Vergleich zu Kontrollen nicht verändert (Abb. 7D). Sie zeigte jedoch einen Verlust des 

DG-Kernproteins entlang aller Blutgefäße der Netzhaut (Abb. 7C). Die Immunfärbung für 

AQP4 in der Netzhaut von Dag1C667F/C667F-Mäusen zeigte, dass AQP4 in den PVE des 

oberflächlichen Plexus fehlte, und in den PVE des tiefen und mittleren Plexus vermindert 

war. Im Gegensatz dazu war KIR4.1 in der Retina homozygoter Tiere in den PVE des 

oberflächlichen Plexus leicht und in den PVE des tiefen und mittleren Plexus stark redu-

ziert (Abb. 7E, F). Zusammenfassend führt die C667F-Mutation in β-DG sowohl in der 

Retina als auch im Gehirn zu einer veränderten molekularen Zusammensetzung der PVE 

mit unterschiedlicher Ausprägung in PVE von Astrozyten bzw. Müller-Gliazellen. Dies kor-

reliert mit Daten, die zeigen, dass die beiden Gliazelltypen in der Netzhaut unterschiedli-

che DG-AQP4-KIR4.1-Komplexe besitzen (Enger et al., 2012; Nicchia et al., 2016). 

1.4 Diskussion 

Partielle Penetranz der embryonalen Letalität in Dag1C667F/C667F-Mäusen 
Die ausgeprägte embryonale Letalität der Dag1C667F/C667F-Mäuse ist wahrscheinlich auf 

die wichtige Rolle von DG bei der Aufrechterhaltung der Reichert-Membran in der Pla-

zenta von Nagetieren zurückzuführen (Matsuo et al., 2022; Williamson et al., 1997). Stu-

dien mit Kollagen-IV-defizienten Mäuseembryonen haben einen ähnlichen Phänotyp mit 

gestörter Reichert-Membran gezeigt (Pöschl et al., 2004). Diese partielle embryonale Le-

talität in Dag1C667F/C667F-Mäusen führt also zu zwei Gruppen von homozygoten Mäusen: 

eine Gruppe mit pränataler Letalität aufgrund einer stark gestörten DG-Expression, DG-

Funktion oder einem gestörten DG-Transport zur Plasmamembran und eine Gruppe, in 

der diese Störung in der DG-Prozessierung oder -Funktion weniger stark ausgeprägt ist 
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bzw. durch andere Mechanismen kompensiert wird und die sich daher relativ normal ent-

wickelt.  

DG-Expression und -Lokalisierung in Dag1C667F/C667F-Mäusen und menschlichen Pa-
tienten 
Im Gegensatz zu den C669F-Patientinnen sind α- und β-DG in Dag1C667F/C667F-Mäusen 

korrekt glykosyliert und am Sarkolemm in der Skelettmuskulatur lokalisiert (Geis et al., 

2013). Allerdings deutet die Reduktion von DG in Western Blots der Dag1C667F/C667F-Mäu-

sen darauf hin, dass möglicherweise ein Teil der unverarbeiteten α/β-DG-Vorstufen ent-

weder abgebaut wird oder Aggregate bildet, die nicht auf Gele oder Blotting-Membranen 

übertragen werden können. Dazu passt, dass β-DG in den PVE Aggregate zu bilden 

scheint. Es wird angenommen, dass C711 eine intramolekulare Disulfidbrücke mit C667 

in der Ektodomäne von nativem β-DG bildet (Deyst et al., 1995; Sciandra et al., 2012; 

Watanabe et al., 2007). Im Falle einer C667F-Mutation könnte C711 pathologische Disul-

fidbrücken bilden, die dann zur Proteinaggregation führen. Die reduzierte Menge an kor-

rekt gespaltenem, glykosyliertem und transportiertem DG scheint jedoch für eine normale 

DG-Funktion bei der Entwicklung und Erhaltung von Muskeln, Gehirn und Auge ausrei-

chend zu sein. Der DG-Komplex ist jedoch an der BHS und der BRS gestört. Insgesamt 

deutet dies darauf hin, dass die C667F-Mutation sich unterschiedlich auf die DG-Funktio-

nen in verschiedenen Organen, Zelltypen und sogar in verschiedenen Entwicklungssta-

dien auswirkt. 

Späte Anzeichen von Myopathie bei Dag1C667F/C667F-Mäusen 
Ein Kernsymptom der MEBD ist die kongenitale Muskeldystrophie (Geis et al., 2013). Im 

Mausmodell zeigen jedoch nur wenige Dag1C667F/C667F-Männchen und diese auch erst in 

höherem Alter (6 Monate und älter) Anzeichen einer Myopathie mit erhöhtem Anteil an 

Fasern mit zentralisierten Zellkernen im Vergleich zu Kontrollmäusen. Entsprechend ist 

die Leistung der einjährigen männlichen und weiblichen Dag1C667F/C667F-Mäuse auf einem 

Laufrad beeinträchtigt. Dies deutet auf eine Myopathie hin, die möglicherweise durch eine 

Reduktion des DG-Proteins oder einer Funktionsstörung im Sarkolemm verursacht wird. 

Der milde Muskelphänotyp bei diesen Mäusen steht wahrscheinlich in Zusammenhang 

mit der frühen embryonalen Letalität eines Teils der homozygoten Mäuse, da nur die ho-

mozygoten Mäuse eine intakte Entwicklung vollziehen und damit das Erwachsenenalter 
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erreichen können, bei denen die DG-Störung – möglicherweise aufgrund von Kompensa-

tionsmechanismen – weniger stark ausgeprägt ist. 

Störung des DG-Komplexes und assoziierter Proteine in der PVE an der BHS und 
BRS in Dag1C667F/C667F-Mäusen 
Im Gehirn und der Netzhaut der Dag1C667F/C667F-Mäuse liegt eine Fehllokalisation von DG 

und seinen Bindungspartnern in den PVE vor. Normalerweise ist der DG-Komplex in den 

PVE für die Lokalisierung von AQP4 und KIR4.1 zuständig (Cherkaoui et al., 2021; Enger 

et al., 2012; Menezes et al., 2014; Nicchia et al., 2008; Rurak et al., 2007; Sato et al., 

2018; Sene et al., 2009). Verschiedene Mausmodelle mit Deletionen in Dag1, Aqp4 und 

Dp71 zeigen eine Fehllokalisation des DG-Komplexes in den PVE, sowie eine gestörte 

BHS und BRS (Cherkaoui et al., 2021; Fujimoto et al., 2020; Haj-Yasein et al., 2011; 

Menezes et al., 2014; Nicchia et al., 2016; Sene et al., 2009; Verkman et al., 2006). BHS-

Störungen wurden als Biomarker für kognitive Dysfunktion beim Menschen identifiziert. 

Aktuelle Studien zur altersbedingten Demenz und post- und long-COVID Brain Fog haben 

eine Assoziation dieser Erkrankungen mit BHS-Störungen gezeigt (Greene et al., 2024; 

Hussain et al., 2021). 

Da β-DG im ZNS nicht nur in den PVE eine Rolle spielt, sollten mögliche weitere Effekte 

der Dag1C667F-Mutation im Gehirn noch untersucht werden. Eine BHS-Störung könnte bei-

spielsweise aufgrund einer Fehlexpression oder -Lokalisation von β-DG in Endothelzell- 

oder Perizyten auftreten (unsere Daten und Zaccaria et al., 2001). Eine direkte (Jahncke 

und Wright, 2022) oder indirekte (z. B. durch die BHS-Störung verursacht) Auswirkung 

der Mutation auf die synaptische β-DG Funktion wäre ebenfalls denkbar und sollte der 

Gegenstand weiterer Untersuchungen sein. 

Biomedizinische Bedeutung des Dag1C667F/C667F-Mausmodells 
Obwohl die Dag1C667F/C667F-Mäuse keine kongenitale Muskeldystrophie aufweisen, und 

nur eine spät einsetzende Myopathie zeigen, könnte dieser Muskelphänotyp und die da-

mit einhergehende Störung der PVE im Gehirn und Retina durchaus zum milderen Ende 

des MEBD-Spektrums gehören. Dieses Mausmodell ist daher ein wertvolles Modell für 

die Untersuchung der Pathophysiologie dieser primären Dystroglykanopathie. Der 

menschliche Gehirnphänotyp der Dag1C669F-Mutation ist durch eine Megalenzephale 
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Leukoenzephalopathie mit subkortikalen Zysten (Megalencephalic leukoencephalopathy 

with subcortical cysts, MLC) gekennzeichnet (Geis et al., 2013). Klassischerweise wird 

MLC durch Mutationen in MLC1 oder GLIALCAM verursacht, aber es wurde auch eine 

MLC beschrieben, die auf einer Störung der Membranlokalisation von AQP4 beruht (Pas-

schier et al., 2023). Die Fehllokalisation von AQP4 in den PVE der Dag1C667F/C667F-Mäu-

sen könnte daher ein möglicher Mechanismus für den MLC-Phänotyp der Patientinnen 

sein. 

1.5 Zusammenfassung 

Dystroglycan ist ein Glykoprotein, das vom DAG1-Gen kodiert werden. Dystroglycan ist 

ein Rezeptor für die extrazelluläre Matrix, der aus einer α- und einer β-Dystroglycan-Un-

tereinheit besteht. Eine homozygote Mutation (c.2006G>T) in DAG1 resultiert in einem 

Aminosäureaustausch (p.Cys669Phe) in der Ektodomäne von β-Dystroglycan. Beim Men-

schen führt diese Mutation zu einer Muskel-Augen-Hirn Krankheit mit multizystischer Leu-

kodystrophie. Das Ziel dieser Studie war es, die Pathomechanismen dieser Muskel-Au-

gen-Hirn Krankheit in einem Mausmodell zu untersuchen, und in Zusammenhang mit Er-

gebnissen, die auf zellulärer Ebene gefunden wurden, zu bringen. Zu diesem Zweck 

wurde ein Mausmodell generiert und charakterisiert, das die C667F-Mutation in Dystrogly-

can trägt (entspricht der C669F-Mutation beim Menschen). Unsere Analyse zeigt, dass 

die Dag1C667F/C667F-Mäuse eine starke embryonale Wachstumsstörung und Letalität auf-

weisen. Nur etwa ein Drittel der homozygoten Mäuse wird geboren. Diese Mäuse entwi-

ckeln sich danach weitgehend normal und erreichen das hohe Erwachsenenalter. Aller-

dings zeigen sie hochspezifische Defizite in der gliavaskulären Einheit des Gehirns und 

der Retina, was zur Destabilisierung der Blut-Hirn- und Blut-Retina-Schranke führt. Hinzu 

kommt eine spät einsetzende, milde histopathologische und funktionelle Störung der Ske-

lettmuskulatur. Zusammenfassend zeigen die Dag1C667F/C667F-Mäuse zwar nicht den kom-

pletten Muskel-Augen-Hirn-Krankheit-Phänotyp, stellen aber aufgrund der unvollständi-

gen Penetranz des Entwicklungsphänotyps ein nützliches Mausmodell dar, um die mole-

kularen Auswirkungen von β-Dystroglycan-Funktionsveränderungen sowohl während der 

Embryogenese als auch im Muskel, Gehirn und Auge erwachsener Tiere zu untersuchen. 

