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ABSTRACT 

 

Oligodendrocytes are coupled by gap junctions (GJs) formed mainly by 

connexin47 (Cx47) and connexin32 (Cx32). Recessive GJC2/Cx47 mutations 

cause Pelizaeus–Merzbacher-like disease, a hypomyelinating leukodystrophy, 

while GJB1/Cx32 mutations cause peripheral neuropathy and chronic or acute-

transient encephalopathy syndromes. Cx32/Cx47 double knockout 

(Cx32/Cx47dKO) mice develop severe CNS demyelination beginning at 1 month 

of age leading to death within weeks, offering a relevant model to study disease 

mechanisms. In order to clarify whether the loss of oligodendrocyte connexins has 

cell autonomous effects, we generated transgenic mice expressing the wild-type 

human Cx32 under the control of the mouse proteolipid protein promoter (Plp), 

obtaining exogenous hCx32 expression in oligodendrocytes. By crossing these 

mice with Cx32KO mice, we obtained expression of hCx32 on Cx32KO 

background. Immunohistochemical and immunoblot analysis confirmed strong 

CNS expression of hCx32 specifically in oligodendrocytes and correct localization 

forming GJs at cell bodies and along the myelin sheath. TG+Cx32/Cx47dKO mice 

were generated by further crossing with Cx47KO mice. Transgenic expression of 

hCx32 rescued the severe early phenotype of CNS demyelination in 

Cx32/Cx47dKO mice, resulting in marked improvement of behavioral 

abnormalities at 1 month of age, and prevented the early mortality. Furthermore, 

TG+Cx32/Cx47dKO mice showed significant improvement of myelination 

compared with Cx32/Cx47dKO CNS at 1 month of age, while the inflammatory 

and astrogliotic changes were fully reversed. Our study confirms that loss of 

oligodendrocyte GJs has cell autonomous effects and that re-establishment of GJ 

connectivity by replacement of at least one GJ protein provides correction of the 

leukodystrophy phenotype. 
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ΠΕΡΙΛΗΨΗ 

 

Οι χασμοσυνδέσμοι στα ολιγοδενδροκύτταρα σχηματίζονται κυρίως από 

την κοννεξίνη 47 (Cx47) και κοννεξίνη 32 (Cx32). Υπολειπόμενες μεταλλάξεις   στο 

γονίδιο GJC2, της Cx47 προκαλούν την ασθένεια Pelizaeus-Merzbacher, η οποία 

υπάγεται στην κατηγορία των υπομυελινωτικών λευκοδυστροφιών, ενώ 

μεταλλάξεις στο γονίδιο GJB1, της Cx32 προκαλούν περιφερική νευροπάθεια, 

χρόνια ή οξεία παροδική εγκεφαλοπάθεια. Τα ποντίκια στα οποία λείπουν και τα 

δύο γονίδια της Cx32 και Cx47 (Cx32/Cx47dKO) αναπτύσσουν σοβαρή 

απομυελίνωση του κεντρικού νευρικού συστήματος  (ΚΝΣ) που αρχίζει σε ηλικία 

ενός μηνός και οδηγεί στο θάνατο μέσα σε λίγες εβδομάδες. Αυτό το  μοντέλο 

λευκοδυστροφίας προσφέρεται για μελέτη των μηχανισμών αυτή της νόσου. 

Προκειμένου να διευκρινιστεί αν η απώλεια των χασμοσυνδέσμων στα 

ολιγοδενδροκυττάρα έχει αυτόνομες κυτταρικές επιδράσεις, δημιουργήσαμε 

διαγονιδιακά ποντίκια που εκφράζουν την άγριου-τύπου ανθρώπινη Cx32 υπό τον 

έλεγχο του υποκινητή της πρωτεολιπιδικής πρωτεΐνης ποντικού για την απόκτηση 

εξωγενούς έκφρασης hCx32 σε ολιγοδενδροκύτταρα. Με την αναπαραγωγή των 

ιδρυτών με Cx32KO ποντίκια, πήραμε την έκφραση της hCx32 σε Cx32KO 

ποντίκια, που επιβεβαιώθηκε με ανοσοϊστοχημεία και ανοσοαποτύπωση. 

Παρατηρήσαμε έντονη έκφραση της στα ολιγοδενδροκύτταρα του ΚΝΣ στα 

TG+Cx32KO ποντίκια όπως επίσης εντοπισμό και σχηματισμό χασμοσυνδέσμων 

σε αυτά κατά μήκος της μυελίνης. Με περαιτέρω διασταύρωση αυτών των 

ποντικιών με Cx47KO ποντίκια δημιουργηθήκαν  τα TG+Cx32/Cx47dKO τα οποία 

έδειξαν ότι η διαγονιδιακή έκφραση της hCx32 έσωσε τη σοβαρή απομυελίνωση 

του ΚΝΣ σε ποντίκια Cx32/Cx47dKO, με αποτέλεσμα την σημαντική βελτίωση των 

ανωμαλιών συμπεριφοράς από τον 1ο μήνα της ηλικίας τους, και την πρόληψη της 

πρόωρης θνησιμότητας. Επιπλέον, οι TG+Cx32/Cx47dKO ποντικοί έδειξαν 

σημαντική βελτίωση της απομυελίνωσης  ενώ οι φλεγμονές και οι αστρογλιοτικές 

αλλαγές αντιστράφηκαν πλήρως σε σύγκριση με τους Cx32/Cx47dKO στον 1 μήνα 

ηλικίας. Η μελέτη μας επιβεβαιώνει ότι η απώλεια των χασμοσυνδέσμων στα 

ολιγοδενδροκυττάρα έχει αυτόνομες επιδράσεις και με την αντικατάσταση 

τουλάχιστον μιας κοννεξίνης επιτυγχάνεται η διόρθωση του φαινοτύπου της 

λευκοδυστροφίας και επανασύνδεση των χασμοδυνδέσμων.   
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Introduction 

INTRODUCTION 

1.1  Gap junctions 

Communication and cellular interaction between cells is essential for proper 

function and organisation. The ability to send and receive signals is essential for 

the survival of the cell.  Cells communicate via different mechanisms such as 

ligands and their receptors, second messengers, tight junctions, anchoring 

junctions, gap junctions (GJ), etc. GJ are found in most tissues and connect cells 

to other cells or bind different layers of the same cell, for example the myelin 

sheath that wraps around nerve axons (Bruzzone et al., 1996, White and Paul, 

1999). Intercellular communication through GJs is involved in electrical 

connectivity, metabolic cooperation, growth control, cellular differentiation, and 

pattern formation during development. 

 
1.1.1 Structure of a connexin molecule to gap junction channel formation 

 GJ channels are composed of two apposed hemichannels (or connexons) 

that provide a contiguous pathway between adjacent cells or cell compartments. 

Each connexon is composed of a hexamer of connexin molecules arranged 

around a central pore (Fig.1.1). Channel diameter is about 1.2 nm and only allows 

transfer of small molecules (<1000 Da), including ions and second messengers.  

 

Connexins belong to a multigene family of over 20 GJ proteins (Willecke et 

al., 2002). They show a high degree of homology, indicating that their structure 

and function were conserved as they evolved from a common ancestral gene. 

Each connexin protein is named according to its predicted molecular mass (in 

kDa). Connexins have the same structure that consists of a cytoplasmic amino 

terminus, four transmembrane domains with alpha helix structure, one intracellular 

loop, two extracellular loops and a carboxy terminus (Bruzzone et al., 1996, Unger 

et al., 1999, White and Paul, 1999).  
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Introduction 

 
Figure 1.1: Structure of a connexin molecule.  
Each molecule consists of four transmembrane domains, the cytoplasmic amino terminus, 
the carboxy terminus, one intracellular loop and two extracellular loops. A connexon 
(hemichannel) is formed by six connexin molecules of the same connexin isoform. A gap 
junction channel contains either two identical connexons (homotypic) or two different 
isoforms of connexons (heterotypic) Modified from (Fiori et al., 2014).   

 

 The third transmembrane domain probably forms the central pore, with 

polar residues lining the wall of the pore. The intracellular loop and C-terminal 

domain are the most divergent parts of the connexins and differences in their sizes 

account for the different molecular masses of the connexins (Willecke et al., 2002). 

The two extracellular loops regulate the connexon-connexon interactions, 

including heterotypic channel formation. Each loop contains three cysteine 

residues that are conserved among all connexins and join the two loops via 

disulfide bonds.  

 
1.1.2 Gap junction synthesis and assembly  

 In a eukaryotic cell, a fundamental process, trafficking in the correct 

direction, assembly of membrane proteins and finally degradation are necessary 

for GJ synthesis. Connexins have a relatively short half-life of approximately 1 to 5 

hours in-vivo (Laird, 2006), so they are rapidly synthesised and degraded. Once 

connexin mRNA is outside the nucleus, it is detected by a signal recognition 

particle (SRP). This particle binds to mRNA and forms a 

ribosome/polypeptide/SRP/mRNA complex (Segretain and Falk, 2004). Connexin 

molecules are folded in the endoplasmic reticulum (ER) and proteins are released 

sequentially into the ER lumen. Folded proteins pass through the ER-Golgi 

intermediate to enter Golgi. In the Golgi, connexin molecules oligomerise to 
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Introduction 

connexons (depending on the connexin type). After completion of connexin 

oligomerisation, connexons are packed into vesicles and delivered to the plasma 

membrane via actin or microtubule networks (Lauf et al., 2002, Segretain and 

Falk, 2004). Once in the plasma membrane connexons interact via their 

extracellular loops to form channels that aggregate in the cell membrane to form 

GJ plaques (Fig.1.2)  (Duffy et al., 2002).  

 

 
Figure 1.2: Synthesis and assembly of GJ channels.  
 
(1) Synthesis of the polypeptide at ER membrane, (2) Oligomerisation of connexins to 
connexons (hemichannels) in the Golgi, (3) Diffusion of connexons in the plasma 
membrane, (4) Aggregation of connexons in the plasma membrane to form gap junction 
plaques (Yeager et al., 1998). 
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Introduction 

1.2 Disorders associated with gap junction dysfunction in 
myelinating cells 

 
1.2.1 X-linked Charcot-Marie-Tooth disease is caused by mutations in the gene 
encoding connexin 32 (Cx32) 

CMT1X is an X-linked dominant disease with onset in affected males 

between 5 and 20 years of age (Hahn et al., 1990, Nicholson and Nash, 1993, 

Birouk et al., 1998, Hahn et al., 2000). Initial symptoms include difficulty in running 

and frequently sprained ankles; foot drop and sensory loss in the legs develop 

later. Depending on the severity of the disease, the distal weakness may progress 

to involve the leg muscles and assistive devices may be required for ambulation. 

Weakness, atrophy, and sensory loss also develop in the hands, particularly in 

thenar muscles (Fig.1.3). 

 

On examination, patients may exhibit distal muscle weakness and atrophy, 

diminished to absent reflexes, and sensory impairment, all of which are length-

dependent and worsen insidiously over time to varying degrees. Affected women 

may be asymptomatic or they may have a later onset than men, after the age of 

twenty years, and a milder version of the same phenotype. This is probably due to 

random X-chromosome inactivation that leads to only a fraction of their 

myelinating Schwann cells expressing the mutant GJB1 allele (Scherer et al., 

1998).    

 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.3: Characteristic clinical findings in a CMT1X patient.  
Atrophy develops in the hands especially in the thenar muscles (red arrow). In the legs, 
there is weakness particularly in the gastrocnemius and soleus muscles, as well as 
deformed claw toes and high arches (modified from (Kleopa and Scherer, 2006a)). 
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 Electrophysiologically, patients with CMT1X have “intermediate” slowing of 

nerve conduction velocities (NCV), and mildly prolonged distal motor and F-wave 

latencies. Forearm median or ulnar motor NCV are in the range of 30-40 m/s in 

affected males, and 30-50 m/s in affected females (Rozear et al., 1987, Hahn et 

al., 1990, Nicholson and Nash, 1993, Rouger et al., 1997, Birouk et al., 1998, 

Hahn et al., 1999, Senderek et al., 1999, Tabaraud et al., 1999, Gutierrez et al., 

2000, Hattori et al., 2003). There is also evidence of axonal loss that is more 

severe distally and increases with age, whereas slowing of NCV may be evident 

even in presymptomatic affected male children (Kuntzer et al., 2003, Vondracek et 

al., 2005).  