Darüber hinaus können mit diesem Mausmodell grundlegende Einblicke in die Pathome-

chanismen primärer Dystroglykanopathien gewonnen werden. 
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The missense mutation C667F in murine β-dystroglycan causes
embryonic lethality, myopathy and blood-brain barrier
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ABSTRACT
Dystroglycan (DG) is an extracellular matrix receptor consisting of an
α- and a β-DG subunit encoded by theDAG1 gene. The homozygous
mutation (c.2006G>T, p.Cys669Phe) in β-DG causes muscle-eye-
brain disease with multicystic leukodystrophy in humans. In a mouse
model of this primary dystroglycanopathy, approximately two-thirds of
homozygous embryos fail to develop to term. Mutant mice that are
born undergo a normal postnatal development but show a late-onset
myopathy with partially penetrant histopathological changes and an
impaired performance on an activity wheel. Their brains and eyes are
structurally normal, but the localization of mutant β-DG is altered in
the glial perivascular end-feet, resulting in a perturbed protein
composition of the blood-brain and blood-retina barrier. In addition,
α- and β-DG protein levels are significantly reduced in muscle and
brain of mutant mice. Owing to the partially penetrant developmental
phenotype of the C669F β-DGmice, they represent a novel and highly
valuable mouse model with which to study the molecular effects of β-
DG functional alterations both during embryogenesis and in mature
muscle, brain and eye, and to gain insight into the pathogenesis of
primary dystroglycanopathies.

KEY WORDS: Aquaporin 4, Blood-brain barrier, Dystroglycan,
Dystroglycanopathies, Missense mutation, Myopathy

INTRODUCTION
The dystroglycan (DG) protein complex is central in several
physiological and pathological contexts, playing a particularly

important role in skeletal muscle, brain and eye (Adams and
Brancaccio, 2015). It is composed of two subunits: the extracellular
and highly glycosylated α-DG, and the transmembrane β-DG,
which act as a molecular link forming an axis between the
extracellular matrix (ECM) and the cytoskeleton (Ervasti and
Campbell, 1993; Ibraghimov-Beskrovnaya et al., 1992). The β-DG
subunit establishes contacts with dystrophin and the cytoskeleton.
DG is the major non-integrin cell-ECM adhesion complex and
provides stability to various tissues such as skeletal and smooth
muscle, and the central and peripheral nervous systems. In addition,
DG is involved in the stabilization of cell-matrix interfaces, such as
those at the neuromuscular junction, at the interface between
endothelial cells and astrocytic end-feet at the blood-brain barrier
(BBB), at podocyte-glomeruli basement membrane contacts and at
the epithelia-connective tissue border in the lung (Barresi and
Campbell, 2006; Bozzi et al., 2009; Winder, 2001). Furthermore,
DG plays a very early and crucial role during mouse embryogenesis
due to the essential role of DG in maintaining Reichert’s membrane,
which is a specialized basement membrane involved in rodent
embryonic development (Williamson et al., 1997). Mutations that

Research Simplified
Muscle-eye-brain (MEB) disease is a rare disease that is characterised by
progressive muscle degeneration, severe defects in brain anatomy, eye
malformations and developmental delay. Amutation in the gene that codes
for dystroglycan – a protein complex with essential roles in skeletal
muscles, the brain and the eye – has been implicated in causing MEB
disease. Understanding how this specific mutation causes MEB disease
can help researchers develop better diagnostics for and potential
therapeutics against this deadly disease.
The authors introduced the MEB disease-associated mutation in the

dystroglycan-coding gene in mice. Although most of the mice carrying this
mutation die during embryonic development, the few mutant mice that
survived were mostly healthy during the first year of their lives. However,
their muscle fibres showed severely reduced dystroglycan protein levels
and adult mice exhibited myopathy (dysfunction of muscle fibres). One-
year-old mutant mice also displayed muscle-specific reduced running
speed, without any impairment in motivation or motor coordination. Finally,
the authors found that the dystroglycan mutation disrupted function of the
protein complex that is critical for the organisation and stability of the blood-
brain barrier.
This study recapitulated some of the detrimental symptoms of human

MEB disease in a laboratory mouse model and showed that the MEB
disease-associated mutation in dystroglycan disrupts critical brain
functions. As humans and mice share several common physiological
features, further research can help develop therapeutics forMEB disease in
humans.Handling Editor: Monkol Lek
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disrupt the function of human DG, its associated proteins or
enzymes important for its post-translational maturation lead to
various forms of muscular dystrophy, which can be accompanied
by distinctive eye and brain phenotypes (Ackroyd et al., 2008;
Bianchini et al., 2014; Liu et al., 2006).
Most of the DG-related muscular dystrophies result from

alterations of the α-DG glycosylation shell observed in secondary
dystroglycanopathies that are due to genetic abnormalities of
glycosyltransferases involved in the glycosylation of α-DG (Endo,
2014; Fortunato et al., 2014; Muntoni et al., 2008). The N-terminal
domain of α-DG (Bozic et al., 2004; Brancaccio et al., 1997)
may also be involved, as it controls the binding of DG to
glycosyltransferases or to additional factors that are important for
the post-translational maturation of DG in the Golgi (Kanagawa
et al., 2004). However, the exact relationship between the level of α-
DG glycosylation and its pathophysiological consequences remains
to be elucidated (Jimenez-Mallebrera et al., 2008). Although an
increasing number of severe neuromuscular diseases resulting from
DAG1 mutations, the so-called primary dystroglycanopathies, have
been identified (Dai et al., 2019; Dong et al., 2015; Geis et al., 2013;
Hara et al., 2011; Özyilmaz et al., 2019), the underlying molecular
basis of these diseases remains largely unknown (Brancaccio, 2019).
One of these primary dystroglycanopathies results in muscle-eye-

brain (MEB) disease with multicystic leukodystrophy, a severe
neuromuscular condition with brain and eye abnormalities. It arises
from a homozygous missense mutation (c.2006G>T) resulting in an
amino acid substitution (p.Cys669Phe) in the ectodomain of β-DG
and has been described in two human patients (i.e. two sisters, aged 2
and 3 years) (Geis et al., 2013). Beyond the identification of the
initial carrier family and the characterization of histomorphological
features (analyzed at an early postnatal stage and with no follow-up
available), our previous work in transfected cell lines showed that the
β-DG C667F mutation in mice (murine topological counterpart to
the human C669F mutation) leads to a defective trafficking process
of the entire adhesion complex, such that the complex remains
mostly engulfed in the endoplasmic reticulum (Signorino et al.,
2018). No further biochemical or molecular data or follow-up
of the two patients are available for this primary dystroglycanopathy,
and it remains unclear how the mutation in β-DG leads to the
destabilization of the whole DG complex (DGC) and to the severe
symptoms observed in human patients.
To unravel the underlying mechanisms of the pathology in muscle,

brain and eyes, we generated and characterized a mouse model
carrying theC667Fmutation (corresponding to the C669Fmutation in
humans) within the ectodomain of β-DG. Our analysis shows that the
mouse model of the C669F β-DG-associated MEB disease results in
developmental delay and embryonic lethality inmost mutant embryos.
Mutant mice that develop to term reach late adulthood and show
highly specific deficits in the glia-vascular unit in the central nervous
system (CNS) as well as late-onset histopathological changes in
skeletal muscle. Thus, our mouse model represents a novel and highly
valuable tool with which to understand the mechanisms underlying
various aspects of primary dystroglycanopathy pathology and to study
the impact of β-DG dysfunction at the molecular level.

RESULTS
Generation and characterization of the Dag1C66F7/C667F

mouse line
To generate a mouse line carrying the C667Fmutation (corresponding
to the C669Fmutation in humans) in the ectodomain of β-DG, a point
mutation was introduced into exon 5 of Dag1 (Fig. 1A, see Materials
and Methods for details). Mice heterozygous for the mutation

(Dag1C667F/+) are viable, healthy and fertile. Homozygous
(Dag1C667F/C667F) mice are not born with the expected Mendelian
frequency (on average only 7.63±1.98% of mice per litter were
homozygous), suggesting an embryonic phenotype that results in
prenatal lethality but is only partially penetrant (Fig. 1B). As DG is
essential for the maintenance of Reichert’s membrane and thus
embryonic development of mouse embryos (Williamson et al., 1997),
we investigated at which stage embryonic development is impaired.
Analysis at embryonic day (E) 8.5, E9.5 and E10.5 showed that
homozygous embryos are present at almost the expected Mendelian
frequency (average±s.d.: 19.34±10.87%; 12 litters analyzed; Fig. 1C)
with an undisrupted embryonic morphology (Fig. 1D). However, the
majority of the homozygous embryos was smaller than control
littermates at E9.5 and E10.5 (Fig. 1D,E). To assess whether
alterations in Reichert’s membrane contribute to this embryonic
phenotype in the Dag1C667F/C667F embryos, we performed
immunostaining for laminin and for DG (with an antibody
recognizing the core protein of both α- and β-DG) at E8.5. This
showed that in most homozygous embryos, laminin was irregularly
deposited in Reichert’s membrane and DG was not or was only
weakly expressed at the interface between the parietal endoderm,
Reichert’s membrane and the trophectoderm (Fig. S1A,B).

Despite this severe embryonic phenotype, Dag1C667F/C667F mice
that develop to term survive to adulthood, are healthy and have no
apparent behavioral phenotype in the home cage until over 1 year of
age. Furthermore, homozygous mutants appear to be fertile (two
matings resulted in two litters of two and four pups, respectively).
However, comparison with littermates showed that Dag1C667F/C667F

males weigh significantly less than control littermates at 2 and
6 months of age (Fig. 1F). As the human patients were affected by
MEB disease, we next focused our analysis on the approximately one-
third of themutant mice that were born to study the effect of the C667F
mutation on muscle, brain and eye development and maintenance.

DG protein levels are reduced in skeletal muscle and brain
tissue of Dag1C667F/C667F mice
First, we investigated whether the mutation leads to alterations in
DG protein expression and processing in muscle and brain
(Fig. 1G-I; Fig. S1C-G). Based on our previous observations in
transfected cell lines (Signorino et al., 2018), we expected an
alteration in α/β-DG processing or trafficking and thus a potential
reduction in protein levels in homozygous mice. Lysates and
succinylated wheat germ agglutinin (WGA) enrichments from brain
and muscle tissues were subjected to a western blot analysis with an
antibody recognizing the core protein of both α- and β-DG.
Although DG was cleaved into its α- and β-subunits, α- and β-DG
protein levels were substantially reduced in skeletal muscle and
brain of Dag1C667F/C667F mice compared with wild-type or
heterozygous controls (Fig. 1G,I; Fig. S1C). Western blot analysis
with the anti-α-DG IIH6 antibody, which detects the glycan moiety
responsible for α-DG binding to laminin and is commonly used to
identify glycosylated α-DG, showed that α-DG could be detected in
muscle and brain tissues from homozygous animals, indicating that
α-DG is glycosylated in Dag1C667F/C667F mice (Fig. 1H; Fig. S1D).
Thus, the C667F mutation results in reduced levels of DG but no
alteration in its processing or glycosylation in the mouse model.

To investigate the mechanisms underlying the reduced DG levels,
we performed quantitative RT-PCR of brain tissue to exclude that
the decreased DG expression levels were due to reduced Dag1
transcription. This analysis revealed no significant difference in
Dag1 mRNA levels between homozygous, heterozygous and wild-
type animals (Fig. S1E). In addition, analysis of polyubiquitylation
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Fig. 1. See next page for legend.
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levels of total protein extracts from brain and muscle samples
excluded hyperactivation of the proteasome-ubiquitin protein
degradation pathway (Fig. S1F). To examine whether the reduced
level of α-DG affects signaling pathways downstream of DG-
mediated cell-ECM interaction, we analyzed the pI3K/AKT
pathway and found no difference in the pAKT/AKT ratio between
control and Dag1C667F/C667F mice (Fig. S1G).
Given the reduced DG expression in muscle and brain tissue from

adult Dag1C667F/C667F mice, we next investigated the effect of the
mutation on DG protein localization in muscle fibers and on skeletal
muscle integrity and function. We then conducted a detailed
analysis of DG localization and potential phenotypes in the brain
and retina of the mutant mice.