 

Nerve biopsies in patients with CMT1X show age-related loss of myelinated 

fibres, and at the same time increasing number of regenerated axon clusters 

(Rozear et al., 1987, Hahn et al., 1990, Nicholson and Nash, 1993, Birouk et al., 

1998, Sander et al., 1998, Senderek et al., 1998, Hahn et al., 1999, Senderek et 

al., 1999, Tabaraud et al., 1999, Gutierrez et al., 2000, Vital et al., 2001, Kleopa et 

al., 2006a). Many myelin sheaths are too thin for the axonal diameter, a sign of 

chronic and on-going segmental demyelination and remyelination, or remyelination 

after axonal regeneration (Sander et al., 1998, Hahn et al., 2001, Vital et al., 2001, 

Hattori et al., 2003). Electron microscopy studies have shown enlargement and 

widening of the adaxonal Schwann cell cytoplasm (Senderek et al., 1999, Hahn et 

al., 2001, Kuntzer et al., 2003) and increased packing density of neurofilaments 

(Hahn et al., 2001). These features also occur in Gjb1-null mice (Anzini et al., 

1997, Scherer et al., 1998). There are structural alterations in Schmidt-Lanterman 

incisures (Senderek et al., 1999), where Cx32 is normally localised (Scherer et al., 

1995), as well as myelin discompaction and vesicle formation between its 

degenerating innermost layers (Fig.1.4) (Kleopa and Scherer, 2006b). 
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Figure 1.4: Nerve biopsy of CMT1X patient.  
(A) Semi thin section from biopsied sural nerve from a CMT1X patient with V140E 
mutations. White arrows indicate partially demyelinated axons. (B-D) Ultrathin sections 
from the same biopsy (black arrows pointing to abnormally myelinated fibres). The myelin 
sheath is altered with discompaction of the inner layers and vacuole formation (black 
arrow heads), which leads to de-myelination and re-myelination of axons (Kleopa et al., 
2006b).  

 

 In addition to the peripheral manifestations, CMT1X patients often have 

asymptomatic evidence of Central Nervous System (CNS) involvement, such as 

abnormal brainstem auditory evoked potentials (Nicholson and Corbett, 1996, 

Nicholson et al., 1998). Moreover, numerous CMT1X mutations have been 

increasingly associated with clinical CNS phenotypes (Kleopa et al., 2002). Signs 

of chronic corticospinal tract dysfunction, such as spasticity, extensor plantar 

responses and hyperactive reflexes have been reported in patients with the A39V 

(Marques et al., 1999), T55I (Panas et al., 1998), M93V (Bell et al., 1996), R164Q 

(Panas et al., 1998), R183H (Bort et al., 1997), T191 frameshift (Lee et al., 2002) 

and L143P (Kleopa et al., 2006a) Cx32 mutations. An insertion mutation at 

position 55 results in the duplication of amino acids 55-61 that causes progressive 

cerebellar ataxia, dysarthria and delayed central somatosensory responses 

(Kawakami et al., 2002). In addition, acute transient encephalopathy  syndromes 

associated with magnetic resonance imaging (MRI) changes suggesting central 

myelin dysfunction have been described in CMT1X patients with the T55I, R75W, 

E102del, R142W, R164W and C168Y mutations (Panas et al., 2001, Paulson et 
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al., 2002, Schelhaas et al., 2002, Hanemann et al., 2003, Taylor et al., 2003). In 

most patients, encephalopathy developed under conditions of metabolic stress 

caused by travel to high altitudes (Paulson et al., 2002), febrile illness (Schelhaas 

et al., 2002, Hanemann et al., 2003), hyperventilation (Srinivasan et al., 2008), or 

concussion (Halbrich et al., 2008). Thus, CMT1X affects both the Peripheral 

Nervous System (PNS) and CNS, reflecting the expression of Cx32. 

 
1.2.2  Pelizaeus-Merzbacher disease (PMD)/ Pelizaeus-Merzbacher-like disease 
(PMLD) and hereditary spastic paraplegia (HSP)  

Pelizaeus-Merzbacher disease (PMD) is an X-linked disorder caused by 

mutations in PLP1, the gene encoding proteolipid protein, the main protein in CNS 

myelin. Classic PMD affects boys and is characterised by nystagmus and impaired 

psychomotor development within the first year of life, followed by progressive 

spasticity, ataxia, choreoathetosis and diffuse white matter changes on MRI (Nave 

and Boespflug-Tanguy, 1996, Hudson et al., 2004, Inoue, 2005).  

Proteolipid protein-1 (PLP1) mutations may also cause a more severe ‘connatal’ 

PMD phenotype, as well as a milder disease, hereditary spastic paraplegia (HSP) 

type 2. (Garbern et al., 1999, Hudson et al., 2004, Garbern, 2007).  

 

Pelizaeus-Merzbacher-like disease (PMLD) is clinically and 

neuroradiologically similar to classic PMD, but is not associated with PLP1 

mutations. The PMLD patients described to date have similar phenotypes, 

including nystagmus by 7 weeks of age, impaired motor development and ataxia 

by 15 months, evidence of hypomyelination on MRI, and later development of 

spasticity.  

 

Different homozygous and compound heterozygous GJA12/GJC2 mutations 

affecting the GJ protein connexin47 (Cx47) were identified in consanguineous and 

non-consanguineous PMLD families with autosomal recessive inheritance 

(Uhlenberg et al., 2004, Bugiani et al., 2006). Homozygous deletions leading to 

frameshift in the GJA12/GJC2 gene were also reported to cause a similar 

phenotype (Wolf et al., 2007, Salviati et al., 2007), suggesting loss-of-function 

effect. However, subsequent studies revealed that only 7.7% of a large cohort of 

PMLD families harbour GJA12/GJC2 mutations (Henneke et al., 2008), which are 

therefore not a common cause of PMLD.  
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Compared to “classical” PMD with PLP1 mutations, PMLD patients with 

GJA12/GJC2 mutations initially have a milder phenotype with higher achieved 

cognitive levels and speech capacity. However, neurologic deterioration starts 

earlier and progresses faster with shorter interval to loss of speech capacity as 

well as loss of ambulation, leading to wheelchair dependency (Henneke et al., 

2008). One hypothesis to account for this clinical difference is that loss of Cx47-

containing GJs leads to more rapid axonal degeneration than loss of PLP (Cailloux 

et al., 2000). Axonal degeneration likely correlates with the severity of the 

phenotype in PMLD similar to other CNS white matter disorders including PMD 

(Inoue, 2005, Garbern, 2007) and multiple sclerosis (Bjartmar et al., 2000).  

 

Most recently, the phenotypic spectrum of GJA12/GJC2 mutations has been 

expanded to include the complicated HSP presentation, caused by a novel 

recessively inherited mutation affecting Cx47, I33M. These patients exhibited a 

late-onset, slowly progressive, complicated spastic paraplegia, with normal or 

near-normal psychomotor development, preserved walking capability through 

adulthood, and no nystagmus. MRI and magnetic resonance spectroscopy (MRS) 

imaging were consistent with a hypomyelinating leukoencephalopathy (Orthmann-

Murphy JL et al., 2009). Thus, GJA12/GJC2 mutations, like PLP1 mutations, can 

result in a milder phenotype than PMLD. Furthermore, distinct GJC2 mutations 

were recently identified in several families with primary lymphedema (Ferrell et al., 

2010), a peripheral disorder. The exact role of Cx47 in lymphatic tissue and the 

manner in which their cellular mechanisms differ from the mutations causing CNS 

disease remain to be determined. 
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1.3 Expression pattern of connexins in glia cells 

1.3.1  Cx32 expression in myelinating Schwann cells 

 Cx32 was the first connexin to be cloned. It is highly conserved across 

mammalian species; the amino acid sequence of human Cx32 protein is 98% 

identical to those of the mouse and rat. Although Cx32 is most abundant in liver, it 

is also expressed by many cell types including oligodendrocytes and perhaps 

some neurons, as well as by myelinating Schwann cells (Scherer et al., 1995, 

Chandross et al., 1996, Söhl et al., 1996, Ressot and Bruzzone, 2000).  

  

Despite this broad expression pattern, peripheral neuropathy and sometimes 

mild CNS phenotypes are usually the sole clinical manifestations of GJB1 

mutations. The reason the tissues, other than peripheral and central nervous 

system are not affected is unclear. One reason may be the co-expression of one 

or more other connexins, which could “protect” against the loss of Cx32. 

Myelinating Schwann cells in rodents express connexin29 (Cx29) (Söhl et al., 

2001, Altevogt et al., 2002), but this does not appear to form functional gap 

junctions, at least in vitro (Altevogt et al., 2002), and may instead form 

hemichannels (Ahn et al., 2008, Sargiannidou et al., 2008) (Fig.1.5). Furthermore, 

it does not prevent the development of demyelinating neuropathy in cx32-null mice 

(Anzini et al., 1997, Scherer et al., 1998) or in CMT1X mutant mice (Jeng et al., 

2006, Sargiannidou et al., 2009a).  

  

GJ-like structures were first observed by freeze-fracture electron microscopy 

at the incisures and paranodes of myelin (Schnapp and Mugnaini, 1978, Sandri et 

al., 1982, Tetzlaff, 1982) and this localisation was recently confirmed by freeze-

fracture replica immunogold labelling (Meier et al., 2004). The localisation of Cx32 

in the same areas suggested that Cx32 forms these GJ between the layers of the 

Schwann cell myelin sheath (Bergoffen et al., 1993). A radial pathway formed by 

gap junctions at these locations would be up to a 1000-fold shorter than the 

circumferential pathway within the Schwann cell cytoplasm (Scherer et al., 1995). 

Diffusion of low molecular mass fluorescent dyes has been documented by 

fluorescence microscopy across the myelin sheath following injection in the 

perinuclear region of living myelinating Schwann cells (Balice-Gordon et al., 1998). 

Impairment of this radial pathway may damage myelinating Schwann cells and 
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their axons, causing neuropathy. The same fluorescent dye diffuses across the 

myelin sheath in Gjb1/cx32-null mice (Balice-Gordon et al., 1998) indicating that 

another gap junction protein is present in the Schwann cell myelin sheath, most 

likely Cx29, which is also localised in incisures (Altevogt et al., 2002).  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.5: Expression of Cx32 and Cx29 in the PNS.  
Diagram shows Cx32 forming gap junctions in non-compact myelin areas including 
paranodal loops and Schmidt-Lantermann incisures in Schwann cells. Cx29 forms 
hemichannels adjacent to the axonal membrane opposite voltage gated potassium 
channels (VGKC). NF-neurofilaments; MT-microtubule ; N-node ; P-paranode ; J-
juxtaparanode (Kleopa, 2011). 
 

 
1.3.2  Cx32 and Cx47 expression in oligodendrocytes 

 There is extensive gap junctional connectivity in the CNS suggesting a 

syncytium-like organisation of glial compartments (Nagy and Rash, 2000). 

Oligodendrocytes express at least 3 different gap junction proteins, Cx32, Cx47, 

and Cx29, in a highly specialized pattern (Altevogt et al., 2002, Kleopa et al., 

2004) (Fig.1.6) and form GJ mostly with astrocytes (Rash et al., 2001, Altevogt 

and Paul, 2004).  
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Figure 1.6: Expression of Cx32 and Cx47 in CNS large myelinating fibres.  
In the CNS all oligodendrocytes (O) express Cx32 and Cx47 in the cell bodies and 
proximal processes. Cx32 and mainly Cx47 form O:O GJ while most O:A GJs are formed 
by Cx47 and Cx43 as astrocytic partner, and to a lesser degree by Cx32 and astrocytic 
Cx30 (Kleopa, 2011).  

 

 The subcellular distribution of oligodendrocytic GJ proteins is highly 

complex: Cx29 (Altevogt et al., 2002, Kleopa et al., 2004) and its human ortholog 

connexin31.3 (Cx31.3) (Sargiannidou et al., 2008) appear to form hemichannels 

within the myelin sheath of small fibres in some white matter tracts and cortex and 

rarely colocalise with any of the other glial connexins (Altevogt and Paul, 2004), 

suggesting that they do not form intercellular channels. Cx47 is prominent in 

oligodendrocyte somata (Menichella et al., 2003, Odermatt et al., 2003, Kleopa et 

al., 2004), forming gap junctions with astrocytic processes. Its astrocytic partner is 

mainly connexin43 (Cx43) and less frequently connexin30 (Cx30) (Altevogt and 

Paul, 2004, Kamasawa et al., 2005). Cx32 is mainly expressed along the large 

myelinated fibres of the white matter in Schmidt-Lantermann incisures (Altevogt et 

al., 2002, Kleopa et al., 2004) and paranodes bordering nodes of Ranvier, forming 

both intracellular GJ (Kamasawa et al., 2005) and intercellular ones with astrocytic 

connexin26 (Cx26) and Cx30 (Nagy et al., 2003a, b, Altevogt and Paul, 2004). 