α- and β-DG are localized at the sarcolemma in the skeletal
muscle of Dag1C667F/C667F mice
In muscle fibers, α- and β-DG are localized at the sarcolemma and α-
DG binds to its ECM partner, laminin. To determine whether the
C667F mutation alters the localization of DG in muscle fibers, we
examinedwhetherα- and β-DG could be detected at the sarcolemma in
Dag1C667F/C667F mice (Fig. 2A-K). Sections of hindlimb muscle
(tibialis, biceps and triceps) were immunostained for glycosylated α-
DG, β-DG or α/β-DG core protein in conjunction with laminin or
dystrophin (DYS) at multiple time points (Fig. 2B-D,G,H). For these
and all subsequent experiments, both heterozygous andwild-typemice
were used as controls, as DG levels were not reduced in the
heterozygous mice (Fig. 1; Fig. S1). Immunostaining revealed that α-
and β-DG were present at the sarcolemma in homozygous mice and
expression was not obviously reduced compared with that in controls
at any of the time points analyzed (Fig. 2B-D,G,H,J,K). Localization
of DYS in the sarcolemma and laminin around the individual muscle
fibers was also similar inmutant and control mice (Fig. 2B-D,G,H). As
the C667F mutant protein accumulates in the ER of transfected cell
lines (Signorino et al., 2018), we investigated whether α- and β-DG
protein are partially retained in the sarcoplasmic reticulum (SR).
Therefore, we performed double staining for calsequestrin (CASQ), a
marker for the SR, and for either glycosylated α-DG or β-DG in

muscle from 1-week- and 6-month-old mice. We could not detect any
obvious increase in α- or β-DG levels in the SR of theDag1C667F/C667F

mice at these stages (Fig. 2E,F,I). These data indicate that the mutation
in the ectodomain of β-DG does not result in a severe disruption of DG
processing or subcellular localization in skeletal muscle but rather in an
overall reduction in DG protein levels evident only in western blot
analysis.

A late-onset histopathological phenotype is observed in
skeletal muscle in a subset of Dag1C667F/C667F mice
Given the reduction in α- and β-DG protein levels in skeletal muscle
of homozygous animals, we examined whether the hindlimbmuscle
(quadriceps femoris muscle) of homozygous mutant mice showed
histopathological changes (Fig. 3A-D). Both heterozygous and
wild-type mice were used as controls because the muscle histology
of the heterozygous mice was indistinguishable from that of wild-
type mice (data not shown). One sign of muscular dystrophy and the
subsequent muscle fiber regeneration is the presence of nuclei in the
center of the muscle fiber. Histological analysis of neonatal, 1-
week- or 2-month-old mice did not show an overt phenotype
(Fig. 3B,C). However, in 6-month- and 1-year-old mice, we found a
substantial increase in the percentage of fibers with nuclei in the
central region in two of the male homozygous mice (Fig. 3C). Next,
we performed a quantitative analysis of the muscle fiber cross-
sectional area (2- and 6-month-old mice) and minimum Feret’s
diameter (neonatal, 1-week-, 2-month-, 6-month- and 1-year-old
mice) in homozygous and control mice, as the degree of variability
in muscle fiber size may be an indicator of muscular dystrophy
(Briguet et al., 2004). This analysis showed no significant difference
in the coefficient of variation (VC) of either the cross-sectional area
or of the minimum Feret’s diameter of muscle fibers in homozygous
compared with control mice at any stage analyzed (Fig. 3D). Even
when these two measures were specifically compared between
control males and males with an increased percentage of fibers with
central nuclei, no significant difference was found (data not shown).
Nevertheless, histograms of the minimum Feret’s diameter of mice
at 6 months and 1 year of age showed a broadening and flattening of
the distribution in male and femaleDag1C667F/C667Fmice compared
with controls (Fig. S2A,B). Taken together, these data suggest that
the mutation in β-DG results in a subtle, late-onset and partially
penetrant histopathological phenotype in the muscle of adult (older
than 2 months) Dag1C667F/C667F mice.

Finally, we tested whether the severity of the histopathological
phenotype correlated with the level of DG expression or localization
at the sarcolemma or SR by blotting the percentage of central nuclei
against either the level of DG protein expression detected by western
blot or the intensity of DG staining in the sarcolemma or SR detected
by immunostaining for individual mice. This analysis showed
no obvious correlation between DG protein expression or DG
localization in the sarcolemma and the histopathology. Interestingly,
the two Dag1C667F/C667F mice with the highest percentage of central
nuclei at 6 months of age also had the highest signal for β-DG in the
SR. However, a clear conclusion regarding the correlation between β-
DG localization in the muscle fiber and the histopathological
phenotype cannot be drawn due to the small number of mutant mice
analyzed (n=5) and the fact that two control mice with no
histopathological phenotype also showed relatively high levels of
β-DG in the SR (Fig. S3).

Reduced running capacity in 1-year-old Dag1C667F/C667F mice
Given the reduced DG protein levels and the subtle histopathological
phenotype in the hindlimbmuscle of agedmice, we next investigated

Fig. 1. Reduced DG protein levels in skeletal muscle and brain tissue of
Dag1C667F/C667F mice. (A-F) Generation and characterization of the
Dag1C667/C667 mouse line. (A) Strategy for the development of the Dag1C667

mouse model. Shown are the wild-type allele, the targeting vector, the
recombined locus and the point mutation allele after in vivo excision of the
neo cassette. (B) Dag1C667F/C667F mice (hom) are not born at the expected
Mendelian frequency of 25% (47 litters, 361 mice). (C) Dag1C667F/C667F are
found with approximately the expected Mendelian frequency between E8.5
and E10.5. Number of analyzed embryos: 36 (E8.5), 47 (E9.5) and 20
(E10.5). (D) Whole-mount images of wild-type, heterozygous (het) and hom
embryos at E9.5 and E10.5. Hom embryos are smaller than wild-type and
het embryos. Scale bars: 1 mm. (E) Size of embryos between E8.5 and
E10.5 for the different genotypes. Number of analyzed embryos: 36 (E8.5),
47 (E9.5) and 20 (E10.5). (F) Hom male mice weigh significantly less than
control (ctr) mice (genotype: Dag1C667F/+ or Dag1+/+) at 2 and 6 months of
age, but not at 1 year of age. There is no significant difference between
female control and mutant mice at the ages analyzed. (G-I) Expression of
DG was evaluated by western blot performed on skeletal muscle tissues
(hindlimb hip adductor and abductor, and thigh knee flexor complexes) from
6-month- and 1-year-old wild-type, het and hom mice. Quantification of
protein bands is reported as an average (6-month-old mice, n=4 for each
genotype; 1-year-old mice, n=3 for each genotype) and presented as
DG/tubulin ratio. (G,I) α- and β-DG subunits were analyzed in WGA
enrichments using a polyclonal α/β-DG antibody recognizing both core
proteins. (H) Glycosylated α-DG was detected using IIH6 monoclonal
antibody. Data are mean±s.e.m. in B,F and ±s.d. in G-I. Statistical analysis
was carried out using one-way ANOVA with Sidak’s multiple comparison.
*P<0.05; **P<0.01 (comparison of hom versus wild-type for G-I).
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Fig. 2. See next page for legend.
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whether skeletal muscle function is altered inDag1C667F/C667Fmice.
One-year-old control and Dag1C667F/C667F mice were individually
housed in cages containing an activity wheel and their performance
was automatically monitored (Novak et al., 2012). Voluntary wheel
running has been used in several studies to assess endurance in mice
with skeletal muscle dysfunction (Elbaz et al., 2019; Mosca et al.,
2013; Ruiz et al., 2022). In our paradigm, we also tested for effects
on movement coordination: the wheel was made more complex over
time by removing individual rungs (Fig. 3E). Maximum and average
running speed, total running time and distance for individual
sessions or the entire dark period were compared between control
and Dag1C667F/C667F mice for the three wheel types (Fig. 3F-I;
Fig. S2C-H). On the regular wheel, the average and the maximum
running speed per dark phase and per session were reduced in the
mutants as compared with the controls, suggesting that their
performance was impaired (Fig. 3H,I; Fig. S2F,G). The performance
levels observed on the regular wheel were maintained on the more
complex wheel types in both control and mutant animals, indicating
that motor coordination was not impaired in the Dag1C667F/C667F

mice (Fig. 3F-I; Fig. S2C-H). The total time spent on the wheel per
dark period, the length and number of individual sessions were not
significantly different between control and mutant mice, indicating
that endurance and motivation to run were not altered in the mutants
(Fig. 3F; Fig. S2C,D). Likely due to the decreased speed of the
mutant mice compared with controls, the total running distance per
dark period appeared to be reduced (without reaching significance)
and the mean distance per session was significantly reduced for the
complex and highly complex wheel (Fig. 3G; Fig. S2E). In
conclusion, these data show that 1-year-oldDag1C667F/C667Fmutant
mice have a diminished running capacity, as manifested by reduced
speed compared with control mice, whereas time spent on the
wheel, motivation and coordination are not overtly affected in the
homozygous mutant mice, suggesting a muscle-specific phenotype.

No obvious anatomical changes in brain or eye of postnatal
Dag1C667F/C667F mice
Conditional inactivation of Dag1 in the mouse brain results in a
detachment of radial glia end-feet from the basement membrane at
the pial surface of the brain and a collapse of radial glia fibers. This
results in the disruption and partial loss of the basement membrane,
in layer defects in the cerebral cortex and cerebellum, and in the
fusion of the cerebellar folia (Moore et al., 2002). Thus, if the
C667F mutation in β-DG affects DG expression levels, localization

or function in the developing brain, the Dag1C667F/C667F mice may
have anatomically altered cortical structures. However, analysis of
the layers in the cerebral and cerebellar cortex using Hoechst or
neuronal markers (BCL11A for cortical neurons) at different
postnatal time points (Fig. 4A) did not reveal any changes in the
organization of the cerebral and cerebellar cortex in the
homozygous mice (Fig. 4B-E). Furthermore, the distribution of
GFAP-positive astrocytes and the localization of laminin at the pial
surface appeared to be normal inDag1C667F/C667Fmice (Fig. 4C-E).

In addition to severe anatomical brain abnormalities, MEB disease
associated with the DG C669F mutation is characterized by defects in
the visual system, such as congenital glaucoma, myopia, retinal atrophy
and/or juvenile cataracts in the human patients (Geis et al., 2013). To
investigate whether these phenotypes are recapitulated in Dag1C667F/
C667F mice, we isolated eyes at different postnatal and adult stages
(Fig. 4A). Histological analysis of the eyes did not reveal any overt
phenotypes (Fig. 4F), except for one 2-month-old mousewith a cataract
in one eye (one out of 12 eyes) and a thin and disorganized ganglion
cell layer, a phenotype that is also typically observed in glaucoma
(Munemasa and Kitaoka, 2013). In the developing retina, DG is
required to maintain the structural integrity of the inner limiting
membrane (ILM) (Clements et al., 2017). Loss ofDG function results in
ILM degeneration and deficits in migration and axon guidance, as well
as altered anatomical arrangement of neurons and retinal thinning.
Histological examination of the retina in the Dag1C667F/C667F mutants
did not reveal any obvious changes in retinal organization (Fig. 4G,H).
Immunostaining for glutamine synthetase (GS), amarker forMüller glia
cells, which span almost the entire retina, showed that these cells were
structurally normal. Finally, immunostaining for laminin showed that
the ILM was properly established in the homozygous mice (Fig. 4H).

Taken together, these data indicate that the mutation in β-DG
does not disrupt the function of DG in organizing basement
membranes at the pial surface of the brain or in the ILM in
the retina in Dag1C667F/C667F mice. In addition, radial glia and
Müller glia cells are established and maintained, and the
anatomical development of the mouse brain and the retina are
not overtly affected in Dag1C667F/C667F mice.