Cx32 also forms most autologous GJs within the myelin sheath (Rash et al., 2001, 

Nagy et al., 2003b, Altevogt and Paul, 2004, Kamasawa et al., 2005). 

Oligodendrocytes form GJ with astrocytes (Rash et al., 2001, Altevogt and Paul, 
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2004) as well as with other oligodendrocytes (Maglione et al., 2010, Wasseff and 

Scherer, 2011 ). 

 
1.3.3  Cellular and molecular effects of Cx32 mutants 

Numerous Cx32 mutants that cause CMT1X have been studied in 

heterologous cells (Abrams et al., 2000). When expressed in Xenopus oocytes, 

many mutants do not form functional channels, and some of these also exert 

dominant-negative effects on the WT Cx32 (Bruzzone et al., 1994), indicating the 

potential for such interactions with co-expressed connexins in CMT1X. Other 

mutants form functional channels with altered biophysical characteristics, such as 

reduced pore diameter, that may prevent the diffusion of second messengers like 

IP3, cAMP, and Ca2+ (Oh et al., 1997). The position of the Cx32 mutation alone 

does not necessarily predict molecular and functional consequences (Abrams et 

al., 2001). Mutants in the C-terminal domain form functional GJ (Rabadan-Diehl et 

al., 1994, Castro et al., 1999), although they may be less stable or may have 

abnormal electrophysiological characteristics and cause leaky hemichannels, 

resulting in abnormal gain of function (Liang et al., 2005). 

 

Expression of Cx32 mutants in cultured mammalian cells with more stringent 

requirements for protein trafficking revealed that they often have abnormal 

localisation (Omori et al., 1996, Yoshimura et al., 1998, Yum et al., 2002); either 

no Cx32 is detected, even though its mRNA is expressed, or Cx32 appears to be 

retained in the ER and/or Golgi (Deschênes et al., 1996, Deschênes et al., 1997, 

Oh et al., 1997, Martin et al., 2000, Matsuyama et al., 2001, Kleopa et al., 2002, 

Yum et al., 2002, Kleopa et al., 2006a), and degraded via endosomal and 

proteasomal pathways (VanSlyke et al., 2000, Kleopa et al., 2002). Some mutants 

form rare GJ-like plaques but mostly retained in the Golgi, while many mutants 

that reach the cell membrane typically form increased cytoplasmic granules. 

Several mutants, the majority of which occur in the C-terminal domain, are mainly 

localised on the cell membrane and show no significant difference to WT protein 

(Kleopa et al., 2002, Yum et al., 2002), but may have abnormal properties 

(Abrams et al., 2000).  

 

Expression studies of Cx32 mutants in vitro allow tentative structure-

function correlations (Abrams et al., 2000). N-terminal mutations have altered 
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biophysical properties and may cause reversal of gating polarity by negative 

charge substitutions, in keeping with the role of this protein domain in the insertion 

of the nascent polypeptide chain into the ER, and along with the first 

transmembrane domain in the regulation of voltage gating. Shifted voltage gating 

and abnormally increased opening has been shown for several mutants affecting 

the first and second transmembrane domain, which cause conformational 

changes (Abrams et al., 2002). Mutations affecting the cysteine in the two 

extracellular loops, which participate in interactions between apposed connexons, 

leads to a loss of functional channels. Mutations of the intracellular loop and C-

terminal domain may affect pH gating (Castro et al., 1999). Two mutations that 

affect a consensus prenylation motif of Cx32 (C280G and S281X) abolish 

prenylation, a lipid modification (Huang et al., 2005). 

 

In the past 10 years in vivo studies have provided further insights into 

CMT1X pathogenesis. Mice with targeted deletion of the Gjb1/cx32 gene develop 

a progressive, demyelinating peripheral neuropathy beginning at about three 

months of age (Anzini et al., 1997, Scherer et al., 1998) as well as mild CNS 

pathology (Sutor et al., 2000). Motor fibers are much more affected than sensory 

fibers. Heterozygous females have less demyelinated and remyelinated axons 

than age-matched Gjb1/cx32-null females or males (Scherer et al., 1998), in 

keeping with the clinical phenotype of affected women who are obligate carriers of 

CMT1X. Expression of wild type human Cx32 protein largely prevents peripheral 

demyelination in Cx32 knocked-out (Cx32KO) mice (Scherer et al., 2005), 

confirming that the loss of Schwann cell autonomous expression of Cx32 is 

sufficient to account for demyelination in CMT1X.  

 

Transgenic mice expressing the 175frameshift (fs), R142W, C280G, and 

S281stop (X) Cx32 mutations have also been generated. No Cx32 protein could 

be detected and no peripheral neuropathy was noted in 26 lines of mice 

expressing the 175fs transgene, even though transgenic/human mRNA was highly 

expressed in some lines (Abel et al., 1999). In contrast, mice expressing the 

R142W mutation developed a mild demyelinating neuropathy (Scherer et al., 

1999). The mutant protein was retained in the perinuclear region and did not reach 

the incisures or paranodes, where Cx32 is normally localized. Moreover, the 

presence of the mutant Cx32 reduced the level of the endogenous/mouse Cx32, 
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indicating that R142W may have dominant-negative interactions with endogenous 

Cx32. However, it did not affect the coexpressed Cx29 (Jeng et al., 2006). In mice 

expressing the C280G or S281X mutations, the Cx32 mutants were properly 

localized to incisures and paranodes, and appeared to prevent demyelination in 

Cx32KO mice, indicating that these mutants may form functional channels in the 

myelin sheath (Huang et al., 2005). 

 

Two further Cx32 mutations, T55I and R75W have been generated in our 

lab (Sargiannidou et al., 2009a). These mutants were expressed in Schwann cells 

and for the first time also in oligodendrocytes of the CNS, driven by the CNP 

promoter, in order to explore the possibility that they have gain-of-function effects. 

The mutants were expressed in almost all Schwann cells and oligodendrocytes. In 

both cell types these mutants failed to form GJ plaques (Fig.1.7) and as in 

cultured cells they were instead retained in the perinuclear cytoplasm, colocalizing 

with markers of the ER (T55I) or Golgi (R75W). On a Cx32-null background they 

caused a progressive demyelinating neuropathy as well as mild CNS myelination 

defects. In myelinating Schwann cells, R75W had dominant effects on 

endogenous Cx32 resulting in a mild demyelination also in a WT background and 

a more severe demyelinating neuropathy in a KO background. 

 

 

 

 

 

 

 

 

 
 

 
 
Figure 1.7: Abnormal retention of Cx32 mutants expressed in PNS myelinating 
cells.  
Teased fibres from transgenic mice expressing the T55I (A-C) or R75W (D-F) mutations 
were double stained with antibodies to Cx32 and markers of the ER (BiP) or Golgi (58k). 
The T55I mutant colocalizes with BiP in the ER, while the R75W mutant colocalizes with 
58k in the Golgi. Scale bar: 10 μm (unpublished results of (Sargiannidou et al., 2009a)). 
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In oligodendrocytes, the R75W but not the T55I mutant had subtle effects 

on CNS myelin in WT background, and both mutants had no additional effects in a 

KO background. Like a null allele of Gjb1, neither the T55I nor the R75W mutant 

appeared to affect Cx29 expression in Schwann cells, or Cx29 and Cx47 

expression in oligodendrocytes (Fig.1.8). Since the partial dominant effect of the 

R75W mutant on the wild type protein is not relevant for the X-linked human 

disease, the loss of Cx32 function appears to be the main effect of the T55I and 

R75W mutants, both in the PNS and CNS (Sargiannidou et al., 2009a). 

 

 
 
Figure 1.8: Abnormal retention of Cx32 mutants in the CNS.  
Images from longitudinal sections of white matter spinal cord from Cx32KO (A-B) as well 
as T55I (C-D) and R75W (E-F) mutant mice. Sections were double labelled with Cx32 
(green) and Cx47 (A, C, D) and Cx29 (B, D, E). Nuclei are stained blue. Cx32 is absent 
from Cx32KO mice (A) and mutant Cx32 is localized in the cytoplasm of oligodendrocytes 
in both T55I and R75W lines (C,E). Cx47 appears normal forming GJ plaques (A, C, E). 
Cx29 is also normally localized along the thin myelinated fibers (red arrows) in the mutant 
and Cx32KO mice. Scale bars: 10μm (Sargiannidou et al., 2009a).  

 

 
1.3.4  Cellular and molecular effects of Cx47 mutants 

Patients with PMLD have similar phenotypes although they have different 

missense mutations on the same gene, as described above. Mutated genotypes 

such as 128fs, M283T, G233S, or L278fs, P87S/P327fs or Y269D/R237X 

mutations – cause the same phenotype, including alleles that would be predicted 
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to disrupt the protein (P128fs, R237X, L278fs, and P327fs), as well as ones that 

may not (P87S, G233S, Y269D, and M283T) (Uhlenberg et al., 2004, Bugiani et 

al., 2006). 
 

PMLD missense mutations affecting Cx47 (P87S, Y269D, M283T) result in 

loss-of-function of the protein when expressed in HeLa and Neuro2A cell lines 

(Orthmann-Murphy et al., 2007a). In all three mutants Cx47 was partially retained 

in the ER and failed to form functional homotypic channels, suggesting loss-of-

function. M283T mutation seems to be an exception, as some puncta appeared 

around oligodendrocyte cell bodies which may be GJ plaques. These puncta were 

also visualised in the optic nerve of rhesus monkeys and when double labelled 

with Cx43 colocalisation was present, indicating the formation of O/A gap junctions 

in the primate brain (Orthmann-Murphy et al., 2007a). 

 

Cx47 mutants most likely cause the PMLD phenotype by interfering with the 

normal function of Cx47/Cx43 and Cx47/Cx47 channels. Indeed, all three 

missense mutants fail to form functional Cx47/Cx43 channels (Orthmann-Murphy 

et al., 2007b). 

 

The I33M Cx47 mutation causes HSP, a milder phenotype than PMLD. I33M 

forms GJ plaques similar to WT Cx47 in transfected cells, but fails to form 

functional homotypic channels in scrape-loading and dual whole-cell patch clamp 

assays. Furthermore, I33M/Cx43 channels open only when a large voltage 

difference is applied to paired cells; consequently, these channels probably do not 

function under physiological conditions. This suggests that in HSP, Cx47/Cx43 

channels between astrocytes and oligodendrocytes are disrupted, similar to the 

PMLD mutants (Orthmann-Murphy et al., 2009). Whether the spastic paraplegia 

mutant retains a function of Cx47 not directly related to forming functional GJ 

channels remains to be determined.  

 

Similar to Gjb1/Cx32-null mice, Gjc2/Cx47-null mice are long lived, but 

develop mild CNS pathology consisting of vacuolation of nerve fibres, especially in 

the proximal optic nerve where myelination begins. 
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Cx47 mutations associated with PMLD or with HSP appear to cause loss of 

function and are recessively inherited. Cx47 plays a paramount role in both O/O 

and O/A gap junctional connectivity, and loss of all or some of its functions may 

cause a spectrum of phenotypes caused by disturbed oligodendrocyte 

homeostasis and secondary axonal injury.  

 
1.3.5 Cellular and molecular effects of Cx32 and Cx47 mutants in the CNS 

Cx32 and Cx47 seem to have partially overlapping functions in 

oligodendrocytes, because mice deficient for either Cx32 or Cx47 alone develop 

minimal CNS pathology, whereas double knockout mice (dKO) develop severe 

CNS demyelination (Scherer et al., 1998; Menichella et al., 2003; Odermatt et al., 

2003). In contrast to the mild phenotypes of single knockout mice, Cx32 and Cx47 

dKO mice present with a coarse action tremor during the third postnatal week that 

is accentuated on movement and whose severity worsens over time.  Tonic 

seizures begin during the fourth to fifth postnatal week and are characterized by 

limb extension and loss of consciousness. The seizures increase in frequency and 

severity until the animals die, typically during the sixth postnatal week (Menichella 

et al., 2003; Odermatt et al., 2003). At 1 month of age, these dKO mice show 

extensive pathology in the CNS including severe demyelination, axonal 

degeneration and apoptosis of oligodendrocytes in the spinal cord funiculi and in 

the optic nerve (Menichella et al., 2003; Odermatt et al., 2003). Vacuoles are 

present in the periaxonal space, as well as thinner myelin sheaths than age 

matched littermates and edematous extracellular spaces separating degenerating 

axons from their myelin sheath (Menichella et al., 2003, Odermatt et al., 2003). 