The molecular composition of the glia-vascular unit is
impaired in the brain of Dag1C667F/C667F mice
Previously, complete inactivation ofDag1 in the CNS was shown to
alter astrocyte perivascular end-feet (PVE) and the BBB. PVE are
highly specialized astrocytic processes that envelop the vasculature
of the brain (Fig. 5). α- and β-DG are expressed in the PVE and also
in endothelial cells (Fig. 5B) (Menezes et al., 2014; Zaccaria et al.,
2001).

Immunostaining for glycosylated α-DG or β-DG combined with
lectin to label blood vessels in the cerebral cortex showed that α- and
β-DG were localized at blood vessels at the analyzed stages in
control and mutant brains (Fig. 5A,C,D; Fig. S4A,B). However, the
intensity of the fluorescent signal for either α-DG or β-DG at the
PVE was reduced in 2-month-old Dag1C667F/C667F mice compared
with controls (Fig. 5G,H), and β-DG was abnormally clustered
around blood vessels in the brain of homozygous mice aged
2 months or older (Fig. 5D). Super-resolution microscopy of lectin
and β-DG revealed that the perivascular localization of β-DG
(surrounding the lectin staining on the extravascular site) was lost in
homozygous animals (Fig. 5E; Movies 1 and 2). Furthermore, the
DG core protein could be detected in the PVE in the molecular layer
of the cerebellum in control mice, whereas it was absent in the PVE
of Dag1C667F/C667F mice (Fig. 5F). Labeling for GFAP, GLT-1
(glutamate transporter 1, also known as EAAT1) and S-100β, three

Fig. 2. α- and β-DG are localized at the sarcolemma in skeletal muscle
of Dag1C667F/C667F mice. (A) Timeline summarizing which experiments were
performed at which postnatal stages. (B-H) Cross-section through the
quadriceps femoris muscle of 6-month- or 1-year-old mice.
(B,C) Immunostaining for glycosylated (glyco) α-DG or β-DG in combination
with laminin (LN) and Hoechst (Hoe) in 6-month-old control and
Dag1C667F/C667F mice. (D) Immunostaining for the DG core protein (α/β-DG)
and dystrophin (DYS). (E,F) Immunostaining for glyco α-DG or β-DG in
combination with the sarcoplasmic reticulum (SR) marker calsequestrin
(CASQ). The middle and the right panels show the same area with different
adjustments in the intensity levels to visualize the signal in the membrane
(middle panel) and the weak signal for glyco α- or β-DG in the SR (right
panel). (G,H) Immunostaining for glyco α- or β-DG in combination with
laminin (LN) and Hoechst (Hoe) in 1-year-old control and Dag1C667F/C667F

mice. Scale bars: 20 μm in B-D,G,H; 10 μm in E,F. (I-K) Quantification of the
mean gray value (MGV) of β-DG in the SR (CASQ positive area) of 6-month-
old mice (n=5 mice per group) (I), MGV of β-DG (J) or glyco α-DG (K) at the
sarcolemma of 1-year-old mice (n=4 mice per group). Data are mean±s.e.m.
Statistical analysis was carried out using a two-tailed unpaired t-test. ns, not
significant.
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Fig. 3. See next page for legend.
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proteins expressed in astrocytes, two of which (GFAP and S-100β)
are known to localize to the PVE, showed that the PVE are formed
in Dag1C667F/C667F mice (Langer et al., 2017) (Fig. 5I,J; Fig. S4C).
Laminin, a component of the basement membrane between blood
vessels and the PVE, was preserved in the homozygous animals
(Fig. 5F) as were the PDGFRβ-positive pericytes in the perivascular
space (Fig. 5K) (Thomsen et al., 2017). Interestingly,
co-immunostaining for β-DG and PDGFRβ showed that β-DG is
expressed in pericytes and that this expression is maintained in the
Dag1C667F/C667F brains. In conclusion, these data suggest that the
reduced presence and clustering of DG along blood vessels is a
consequence of DGmislocalization in the PVE rather than structural
changes in the PVE.
To investigate whether the altered localization of DG results in

aberrant localization of other proteins important for BBB function
(Fig. 6), we examined the expression of aquaporin 4 (AQP4), which is
highly enriched in the PVE and plays a crucial role in brain water
homeostasis (Fig. 6A-E). AQP4 was no longer properly localized to
the PVE in Dag1C667F/C667F mice and was detected only at very low
levels around some blood vessels (Fig. 6C,D).Western blot analysis of
brain tissue showed that the absence of AQP4 in PVE was not caused
by an overall reduction in protein levels (Fig. 6E), suggesting that this
phenotype is due to mislocalization of the water channel rather than to
reduced expression levels. AQP4 is anchored to the PVE membrane
by components of the DGC complex (Cherkaoui et al., 2021; Lien
et al., 2012; Nicchia et al., 2008; Sato et al., 2018). Therefore, we next
examined the localization of DYS and α-syntrophin (α-SNT) at the
PVE. Immunostaining showed that both proteins were no longer
localized to the PVE in the Dag1C667F/C667F mice at 2 months of age
or older, suggesting that the C667F mutation results in altered
interactions of β-DG with the intracellular components of the DGC
(Fig. 6F-H). Finally, we examined the localization of the inwardly
rectifying K+ channel KIR4.1 (also known as KCNJ10), another
important component of the BBB that is also anchored to the PVE
membrane by theDGC (Fujimoto et al., 2023; Jukkola andGu, 2015).

We found that the localization of KIR4.1 to the PVE appeared to be
reduced in homozygous mutant mice when compared with controls,
whereas the overall protein levels of KIR4.1 were not reduced in
mutant animals (Fig. 6I-K). Interestingly, AQP4, α-SNT and KIR4.1
were still localized around blood vessels in the brain of 1-week-old
homozygous animals (Fig. S4D-F), suggesting that DG is important
for maintaining rather than establishing the molecular composition of
the PVE during BBB maturation.

A consequence of a destabilized BBB can be the abnormal flow of
cerebrospinal fluid and its accumulation in brain ventricles, resulting
in ventricular enlargement (Profaci et al., 2020). Lateral ventricles of
1-week-old Dag1C667F/C667F mice were significantly enlarged
compared with controls, suggesting a functional impairment of the
BBB despite its apparently normal protein composition in the
homozygous mice at this stage. However, no obvious difference in
ventricle size could be detected between mutant and control mice at
6 months of age, pointing to possible compensatory mechanisms
(Fig. 6L). In conclusion, these data indicate that the Dag1C667F

mutation results in a specific impairment of DG function in the
molecular organization of the PVE in the mouse brain with a
potential impact on cerebrospinal fluid flow.

The molecular composition of the glia-vascular unit is
impaired in the retina of Dag1C667F/C667F mice
Next, we examined the blood-retinal barrier at several postnatal
stages (Fig. 7A). The blood-retinal barrier is formed by the PVE of
Müller glia cells at blood vessels in the deep and intermediate plexus
and by PVE of astrocytes at blood vessels in the superficial plexus
(Fig. 7B) (Nicchia et al., 2016). The glial components of the blood-
retinal barrier also contain DGC-AQP4-KIR4.1 complexes
(Haenggi and Fritschy, 2006) and immunostaining for the DG
core protein showed its localization around blood vessels in retinas
of control animals. In the retinas of homozygous animals, the DG
core protein was no longer detected around blood vessels (Fig. 7C).
Immunostaining for glycosylated α-DG or β-DG could not be
performed because the available antibodies did not work on paraffin
wax-embedded sections of the retina. Laminin, which is part of the
basement membrane around blood vessels in the retina (Gnanaguru
et al., 2013), was not altered in homozygous mutant mice (Fig. 7D).
Immunohistological analysis for AQP4 and KIR4.1 showed that in
the retina ofDag1C667F/C667Fmice, AQP4 was absent from the PVE
at blood vessels in the superficial plexus, whereas KIR4.1
localization appeared to be normal or was only slightly reduced.
In contrast, AQP4 expression persisted, albeit at reduced levels, in
the PVE at blood vessels in the deep and intermediate plexus of
homozygous mutant mice, whereas KIR4.1 was severely reduced
(Fig. 7E,F). No difference in α-SNT localization, which appears to
be diffuse in the retina and is not restricted to the blood-retinal
barrier, was detected between control and mutant animals at 2 or
6 months of age (data not shown) (Enger et al., 2012). These data
demonstrate that the mutation in β-DG has distinct effects on DGC-
AQP4-KIR4.1 complex formation in the PVE formed by astrocytes
versus Müller glia cells, consistent with previous data suggesting
that the DGC-AQP4-KIR4.1 complex differs between these two
glial cell types in the retina (Enger et al., 2012; Nicchia et al., 2016).

DISCUSSION
Partially penetrant embryonic lethality in Dag1C667F/C667F

mice
Dag1C667F/C667Fmice exhibit a severe developmental phenotype, with
only about one-third of the homozygous mice surviving to term and
most mutant embryos showing growth retardation by E9.5. A likely

Fig. 3. A late-onset pathological phenotype in skeletal muscle in
Dag1C667F/C667F mice. (A) Timeline summarizing which experiments were
performed at which postnatal stages. (B) Hematoxylin and Eosin (H&E)
staining of cross-sections through the quadriceps femoris muscle at the
indicated time points. 2-month-, 6-month- and 1-year-old muscle fibers: right
panels show higher magnifications of the outlined areas in the left panels.
Arrows indicate the presence of centralized nuclei in 6-month- and 1-year-
old muscle fibers. Scale bars: 20 μm for 1-week-old; 100 μm for 2-month- to
1-year-old. (C) Percentage of fibers with centralized nuclei. Although overall
there is no significant difference between control (Ctrl) and Dag1C667F/C667F

(Hom) mice, there are several male Hom mice (black squares) with a high
percentage of fibers with centralized nuclei. (D) The variance coefficient
(VC) of Feret’s diameter is not significantly different between Ctrl and Hom
mice at the stages analyzed. (C,D) Black circles or squares, male mice; red
circles or squares, female mice. Data are mean±s.e.m. Statistical analysis
was carried out using a two-tailed unpaired t-test with Welch’s corrections
(C, 2-month-old; D, 1-year-old), a Mann–Whitney test (C, 6-month- and
1-year-old) or a two-tailed unpaired t-test (D, 2- and 6-month-old). (E-I)
1-year-old mice were given access to an activity wheel in their home cage.
(E) Mice had access to a 33-rung wheel (regular wheel, RW) for 2 days.
Subsequently, mice had access to an irregularly spaced 22-rung wheel
(complex wheel, CW) for 4 days, followed by access to an irregularly spaced
14-rung wheel (highly complex wheel, HCW) for 2 days. Created with
Biorender.com. (F,G) Ctrl and Hom mice spent a similar amount of time per
night on the RW, CW or HCW, and the distance covered per night was not
significantly different between Ctrl and Hom mice. (H,I) Average speed and
maximum speed per night are significantly lower in Hom mice compared
with Ctrl mice on the RW, CW and HCW. n=6 mice per group. Data are
mean±s.e.m. Statistical analysis was carried out using two-way ANOVA with
Sidak’s multiple comparison. *P<0.05; **P<0.01.
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reason for this severe phenotype is that DG plays an essential role in
maintaining Reichert’s membrane, which is involved in placenta
formation in rodents (Matsuo et al., 2022; Williamson et al., 1997).
Indeed, the growth retardation inDag1C667F/C667F embryos resembles
the phenotype described for collagen IV-deficient embryos (Pöschl
et al., 2004), where Reichert’s membrane is thinner than in controls
but not completely disrupted. Consistent with this, we find evidence
for perturbed laminin expression in Reichert’s membrane and
decreased DG expression at the parietal endoderm/Reichert’s
membrane/trophectoderm interface in the mutant embryos. These

data suggest that in embryos that fail to develop to term, DG
expression levels or trafficking to the plasma membrane may be more
severely affected than in homozygous mice that are born and
subsequently live to adulthood. This could explain the relatively mild
phenotypes (compared with those reported in human patients)
observed in the group of surviving mutant mice. The mechanisms
leading to this potential variability in DG levels or trafficking, and
thus in embryonic survival, in Dag1C667F/C667F mice will be
interesting to explore in the future, as they may be of therapeutic
importance.

Fig. 4. Brain and eye show no obvious anatomical changes in Dag1C667F/C667F mice. (A) Timeline summarizing which experiments were performed at
which postnatal stages. (B-E) Analysis of brain anatomy in neonatal control and Dag1C667F/C667F mice. (B,C) Immunostaining for the cortical neuron marker
BCL11A (B) or the astrocyte marker GFAP (C) in combination with Hoechst (Hoe). (D) Laminin (LN) is expressed around blood vessels and at the pial
surface of the neonatal cortex in control and Dag1C667F/C667F mice. (E) Cerebellar folia and the pial basement membrane (LN positive) covering cerebellar
fissures and folia are established in the mutant mice. (F-H) Analysis of eye and retina phenotype in 2-month-old control and Dag1C667F/C667F mice. (F,G)
Hematoxylin and Eosin (H&E) staining of cross-sections through the eye (F) and retina (G). GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer
nuclear layer. (H) Immunostaining for LN and glutamine synthetase (GS), a marker for Müller glia cells, in combination with Hoechst. The inner limiting
membrane (ILM) is present in homozygous mutant mice, as indicated by the presence of LN and GS-positive end-feet of Müller glial cells at the ILM. Scale
bars: 200 μm in B-E; 500 μm in F; 50 μm G,H.
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Fig. 5. See next page for legend.
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DG expression levels and localization in the Dag1C667F/C667F

mice and in human patients
Our results show reduced DG protein levels in adult Dag1C667F/C667F

skeletal muscle and brain. However, α-DG glycosylation is unaffected
and α/β-DG localization to the muscle fiber sarcolemma is not overtly
altered in the homozygous mutant mice. This observation contrasts
with reports on human patients in whom glycosylated α-DG was
undetectable at the sarcolemma (Geis et al., 2013). Despite these
differences between mouse and human, the reduction in DG levels in
Dag1C667F/C667F mice suggests the following. First, a fraction of the
unprocessed α/β-DG precursor may either be destroyed or form
aggregates that are not transferable to gels or blotting membranes.
Indeed, the clustering of β-DG observed at the PVE indicates
aggregation. In this context, it is noteworthy that the C667F mutation
leaves C711, which is thought to form an intramolecular disulfide
bridge with C667, in the ectodomain of native β-DG (Deyst et al.,
1995; Sciandra et al., 2012; Watanabe et al., 2007). Second, the
presence of a reduced amount of properly processed, glycosylated and
trafficked DG appears to be sufficient for adequate DG function in the
development and maintenance of muscle, brain and eye. Third,
although we cannot determine whether the observed phenotypes are
solely due to reduced DG levels or whether altered structure and
interaction capacity of β-DG contributes to the phenotype, it is
important to note that DGC appears to remain intact in the skeletal
muscle and functionally unimpaired in the radial glia scaffold during
development, but is disrupted at the BBB and blood-retina barriers.
These results suggest tissue-, cell- and perhaps even stage-specific
consequences of the C667F mutation on DG function.

Late-onset signs of muscle pathology and skeletal muscle
dysfunction in Dag1C667F/C667F mice
Patients with the C669Fmutation inDAG1 have generalized muscular
hypotonia and signs of muscular dystrophy (e.g. muscle fibers with
moderate size variability) from early childhood (Geis et al., 2013). In
the mouse model, some Dag1C667F/C667F males (6 months and older)

show late onset signs of dystrophic muscle (increased percentage
of fibers with central nuclei compared with control mice). This
phenotype is not fully penetrant as it is not observed in all mutant
male mice and is absent in female Dag1C667F/C667F mice. Despite this
mild histopathological phenotype, 1-year-old male and female
Dag1C667F/C667F mice were impaired in their performance on an
activity wheel, particular in their running speed. These data indicate
compromised muscle function, possibly because of reduced DG
protein levels.

Disruption of the DGC and associated proteins in PVE at the
blood-brain and blood-retinal barrier of Dag1C667F/C667F mice
DGC, AQP4 and KIR4.1 localization in PVE is disrupted in
Dag1C667F/C667F mice. AQP4 is known to be crucial for water
homeostasis in the brain and retina. Aqp4-null mice have altered
barrier function of PVE in the brain and the deep plexus of the
retina, decreased blood-brain water uptake, and are more prone to
develop a hydrocephalus (Haj-Yasein et al., 2011; Nicchia et al.,
2016; Verkman et al., 2006). KIR4.1 colocalizes with AQP4 in the
PVE. It has been proposed that the coupled transport of both water
and K+ contributes to astrocytic volume changes after neuronal
activity (Ochoa-de la Paz and Gulias-Cañizo, 2022).

It has previously been shown that the DGC is associated with
AQP4 and plays an important role in the localization of AQP4 and
KIR4.1 to PVE (Cherkaoui et al., 2021; Enger et al., 2012; Menezes
et al., 2014; Nicchia et al., 2008; Rurak et al., 2007; Sato et al., 2018;
Sene et al., 2009). For example, conditional inactivation of Dag1 in
the CNS results in greatly reduced localization of AQP4 at the PVE
and an impaired BBB (Menezes et al., 2014). Loss of dystrophin
protein 71 (Dp71), the major Dmd protein product in the adult brain
and a direct interacting partner of DG, results in a strong reduction of
AQP4 in PVE, a complete absence of α-SNT in the brain and a
compromised blood-retinal barrier. In addition, β-DG localization
in the PVE is reduced (Cherkaoui et al., 2021; Fujimoto et al., 2020;
Sene et al., 2009). Dp71 interacts with both AQP4 and KIR4.1 in
cortical astrocytes and in Müller glia cells, suggesting that the DGC
is essential for the localization of both proteins in the PVE
(Fujimoto et al., 2023; Sene et al., 2009).

The impaired BBB inDag1C667F/C667Fmice could lead to deficits
in overall brain function. BBB disruption is emerging as an early
biomarker of cognitive dysfunction in humans and has been
proposed to contribute to age-related cognitive decline. In addition,
prolonged BBB breakdown has been reported to be a key feature of
COVID-associated brain fog. Mechanistically, a compromised BBB
may trigger or exacerbate a range of tissue damage, leading to
synaptic and neuronal dysfunction, and cognitive impairment
(Greene et al., 2024; Hussain et al., 2021).

Taken together, the disruption of the molecular complexes at the
PVE in brain and retina of Dag1C667F/C667F mice indicates that β-DG
function is essentially lost in this highly specialized cell compartment
of glia cells. This is in sharp contrast to the unimpaired development of
the brain and retina, and to themild muscle phenotype in the one-third
of mutant mice that develop to term, suggesting that, despite the
mutation, β-DG function is partially or fully maintained in these
tissues or developmental stages. Importantly, the function of β-DG at
the BBB may not be restricted to the PVE, as it is also expressed in
endothelia cells and pericytes (our data and Zaccaria et al., 2001).
Finally, the DGC has been shown to have several synaptic functions
(Jahncke and Wright, 2023). Whether the C667F DG mutation also
impairs β-DG function at CNS synaptic contacts and whether such a
possible effect is direct or rather indirect, e.g. caused by the BBB
disruption (see above), remains to be investigated.

Fig. 5. Perivascular end-feet are formed in the brain of Dag1C667F/C667F

mice. (A) Timeline summarizing which experiments were performed at
which postnatal stages. (B) Schematic representation of the cellular and
ECM components of the BBB. Markers expressed in the different
components are in brackets. BM, basement membrane; LN, laminin; Lect,
lectin. Created with Biorender.com. (C-E) Immunostaining for glycosylated
(glyco) α-DG or β-DG in combination with lectin (Lect) to visualize blood
vessels and Hoechst (Hoe) in the cortex of 2-month-old mice. β-DG is
abnormally clustered at blood vessels in Dag1C667F/C667F mice. (C,D) The
right panels are higher magnifications of the areas outlined in the middle
panels. (E) Super-resolution microscopy of single blood vessels (lectin-
positive, magenta arrows) showing that β-DG (green arrows) is present in
the perivascular space in control but not in Dag1C667F/C667F mice. 3 µm
maximum intensity projections of z-stacks are shown. (F) Immunostaining for
the α/β-DG core protein (DG-core) and laminin (LN) in combination with Lect
and Hoe in the molecular layer of the cerebellum of 2-month-old mice. (G,H)
Quantification of immunofluorescence intensity (mean gray value, MGV) of
α-DG or β-DG expression in the PVE normalized to the MGV of lectin. n=5
mice per group; MGV was analyzed in three images per animal and included
in the statistical analysis. Data are mean±s.e.m. Statistical analysis was
carried out using a two-tailed unpaired t-test. ***P<0.001. (I) GFAP
immunostaining in combination with Lect and Hoe visualizing astrocytes and
their PVE surrounding a blood vessel in the hippocampus of 6-month-old
control and Dag1C667F/C667F mice. (J) Immunostaining for GLT-1 to visualize
astrocytes and S-100β, which localizes to PVE. (K) Immunostaining for β-DG
and PDGFRβ to label pericytes. Pericytes (arrows) are located in the
perivascular space and express β-DG in the cortex (ctx) of control (ctrl)
and Dag1C667F/C667F (hom) mice. Scale bars: 20 μm in C,D,F,I,K; 5 μm in
E; 10 μm in J.
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Fig. 6. See next page for legend.
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Other mouse models for dystroglycanopathies
Secondary dystroglycanopathies, which are characterized by severe
neuromuscular pathologies, are caused by hypoglycosylation of
α-DG due to genetic abnormalities in the enzymes responsible for
the post-translational maturation of α-DG. The genes responsible
for secondary dystroglycanopathies in human patients are POMT1,
FKTN, FKRP and POMGNT2. When these genes are inactivated
in mice, some mutations result in severe phenotypes, including
embryonic lethality or perinatal death (Ackroyd et al., 2008;
Kurahashi et al., 2005; Nakagawa et al., 2015; Willer et al., 2004),
similar to the severe phenotype observed in the majority of
Dag1C667F/C667F embryos. Interestingly, myd mice, which carry a
mutation in the glycosyltransferase LARGE that is responsible for
the synthesis of the laminin-binding tandemly repeated polymer of
α-DG (i.e. matriglycan), are viable but have a shortened lifespan
(Grewal et al., 2001).
Although numerous cases of secondary dystroglycanopathies

have been described, few patients affected by primary
dystroglycanopathies have been identified so far (Brancaccio,
2019). Besides the C669F mutation in DAG1, only three other
mutations have been characterized in more detail. The observed
phenotypes ranged from an early-onset form of limb-girdle
muscular dystrophy (LGMD) with cognitive impairment (T192M
mutation) (Dinçer et al., 2003; Hara et al., 2011) to a mild
childhood-onset case of muscular dystrophy with hyperCKemia
(V74I, D111N) (Dong et al., 2015) and a late-onset form of LGMD
identified in a 64-year-old man (R776C) (Dai et al., 2019). The only
available mouse model so far carries the missense mutation T190M
(orthologous to the human T192M), which results in partially
impaired glycosylation of α-DG (Bozic et al., 2004). The mouse
model shows a late-onset muscular dystrophy phenotype (i.e.
centrally located nuclei in skeletal muscle fibers in 21-week- and 1-
year-old mice) (Hara et al., 2011). An effect on embryonic survival

has not been reported. Thus, both the T190M and the C667F mouse
models show a discrepancy in the onset and severity of the
phenotype compared with the human patients.