 

This glial network of GJs in the CNS may serve the spatial buffering of K+ 
elaborated during the propagation of action potentials (Kamasawa et al., 2005; 

Menichella et al., 2006). The importance of this network in humans is supported by 

the discovery of Cx47 mutations in patients with PMLD, a severe demyelinating 

disorder of the CNS (Uhlenberg et al., 2004; Bugiani et al., 2006; Orthmann-

Murphy et al., 2007).  
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1.4 Aim of the study 

Based on the available evidence, transgenic replacement therapy is a 

promising approach to the treatment of patients suffering from this or similar 

disorders. Therefore, we consider that it is justified and timely to study the 

feasibility of transgenic replacement therapy to repair oligodendrocyte gap 

junctional connectivity in relevant disease models. 

 

Animal models of CMT1X have been generated, which express Cx32 

mutations in the PNS and CNS that develop progressive demyelinating peripheral 

neuropathy with early axonal pathology combined with CNS myelination defects 

(Sargiannidou et al., 2009b). These models provide a valuable tool to investigate 

further possible therapeutic approaches for these currently incurable diseases. 

Transgenic replacement of Cx32 expression in Schwann cells of Cx32KO mice 

resulted in full rescue of the peripheral neuropathy, confirming the cell 

autonomous mechanisms in CMT1X (Scherer et al., 2005). However, such cell 

autonomous effect needs also to be shown for CNS pathology resulting from 

connexin mutations, given the more complex cell–cell interactions and restricted 

compatibilities between glial connexins (Altevogt and Paul, 2004, Orthmann-

Murphy et al., 2007b, Orthmann-Murphy JL et al., 2009). 

 

It appears highly relevant to test first whether the introduction of the wild 

type human Cx32 in mice lacking the GJB1 gene and cell-autonomous expression 

in oligodendrocytes would be sufficient to rescue the demyelinating CNS 

phenotype in mice with combined deficiency of Cx32 and Cx47. The originality of 

this project is to generate a transgenic construct with an oligodendrocyte-specific 

promoter, Plp, followed by our gene of interest Cx32. The Plp promoter has been 

previously used successfully to generate transgenic mice  (Savvaki et al., 2010, 

Fuss et al., 2000, Wight et al., 1993, Michalski et al., 2011a). The goal of this 

project is to rescue the CNS and PNS clinical and pathological phenotype of 

Cx32/Cx47dKO mice as a model for PMLD.  
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Figure 2.1: Flow Chart. 
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2.1 Cloning of the transgenic construct 

The transgenic construct consists of the Plp promoter followed downstream 

by the human Cx32 gene, GJB1. The ~11Kb mouse Plp promoter was cloned in 

pBluescript SK+ vector (a gift from Prof. Karagogeos lab, University of Crete) 

previously used successfully to generate transgenic mice driving expression 

specifically in oligodendrocytes (Wight et al., 1993, Fuss et al., 2000, Savvaki et 

al., 2010, Michalski et al., 2011b). The human GJB1/Cx32 open reading frame  

(ORF) was already cloned in pSLN1180 vector in our lab (Sargiannidou et al., 

2009a). In order to have compatible sites, two new restriction sites, AscI and PacI, 

were introduced in the pSLN1180 vector by PCR amplification using the following 

primers: AscI-F1 (see appendix) and PacI-R (see appendix). The hCx32 ORF was 

isolated from the pSLN1180 vector using AscI and PacI restriction enzymes. The 

fragment of interest was then purified using Centricon (Millipore, 4212) and ligated 

overnight at 20oC in the MCS of pBluescript SK+. Purified Plp promoter-hCx32 

construct was heat shock transformed into XL1-blue bacterial cells (see appendix). 

1μl of the extracted DNA was added to 100μl aliquote of XL1-blue cells and left to 

stand for 30 minutes on ice. The DNA with the bacterial cells were then incubated 

in a 42oC waterbath for 45 seconds and then chilled on ice for 2 minutes. 900μl of 

SOC medium (see appendix) were added to the 110μl DNA/XL1, transferred to a 

falcon tube and incubated for 1 hour at 37oC by continuously shaking at 250rpm. 

Using a sterile pipette 100μl of the transformed cells were spread with a sterile 

inoculator on agar plates until bacterial cells were absorbed. Agar plates (see 

appendix) with the selected antibiotic, ampicillin were incubated at 37oC overnight 

in an upside down position. The next day ampicillin resistant colonies were grown 

on the plates; some colonies were randomly picked up with sterile toothpicks. 

Each colony was grown in 500μl of L-Βroth (see appendix) for 2                                          

hours with rapid shaking. Each mini culture was screened by PCR using two 

primer sets: Plp-F1 (see appendix) and Cx32-R (see appendix) resulting in an 824 

bp PCR product (94oC for 5 min 40 cycles of 94oC x 30 sec, 60oC x 30 sec, 72oC x 

30 sec and then 72oC for 7 min), as well as with Plp-F2 (see appendix) and Cx32-

R resulting in a 528 bp product. 100μl of a selected mini culture was further grown 

in a 500mL flask with 200μl of L-Broth and ampicillin at 37oC for 16-18 hours with 

vigorous shaking at 250rpm. Using the endofree plasmid maxi kit (Qiagen, 12362), 

following the manufacturer’s protocol, the transgenic construct was isolated with 

high purity and concentration. 
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The purified transgenic cassette which contains the hCx32 downstream of 

the Plp promoter was released from pBluescript SK+ by double digestion with ApaI 

and NotI (Fig.3.1). The ~12Kb band was further purified using a Gel extraction kit 

(Qiagen, 28704) and finally eluted in microinjection buffer (Millipore, MR-095-F). 

The orientation and the in-frame positioning of the transgenic construct was further 

confirmed by direct sequencing analysis, including the entire ORF.  

 

For the alternative strategy we generated transgenic mice with the 2Kb MBP 

promoter, oligodendrocyte specific, that has been previously used (Gow et al., 

1992). The 9Kb MBP promoter was already cloned in pBluescript vector and by  

restriction digest with AflII enzyme we minimized the size of the promoter to 6Kb 

and by further digestion with SacI we got the 2Kb fragment of the MBP followed by 

the IRES-EGFP.  
 