Implications of the Dag1C667F/C667F mouse model for the
treatment of rare dystroglycanopathies
It should be noted that although the phenotype of the group of
Dag1C667F/C667F mice that develop to term is less severe than the
disease symptoms in human patients, the late onset histopathology in
skeletal muscle, along with abnormalities in the PVE in the brain and
retina, may well be characteristic of the mild end of the MEB disease
spectrum, making this mouse model a valuable tool for studying
certain mechanistic aspects of this primary dystroglycanopathy. In
particular, the patients with the DAG1 C669F mutation present with
megalencephalic leukoencephalopathy with subcortical cysts (MLC)
(Geis et al., 2013). In themajority of patients withMLC, the phenotype
is associated with pathogenic variants in MLC1 or GLIALCAM
(HEPACAM), but recently, inMLC patients without mutations in these
two genes, a pathogenic variant ofAQP4was discovered that interferes
with the membrane localization of AQP4 (Passchier et al., 2023).
Thus, our finding that AQP4 localization to PVE is disrupted in
Dag1C667F/C667F mice may provide a first insight into the potential
mechanisms underlying the MLC in the patients with the C669F
mutation inDAG1. A potentially directly relevant therapeutic approach
in the context of the PVE phenotype in our mouse model is the
observation that AQP4 polarization in PVE is altered in a rat retinal
injury model. This deficit can be rescued by treatment with
bumetanide, a NKCC1 (Na+-K+-2Cl– co-transporter 1) inhibitor that
downregulates AQP4 by interfering with the metalloproteinase 9
(MMP9)-mediated cleavage of β-DG (Chen et al., 2023). In addition, a
better knowledge of the DG core protein can guide the design of better
antibodies, especially for diagnostic purposes (Fortunato et al., 2014;
Humphrey et al., 2014). Thus, we anticipate that the availability
of the Dag1C667F/C667F mouse model for further molecular or
pharmacological studies may have a biomedical impact.

MATERIALS AND METHODS
Animals
All mouse experiments were carried out with strict observance of protocols
and guidelines approved by the University of Bonn Animal Care and Use
Committee, Federal Government of Germany and European Union
legislation. The protocols were approved by the Landesamt für Natur,
Umwelt und Verbraucherschutz Nordrhein-Westfalen (Permit numbers:
81-02.04.2019.A415, 81-02.04.2019.A493). The mice were housed under
controlled light (12:12 h light:dark cycle at an ambient temperature of
22°C). Water and mice chow were available ad libitum. For embryonic
stages, 12:00 noon on the day of the vaginal plug was designated as E0.5.

Generation of mouse line
The Dag1C667F mouse line was developed by Genoway (Lyon, France)
using a standard homologous recombination approach in embryonic stem
cells. To generate the C667F mutation (corresponding to the C669F
mutation in human) a point mutation (TGC>TTC at position 2698 in the
cDNA sequence) was introduced into exon 5. The targeting vector
containing the mutated exon 5 and flanking genomic regions (homology
arms) was transfected into mouse ES cells. Neomycin (Neo)-resistant cells
were screened by PCR and DNA sequencing. Positive clones were injected
into blastocysts to generate chimeras. To excise the Neo cassette and
generate the F1 generation (heterozygous point mutant knock-in mice),
chimeras were crossed with mice expressing Cre in the germline. Pups from
the F1 generation were then screened to test for germline transmission. Mice
were generated on a C57BL6 background and then crossed onto a CD1
background. Heterozygous mice were crossed to obtain homozygous
Dag1C667F/C667F mice.

Fig. 6. The molecular composition of the glia-vascular unit is disrupted
in the brain of Dag1C667F/C667F mice. (A) Timeline summarizing which
experiments were performed at which postnatal stages. (B) Schematic
representation of the DGC at the BBB. SSPN, sarcospan; AQP4, aquaporin
4; KIR4.1, inwardly rectifying K+ channel. Created with Biorender.com.
(C) Immunostaining for AQP4 in combination with lectin (Lect) and
Hoechst (Hoe) in the cortex of 2-month-old mice. (D) Quantification of
immunofluorescence intensity (mean gray value, MGV) of AQP4 in PVE of
2-month-old control (Ctrl) and Dag1C667F/C667F (Hom) mice. The MGV of
AQP4 is normalized to the MGV of lectin. (E) Western blot for AQP4 using
brain tissue of 2-month-old mice and quantification of relative protein levels.
(F,G) Immunostaining for dystrophin (DYS) and α-syntrophin (α-SNT) in
combination with lectin and Hoechst. (H) Quantification of
immunofluorescence intensity of α-SNT in PVE of 2-month-old control and
Dag1C667F/C667F mice. The MGV of α-SNT is normalized to the MGV of
lectin. (I) Immunostaining for KIR4.1 in combination with lectin and
Hoechst. KIR4.1 expression appears to be reduced in the PVE in the cortex
of 2-month-old hom mutant mice. (J) Quantification of KIR4.1
immunofluorescence intensity in PVE of 2-month-old control and
Dag1C667F/C667F mice. The MGV of KIR4.1 is normalized to the MGV of
lectin. (K) Western blot for KIR4.1 using brain tissue of 2-month-old mice
and quantification of relative protein levels. (C,F,G,I) Scale bars: 20 μm.
(D,H,J) MGV analysis: n=6 Ctrl and 6 Hom animals; MGV was analyzed in
three images per animal and included in the statistical analysis. Data are
mean±s.e.m. Statistical analysis was performed using a two-tailed unpaired
Student’s t-test. (E,K) Quantification of protein bands is shown as an
average (n=3 mice for each genotype) and normalized to tubulin levels
(tubulin levels shown in E also correspond to the samples blotted in K).
(L) Quantification of the ventricle size (average value of both ventricles) of
1-week- (n=4 per group) and 6-month-old (n=5 per group) mice. Data are
mean±s.e.m. Statistical analysis was performed by two-way ANOVA with
Sidak’s multiple comparison test. *P<0.05, **P<0.01. ns, not significant.
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Fig. 7. See next page for legend.
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Genotyping
PCR amplification was performed to identify wild-type, heterozygous and
homozygous mice. Genomic DNA was isolated from extra-embryonic
membranes (E9.5 and E10.5), embryos (E8.5), tail tips (neonates) or ear
clips using sodium hydroxide digestion (digestion with 75 μl NaOH for 1 h at
96°C followed by neutralization with pH 5.5 Tris HCl). PCR amplification was
carried out using these conditions: 95°C for 30 s, 65°C for 30 s and 72°C
for 30 s (30 cycles), with a final extension at 72°C for 8 min. The PCR products
were loaded onto 1.5% agarose gel with ethidium bromide and photographed
using a ChemiDoc and Image Lab software. Primers were: forward, 5′-
CCCCAGACTGGCCTTCAACTCATC-3′; reverse, 5′-AGTGCCCTATCA-
CATGACATCCTGTCAC-3′. The wild-type Dag1 allele yields a 177 bp
product, the C667F Dag1 mutant allele a 268 bp product.

Histology
Tissue preparation at embryonic stages
Pregnant mice were euthanized by cervical dislocation at the appropriate
embryonic stage. E8.5 embryos were kept in their extra-embryonic tissues,
fixed overnight in 4% paraformaldehyde (PFA) at 4°C, dehydrated in graded
series of ethanol followed by xylene, embedded in paraffin wax and
sectioned at 7 μm on a microtome. E9.5 and E10.5 embryos were dissected
from extra-embryonic tissues, the embryos and extra-embryonic tissues
were fixed separately in 4% paraformaldehyde (PFA) overnight, dehydrated
in graded series of ethanol followed by xylene, embedded in paraffin wax
and the tissues were sectioned at 7 μm on a microtome.

Tissue preparation of postnatal brain, muscle and eye
Postnatal day (P) 0 (neonatal) and P7 (1 week) mice were decapitated; P60
(2 months), P180 (6 months) and 1-year-old mice (age range: 1.05 to
1.25 years) were euthanized using cervical dislocation. Eyes, brains and
whole hindlegs (for neonates) or hindleg muscles (for mice 1 week and
older: upper and lower extensors, upper and lower flexors) were dissected.
Eyes were fixed overnight in 4% PFA, dehydrated in graded series of ethanol
followed by xylene, embedded in paraffin wax and cut into 5 μm sections on
a microtome. Brains were fixed in 4% PFA, cryoprotected in 15% and 30%
sucrose, and cryopreserved in OCT Tissue Tek (Sakura) on dry ice. P0 and
P7 brains were cut into 14 μm sections onto adhesive microscope slides,
while brains from P60 and older mice were cryosectioned at 40 µm and
collected as free-floating sections in anti-freeze solution (40% PBS, 30%
ethylene glycol and 30% glycerol). Mouse muscle or hindlegs were snap
frozen in isopentane chilled in liquid nitrogen and cryosectioned at 7 μm. For
1-year-old mice, muscles, brain and eyes were isolated from animals that had
access to a running wheel for 8 days before the tissues were collected.

Hematoxylin and Eosin staining
Paraffin sections of eye tissue were deparaffinized and rehydrated. Frozen
sections were thawed and hydrated in PBS (brain tissue) or stained directly

(muscle tissue). Sections were stained for 3 min in Hematoxylin, differentiated
for 5 s (muscle) or 30 s (brain and eye) in 0.2% HCl and 75% ethanol, rinsed
for 5 min in running tap water, washed in double-distilled water for 1 min and
stained with Eosin for 3-5 min. Sections were then dehydrated in increasing
concentrations of ethanol followed by xylene and mounted with DPX (Merck)
non-aqueous mounting medium.

Immunostaining
For immunofluorescence staining of frozen sections, sections were re-fixed
in 4% PFA for 10 min at room temperature and blocked in 10%NDS in PBS
plus Triton X-100 (PBT) for 1 h at room temperature. For blocking and all
the following steps, 0.1% PBT was used for P0 and P7 brain tissue and
muscle tissue at all stages, whereas 0.3% PBT was used for adult brain
tissue. Sections were incubated with primary antibody in 3% NDS PBT
overnight at 4°C. To visualize brain endothelial cells, DyLight649
Lycopersicon esculentum lectin was added to the primary antibody
solution (1:200; Vector Labs). Sections were washed three times for
5-10 min in PBT and incubated for 2 h at room temperature in secondary
antibody and Hoechst (Abcam) in 3% NDS in PBT. Sections were washed
three times for 5-10 min in PBT. Antibody details are provided in Table S1.
For immunofluorescence staining using the anti-β-DG antibody (mouse,

Novocastra), a ‘mouse on mouse’ protocol was used. Sections were
incubated in 10% NGS in 0.1% PBT for 30 min at room temperature.
Sections were then incubated with unconjugated Fab fragments (Rockland)
diluted at 1:100 in 1% BSA in 0.1% PBT for 1 h. Sections were washed
three times for 5-10 min in 0.1% PBT followed by the standard
immunofluorescence protocol described above but using DyLight549-
conjugated goat-anti-mouse F(ab′)2 fragments as secondary antibody.
Antibody details are provided in Table S1.

For immunofluorescence staining of paraffin sections, sections were
deparaffinized and rehydrated. Antigen retrieval was carried out by boiling
the sections for 10 min in sodium citrate buffer (pH 6.0) in a pressure cooker.
Sections were blocked for 1 h at room temperature with 10% NDS in 0.3%
PBT and incubated overnight at room temperature with primary antibodies in
3% NDS in 0.3% PBT. To visualize brain endothelial cells, DyLight649
Lycopersicon esculentum lectin was added to the primary antibody solution
(1:200; Vector Labs). Sections werewashed three times for 5-10 min in 0.3%
PBT and incubated with secondary antibodies and Hoechst (Abcam) in 3%
NDS in 0.3% PBT for 1 h at room temperature. Sections were washed three
times for 5-10 min in 0.3% PBT and mounted with Aqua Polymount
(Polysciences). Antibody details are provided in Table S1.

Protein isolation and western blot
Proteins were extracted from skeletal muscle (hindleg hip adductor and
abductor, and thigh knee flexor complexes) and from the whole brain of wild-
type, heterozygous and homozygous mice (2 months, 6 months and 1 year)
using PBS containing 1% Triton X-100 (Sigma-Aldrich) and a Complete
EDTA-free cocktail of protease inhibitors (Roche). Soluble proteins from
skeletal muscle were incubated with Protein-A beads. The cleared fractions of
skeletal muscle samples and total protein extracts of the brain were incubated
with 500 μl of succinylatedWGA-agarose beads (Vector Labs) at 4°C for 16 h.
Beads were washed three times in washing buffer (WB, 1 ml PBS containing
0.1% Triton X-100 and protease inhibitors) and eluted with 300 μl WB
containing 300 mM N-acetylglucosamine. Total protein extract or WGA-
enriched proteins (20 μg) were separated using 4-15% SDS-PAGE gels and
were transferred to nitrocellulose membrane (Millipore). Blots were probed
with primary antibodies and then developed with horseradish peroxidase
(HRP)-enhanced chemiluminescence (WesternBright ECL). Antibody details
are provided in Table S1.

RNA isolation and quantitative RT-PCR
Total RNAwas isolated fromwhole brain of 1-year-old wild-type,Dag1C667F/+

orDag1C667F/C667Fmice using the RNeasyMini Kit (Qiagen) according to the
manufacturer’s instructions. An additional on-column DNase treatment was
performed to remove residual DNA. 1 μg of total RNAwas reverse transcribed
in a 20 μl reaction mix using the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems), following the manufacturer’s instructions.

Fig. 7. The molecular composition of the glia-vascular unit is disrupted
in the retina of Dag1C667F/C667F mice. (A) Timeline summarizing which
experiments were performed at which postnatal stages. (B) Schematic of the
retina showing the vasculature, and the location of astrocytes and Müller glia
cells. Created with Biorender.com. (C) Immunostaining for the DG-core
protein (α/β-DG) in combination with lectin (Lect) and Hoechst (Hoe) in the
retina of 2-month-old mice. Right panels show higher magnifications of the
outlined areas in the left panels. Closed arrowheads indicate blood vessels
(Lect Hoe) or α/β-DG surrounding these blood vessels (DG core). Open
arrowheads indicate absence of DG around blood vessels.
(D) Immunostaining for laminin (LN) in combination with Lect and Hoe in the
retina of 2-month-old mice. (E) Immunostaining for AQP4 in combination
with Lect and Hoe shows that AQP4 is absent around blood vessels in the
superficial plexus (SP, open arrowheads) but maintained in the intermediate
(IP) and deep plexus (DP) (closed arrowheads) in the retina of 2-month-old
Dag1C667F/C667F mice. (F) Immunostaining for KIR4.1 in combination with
lectin and Hoechst shows that KIR4.1 is reduced around blood vessels in
the IP and DP (empty arrowheads) but maintained in the SP in the retina of
2-month-old Dag1C667F/C667F mice. (E,F) Areas outlined in the left panels are
shown at higher magnification on the right. Scale bars: 40 μm.
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Quantitative RT-PCR was performed using a standard TaqMan PCR protocol
on a StepOne real time PCR System (Applied Biosystems) with primers
specific for murine Dag1. The housekeeping gene hypoxanthine
phosphoribosyltransferase (Hprt) was used as a reference. The reactions were
incubated at 50°C for 2 min and at 95°C for 10 min, followed by 40 cycles of
95°C for 15 s and 60°C for 1 min. All reactions were run in triplicate.

Imaging
Whole-mount images of E9.5 and E10.5 embryos were captured with a Leica
MZ10 F modular stereomicroscope and processed using Leica Application
Suite Version 3.3.0 (Leica Microsystems, 2003). Images of
immunofluorescence-stained sections were acquired on an inverted Zeiss
AxioObserver Z1 equipped with a Zeiss AxioCam MRm. At 5× (EC PlnN
5×/0.16), 10× (EC PlnN 10×/0.3) and 20× (EC PlnN 20×/0.5) magnification,
tile images were acquired with conventional epifluorescence. Tile images
were stitched with Zen blue software (Zeiss, 2012).
At 63× (C-Apochromat, 63×/1.4 oil, Zeiss), images of immunofluorescence

stainings were obtained at an inverted Zeiss AxioObserver equipped with a
CSU-W1 Confocal scanner unit (50 mm pinhole disk, Yokogawa). Z-stacks
were acquired with laser lines 405 nm, 488 nm, 561 nm and 640 nm. Images
taken are maximum intensity projections of these z-stacks.

Super-resolution 3D structured illumination microscopy was performed
on an OMXv4 (GE Healthcare) equipped with a 60×/N.A. 1.42 Olympus oil
immersion lens and four separate 15-bit sCMOS cameras for fluorescent
channel imaging. The corresponding laser excitation wavelengths were 405,
488, 568 and 642 nm. The raw images were processed with SoftWoRx 7.0.0
to construct 3D super resolution images. The 3D reconstruction was
obtained with the molecular visualization software ChimeraX (Pettersen
et al., 2021).
Bright-field images were acquired on a Zeiss Axio Scope.A1 microscope

using an AxioCam 503 Color and processed with Zen blue software (Zen
lite, 2019).

Voluntary wheel running
One-year-old mice (age range: 1.05 to 1.25 years; males n=4 and females n=2
per group) were individually housed in cages with an activity wheel (Scurry
MouseMisstepWheel, Lafayette Instrument) for a period of 8 days. Micewere
provided with free access to food and water, as well as nesting material, and
were allowed to run on thewheel at any intensity or duration.Mice initially had
access to a 33-rung wheel (regular wheel) for 2 days. The complexity of the
activity wheel was then increased according to the following scheme: mice
were housed in a cage with an irregularly spaced 22-rung wheel (complex
wheel) for 4 days and with an irregularly spaced 14-rung wheel (highly
complex wheel) for 2 days. The running activity was recorded using Scurry
Activity Monitoring Software (Lafayette Instrument) and through video
recordings throughout the experimental period. Nocturnal (dark period in the
light cycle) running activity was tallied and maximum speed, average speed,
total duration per night and total distance per night were calculated using
Microsoft Excel (version 16.16.27, Microsoft). Nocturnal running sessions,
defined as a period of uninterrupted running on thewheel, were analyzed using
Igor Pro software (version 8.04, Wavemetrics) for average speed, maximum
speed, average duration and average distance per session, as well as for the total
number of sessions per night.

Quantification
Tissue sections
Cross-section areas and minimal Feret’s diameters in quadriceps femoris
muscle fibers of neonatal, 1-week-, 6-month- and 1-year-old (age range:
1.05 to 1.25 years) mice were measured to quantify muscle fiber size
variability as a surrogate for muscle fiber degeneration and regeneration.
Bright-field images of Hematoxylin and Eosin-stained sections were
acquired with a 10× (6-months, 1-year) or a 20× (neonatal, 1-week)
objective, muscle fibers were traced and the cross-sectional area and
minimal Feret’s diameter were quantified using ImageJ (Treat-NMD SOP
DMD_M.1.2.001 Version 2.0). The percentage of muscle fibers with
centralized myonuclei was also calculated for neonatal, 1-week-, 6-month-
and 1-year-old mice to objectify muscle fiber regeneration. Muscle fibers

with centralized myonuclei were manually counted using 10× Hematoxylin
and Eosin light microscope images, and expressed as a percentage of all
muscle fibers in the image.

Levels of α- or β-DG expression at the sarcolemma of muscle fibers were
determined in quadriceps femoris muscle fibers from 1-year-old mice (n=4
per group). In maximum intensity projections of z-stacks (63× objective)
acquired from α- or β-DG immunofluorescence-stained sections, binary
masks were used to generate ROIs of the sarcolemma, and the mean gray
values (MGVs) in the ROIs were measured using ImageJ.
To quantify β-DG expression in the SR of muscle fibers,

immunofluorescence staining for the SR marker CASQ and β-DG was
performed on the quadriceps femoris muscle of 6-month-old mice (n=5 per
group). In maximum intensity projections of z-stacks (63× objective)
acquired from immunofluorescence-stained sections, binary masks based on
CASQwere used to generate ROIs of the SR, and theMGVof β-DG staining
was measured in the ROIs using ImageJ.
Brain ventricle size in 1-week-old (n=4 per group) and 6-month-old (n=5

per group) mice was measured by immunofluorescence microscopy. Images
of the mouse brain cortex at the level where the lateral ventricles are widest
were acquired with a 5× objective. The ventricle size was manually traced,
and the area of each ventricle was measured in ImageJ. The average of the
left and right ventricle size was calculated.
To quantify protein expression at the PVE, mean gray values of

immunofluorescence-stained blood vessels (α- and β-DG, KIR4.1, AQP4
and α-SNT) were measured in cerebral cortex and retina of 2-month-old
(n=5 per group) and 6-month-old (n=5 per group) mice. Using 63×
maximum intensity projections of z-stack images, blood vessels were
manually traced based on Lectin staining, and the mean gray values of the
traced areas were measured using ImageJ. Mean gray values for the marker
of interest were normalized to the mean gray value of lectin.

Western blots
The densitometry analysis of bands was performed using Alliance Q9
Advanced UVITEC software and normalized to tubulin.

Quantitative RT-PCR
The relative level for each gene was calculated using the 2−ΔΔCT method
(Livak and Schmittgen, 2001) and reported as fold change. Each experiment
was repeated three times.

Methodology and statistics
Sample size was not determined in advance, as we had to work with a
relatively small sample size due to embryonic lethality in two-thirds of
the homozygous animals. All homozygous animals were included in the
analysis. For the analysis of postnatal stages, a similar number of mutant
and control animals was analyzed; thus, not all control animals
were included into the analysis. There were no pre-established criteria to
include or exclude control animals. The sample phenotypes were not
anonymized.

Western blots
One-way ANOVA followed by Sidak’s multiple comparison test was used
for normalized densitometric measurement of control and mutant mice
using GraphPad Prism 8.0 software. Error bars indicate s.d.

Quantitative RT-PCR
One-way ANOVA followed by Sidak’s multiple comparison test was used
on GraphPad Prism 8.0 software.

Histology and immunostaining
Two-tailed unpaired Student’s t-test was used for the statistical analysis
of mean gray values of blood vessels. One-way ANOVA with Sidak’s
multiple comparison test was used for analysis of mouse weights on
GraphPad Prism software 9.5. Histograms for muscle fiber cross-section
area and minimal Feret’s diameter were plotted. VCs of muscle fiber cross-
section area and minimal Feret’s diameter were calculated using the
formula VC=1000×standard deviation/mean (Briguet et al., 2004). VCs
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were compared using one-way ANOVA with Sidak’s multiple comparison
test. Statistical tests were performed in GraphPad Prism software 9.5
and 10.0.3.

Voluntary wheel running
Two-way ANOVA with Sidak’s multiple comparison test was used for
analysis of maximum speed per night and per session, average speed per
night and per session, total duration per night, total distance per night,
average session duration and average session distance. Statistical tests were
performed in GraphPad Prism software 9.5 and 10.0.3. Error bars indicate
s.e.m. or s.d., as specified in the figure legends.
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K. M., Güvenç, M. S., Kale, M. Y., Gazeteci, H., Kiliç, B. et al. (2019). Impact of
next–generation sequencing panels in the evaluation of limb–girdle muscular
dystrophies. Ann. Hum. Genet. 83, 331-347. doi:10.1111/ahg.12319

Passchier, E. M. J., Kerst, S., Brouwers, E., Hamilton, E. M. C., Bisseling, Q.,
Bugiani, M., Waisfisz, Q., Kitchen, P., Unger, L., Breur, M. et al. (2023).
Aquaporin-4 andGPRC5B: old and new players in controlling brain oedema.Brain
146, 3444-3454. doi:10.1093/brain/awad146

Pettersen, E. F., Goddard, T. D., Huang, C. C., Meng, E. C., Couch, G. S., Croll,
T. I., Morris, J. H. and Ferrin, T. E. (2021). UCSF ChimeraX: structure
visualization for researchers, educators, and developers. Protein Sci. 30, 70-82.
doi:10.1002/pro.3943
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Fig. S1. Analysis of Reichert’s membrane in embryos and DG protein levels in brain 
tissue of Dag1C667F/C667F mice  
(A, B) Analysis of Reichert’s membrane in E8.5 control (wild-type (wt) and heterozygous (het)) 

or homozygous (hom) embryos. (A) Immunostaining for Laminin (LN) and the DG-core 

protein in combination with Hoechst (Hoe) to visualize cell nuclei. In control (ctrl) embryos, 

LN is deposited evenly in Reichert’s membrane (RM) and DG is expressed at the parietal 

endoderm (PE)/RM/trophectoderm (TE) interface. Note that the RM is detached from the TE 

in the wt embryo, which is likely due to processing artifacts. In hom embryos, LN is unevenly 

distributed in RM (asterisks) and DG is only weakly expressed at the PE/RM/TE interface 

(arrowheads). Scale bar: 50 μm. (B) Qualitative assessment of continuity of LN expression in 

RM and DG expression at the PE/RM/TE interface in E8.5 embryos. Ctrl embryos: n=6, hom 

embryos: n=7. (C,D) DG expression was assessed by Western blot performed on brain 

samples from wt, het and hom mice at 2 months of age (n=3 for each genotype). 

Densitometric analysis of protein bands is shown as DG/Tubulin ratio. (C) α- and β-subunits 

were analyzed in total protein extracts using a polyclonal anti α/β-DG antibody that 

recognizes both core proteins. (D) α-DG was detected in WGA enrichments with the IIH6 

monoclonal antibody, which is specific for a glycosylated epitope of α-DG. Error bars: s.d.. 

Statistical analysis was performed by one-way ANOVA followed by Sidak’s multiple 

comparison. ***p<0.001 (hom compared to wt). (E) Quantitative RT-PCR was performed on 

cDNA amplified from brain tissue of 1- year-old mice. Quantification of mRNA level is 

normalized to wt mRNA level and shown as average (n=3 mice per genotype). Error bars: 

s.d..  (F, G) Analysis of skeletal muscle tissue (hind limb hip adductor and abductor, and 

thigh knee flexor complexes) from 6-month-old mice (n=3 mice per genotype). (F) 

Densitometric analysis of protein ubiquitination in WGA enriched samples and 

representative Western blot image of ubiquitination. (G) Densitometric analysis of pAKT and 

AKT expression shown as ratio between pAKT and AKT in total protein extracts and 

representative Western blot images of phosphorylated and total Akt. 
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Fig. S2. Histopathological phenotype of muscle fibers and impaired wheel running in 
Dag1C667F/C667F mice 

(A, B) Histograms of minimum Feret’s diameter of mice at 6 months (n=5 per group) 

and 1 year (n=6 per group) of age show a broadening and flattening of the 

distribution oI YDrLDncH coHIILcLHntV (9&V) in female and male homozygous mice (Hom-

F, Hom-M) compared to controls (Ctrl-F, Ctrl-M). (C-H) Running wheel performance 

per session. There is no difference in the number or duration of sessions on the 

running wheel between Dag1C667F/C667F mice (Hom) and controls (Ctrl) (C, D). Maximum 

speed per session is significantly reduced in Hom mice compared to Ctrls on the regular 

wheel (RW), complex wheel (CW), and highly complex wheel (HCW) (G, see also Figure 

3E). Correspondingly, mean distance per session (E), mean speed per session (F) and 

rotations per session (H) are also significantly reduced when comparing the Hom mice to 

Ctrls (only for CW and HCW). n=6 mice per group. Error bars: s.e.m.. Statistical analysis 

was performed by two-way ANOVA with Sidak’s multiple comparison. *p<0.05; 

**p<0.01.  
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Fig. S3. No clear correlation between histopathological phenotype and α-DG or β-DG 
protein expression level or subcellular localization  

(A, B) There is no obvious correlation between the expression levels of α-DG or β-DG as 

detected by Western blot analysis and the percentage of central nuclei in individual 6-month- 

or 1-year-old homozygous (Hom) or control (Ctrl) mice. (C, D) There is no obvious correlation 

between the intensity (measured by mean gray value (MGV)) of the immunofluorescence 

signal for α-DG or β-DG in the sarcolemma and the percentage of central nuclei in individual 

1-year-old Hom or Ctrl mice. (E) There appears to be a potential correlation between the 

intensity (measured by MGV) of the immunofluorescence signal for β-DG in the sarcoplasmic 

reticulum (SR) and the percentage of central nuclei 1-year-old Hom mice, but not in Ctrl mice. 
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Fig. S4. The molecular composition of the glia-vascular unit is normal in the brain of 1-week-old 
Dag1C667F/C667F mice 

Immunostaining for glycosylated (glyco) α-DG (A), β-DG (B), GFAP (C), α-syntrophin (α-SNT, D), 

Aquaporin 4 (AQP4, E) and KIR4.1 (F) in combination with lectin (Lect) to visualize blood vessels and 

Hoechst (Hoe) to visualize cell nuclei in the cortex of 1-week-old mice. Note that in contrast to 2-month-

old mice (compare Figure 6) all the markers are present in the perivascular endfeet at this early 

postnatal stage. Scale bars: 20 μm.  

Disease Models & Mechanisms: doi:10.1242/dmm.050594: Supplementary information

D
is

ea
se

 M
o

de
ls

 &
 M

ec
ha

ni
sm

s 
• 

S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n

53



Movie 1. Super-resolution 3D structured illumination microscopy image showing the localization of 
β-DG in the perivascular space in the cortex of control mice. Immunostaining for β-DG (green) in 

combination with lectin (magenta) to visualize blood vessels and Hoechst (cyan) in the cortex of 2-month-old 

control mice. 3D reconstruction of a 40.96 x 40.96 x 3 µm z-stack. Note that there are no nuclei in the 

selected region in the control. This region of interest is also shown in Figure 5E.  
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http://movie.biologists.com/video/10.1242/dmm.050594/video-1


Movie 2. Super-resolution 3D structured illumination microscopy image showing absence of β-DG 
in the perivascular space in the cortex of Dag1C667F/C667F mice. Immunostaining for β-DG (green) in 

combination with lectin (magenta) to visualize blood vessels and Hoechst (cyan) in the cortex of 2-month-

old Dag1C667F/C667F mice. 3D rHconVtrXctLon oI D ����� [ ����� [ � �P ]�VtDcN� 7KLV rHJLon oI LntHrHVt LV DlVo 

VKoZn Ln )LJXrH �(� 
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http://movie.biologists.com/video/10.1242/dmm.050594/video-2


Antibody 
(species) 

Source Identifier Titer/Volume/ 
Dilution 
(when 
applicable) 

α-Dystroglycan 
IIH6 (mouse) 

Merck Millipore, Burlington, MA 
USA 

RRID:AB_309828 IHC: 1:100 
WB: 1:1000 

α-Syntrophin 
(rabbit) 

Alomone Labs, Jerusalem, Israel RRID:AB_2756776 IHC: 1:300 

Aquaporin 4 
(rabbit) 

Merck Millipore, Burlington, MA 
USA 

RRID: 
AB_11210366 

IHC: 1:1000 
WB: 1:1000 

BCL11A (mouse) 
Abcam, Cambridge, UK RRID: 

AB_2063996 
IHC: 1:1000 

β-Dystroglycan 
(mouse) 

Novocastra, Newcastle upon 
Tyne, UK 

RRID:AB_442043 IHC: 1:200 

Calsequestrin 
(rabbit) 

Thermo Fisher Scientific, 
Waltham, MA USA  

RRID: 
AB_2071461 

IHC: 1:500 

CD31 (rabbit) Abcam, Cambridge, UK RRID: ab28364 IHC: 1:50 
Dystroglycan 
(sheep) 

R+D Systems, Minneapolis, MN 
USA 

RRID: 
AB_10891298 

IHC: 1:30 
WB: 1000 

Dystrophin 
(rabbit) 

Abcam, Cambridge, UK RRID: ab15277 IHC: 1:200 

GFAP (chicken) 
Merck Millipore, Burlington, MA 
USA 

RRID: AB_177521 IHC: 1:500 

GFAP (rabbit) 

Dako, Santa Clara, CA, USA RRID: 
AB_2811722 

IHC: Neat 

Glutamine 
Synthetase(rabbit) 

Merck Millipore, Burlington, MA 
USA 

RRID: 
AB_2110656 

IHC: 1:500 

GLT-1 (guinea 
pig) 

Merck Millipore, Burlington, MA 
USA 

RRID:AB_90949 IHC: 1:500 

KIR4.1 (rabbit) 

Alomone Labs, Jerusalem, Israel 

Thermo Fisher, Waltham, MA 
USA  

RRID: 
AB_2040120 
RRID: PA5-37137 

IHC: 1:200 
WB: 1:500 

NeuN (mouse) 

Merck Millipore, Burlington, MA 
USA 

RRID: 
AB_2298772 

IHC: 1:500 

pAKT (rabbit) 
Fisher Scientific, Waltham, MA 
USA  

RRID: 44623G WB: 1_500 

Pan-laminin 
(rabbit) 

Abcam, Cambridge, UK RRID:AB_298179 IHC: 1:500 

PDGFRβ(mouse) 
R&D Systems, Minneapolis, MN 
USA 

RRID:AB_2162633 IHC: 1:50 

S100β (rabbit) Abcam, Cambridge, UK RRID:AB_882426 IHC: 1:500 
Tubulin-HRP 
(mouse) 

Santa Cruz biotechnology, 
Dallas, TX US 

RRID: Sc-23948 WB: 1:1000 

Ubiquitin (rabbit) Abcam, Cambridge, UK RRID: AB134953 WB: 1:200 
Alexa 488 donkey 
anti-mouse 

Thermo Fisher Scientific, 
Waltham, MA USA  

RRID:AB_141607 IHC: 1:500 

Alexa 546 donkey Thermo Fisher Scientific, RRID:AB_2534016 IHC: 1:500 

Table S1. List of antibodies 
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http://antibodyregistry.org/AB_2756776
http://antibodyregistry.org/AB_11210366
http://antibodyregistry.org/AB_442043
http://antibodyregistry.org/AB_2071461
http://antibodyregistry.org/AB_10891298
http://antibodyregistry.org/AB_177521
http://antibodyregistry.org/AB_2811722
http://antibodyregistry.org/AB_2110656
http://antibodyregistry.org/AB_2040120
http://antibodyregistry.org/AB_2298772
http://antibodyregistry.org/AB_298179
http://antibodyregistry.org/AB_882426
http://antibodyregistry.org/AB_141607
http://antibodyregistry.org/AB_2534016


anti-rabbit Waltham, MA USA 

Alexa 488 donkey 
anti-chicken 

Jackson ImmunoResearch, Ely, 
Cambridgeshire, UK 

RRID:AB_2313596 IHC: 1:500 

Alexa 488 donkey 
anti-sheep 

Thermo Fisher Scientific, 
Waltham, MA USA  

RRID:AB_141362 IHC: 1:500 

Fab mouse IgG 
(H&L) antibody 
goat polycolnal 

Rockland Immunochemicals, 
Pennsylvania, PA USA 

RRID: AB_218897 IHC blocking: 
1:10 

Alexa 594 
Affinipure Fab 
fragment goat 
anti-mouse IgG 
(H+L) 

Jackson ImmunoResearch, Ely, 
Cambridgeshire, UK 

RRID: 
AB_2338900 

IHC: 1:1000 

Anti-rabbit-HRP Advansta, USA WB: 1:10000 
Anti-sheep-HRP R+D Systems, Minneapolis, MN 

USA 
WB: 1:1000 
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http://antibodyregistry.org/AB_2313596
http://antibodyregistry.org/AB_141362
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