2.2 Animal strains and procedures 

For this study we used C57BL/6 mice (Harlan Laboratories) for generation of 

transgenic lines, as well as Gjb1-null/Cx32 knockout (KO) mice (C57BL/6_129) 

(Nelles et al., 1996) and Gjc2/Cx47 KO mice (C57BL/6;129P2/OlaHsd) (Odermatt 

et al., 2003), both obtained from the European Mouse Mutant Archive 

Monterotondo, Italy (originally generated by Prof. Klaus Willecke, University of 

Bonn). For all studies mice received anesthesia with intraperitoneal Avertin 

injection and then were either transcardially perfused and tissues were fixed for 

immunostaining analysis or electron microscopy, or tissues were removed unfixed 

for immunoblot and RNA analysis. All experimental procedures were conducted in 

accordance with the animal care protocols approved by the Cyprus Government’s 

Chief Veterinary Officer according to EU guidelines (EC Directive 86/609/EEC). 
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2.3  Generation of transgenic mice expressing the wild type human 
Cx32 

The purified fragment was microinjected into the male pronucleus of fertilized 

oocytes (Fig.3.2) obtained from C57BL/6 mice according to standard protocols at 

the Mouse Facility of the Cyprus Institute of Neurology and Genetics. After 

successful pregnancies and offspring delivery, founders were PCR screened by 

genomic tail DNA with specific primer sets for Plp promoter and Cx32 gene. Two 

primer sets were used for the promoter region (proximal ligation site) and one for 

the distal ligation site to the multiple cloning site: a) PlpF1 and Cx32-R (see 

appendix) b) PlpF2 and Cx32-R (see appendix) and c) PlpMCS-F (see appendix) 

and Cx32-F2 (see appendix) resulting a 600 bp product (Fig.3.3). Founders (TG+) 

were bred with Gjb1-null/Cx32 KO mice in order to obtain mice expressing the 

transgene on a Cx32KO background (TG+Cx32KO).  

 

2.4  Generation of TG+Cx32/Cx47dKO and Cx32/Cx47dKO mice 

Cx47KO mice were crossed with transgenic mice on a Cx32KO background 

(TG+Cx32KO). The mouse Cx47 coding region has been replaced with EGFP 

reporter gene in these mice. The mouse Gjb1/Cx32 gene is located on the X 

chromosome and Gjc2/Cx47 gene is autosomal. F1 offspring was then crossed 

again to obtain males TG+Cx32KO/Cx47Het and Cx32KO/Cx47Het. Offspring of 

F2 generation were breed again to obtain TG+Cx32KO/Cx47dKO and 

Cx32KO/Cx47dKO. Cx32 genotype was tested by PCR screening using primers 

mentioned above. Cx47 genotype was screened by multiplex-PCR using 

simultaneously 3 primers. One primer is Cx47 intron-specific (P1 -see appendix), 

the second is exon-specific (P3 - see appendix) and the last EGFP-specific (P4 - 

see appendix) under conditions 95oC for 5 min 40 cycles of 94oC x 45 sec, 64oC x 

45 sec, 72oC x 1 min and then 72oC for 7 min. A band at 530 bp represents the 

wild type (WT) allele and at 340bp the Cx47KO allele (Odermatt et al., 2003) 

(Fig.3.3).   
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2.5  Reverse transcription PCR 

Snap-frozen brain and spinal cord tissue from TG+Cx32KO, Cx32KO and WT 

mice were collected. RNA was isolated with the RNeasy Lipid Tissue Mini Kit 

(Qiagen, Cat.no. 74804) following manufacturer’s protocol. DNase treatment was 

performed and RNA was quantified by spectrophotometry. 0.5μg of RNA was used 

to synthesize cDNA using Taqman Reverse transcription reagents (Applied 

Biosystems, N808-0234). cDNA was amplified using Cx32-F (see appendix) and 

Cx32-R (see appendix) primers. cDNA was then digested with MscI or HhaI as 

well as with both enzymes. MscI cuts the human cDNA into two fragments (280 

and 273 bp); HhaI cuts the mouse cDNA product into two fragments (230 and 323 

bp). Digestions were run on 1.5% agarose gel to estimate the relative levels of 

transgene/human and endogenous/mouse mRNAs (Fig.3.4). 

 

2.6  Immunoblot analysis 

Gel preparation 

Two glass plates were assembled together in the gel electrophoresis (Bio-

Rad) apparatus. A 12% polyacrylamide gel (see appendix) was prepared and 

poured in-between the glass plates. On top 1mL of 10% iso-propanol was added 

and left to polymerise at room temperature for 30 minutes. When polymerised, 

isopropanol was removed and a 4% stacking gel (see appendix) was prepared 

and poured on top of the polyacrylamide gel with a 10 well comb in top. The 

stacking gel was allowed to polymerise at room temperature for another 30 

minutes. After polymerisation the comb was removed.  

 

Sample preparation 

Fresh mouse tissues were collected and lysed in ice cold Radio 

Immunoprecipitation Assay buffer (RIPA) (see appendix) containing a cocktail 

protease inhibitors (Roche, Basel, Switzerland). Tissues were sonicated and 

protein concentrations were measured on NanoDrop. 50μg of the denatured 

protein from each lysate and loading buffer (see appendix) was loaded into each 

well. Gel electrophoresis was performed in 1x Running buffer (see appendix) at a 

constant voltage of 120V for approximately 1-11/2 hours.  
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Transfer of proteins 

The proteins were then transferred on Hybond-C extra membrane (GE 

Healthcare Bio-Sciences) under semi-dry conditions. A sandwich of whatman filter 

paper/gel/membrane/whatman filter paper are wetted in 1xTransfer buffer (see 

appendix) and placed on the transfer unit at a constant current of 10V for 45 

minutes.  

 

Blocking the membrane 

To prevent non-specific background binding of the primary antibody the 

membrane was incubated with 5% non-fat milk in PBS-T by agitating for 1 hour at 

room temperature.   

 

Incubation with the primary antibody 

The primary antibody was then diluted at the suggested dilution by the 

manufacturer in 5% non-fat milk in PBS-T by agitating overnight at 4oC.  

 

Incubation with the secondary antibody 

The membrane gets a room temperature and washed for 15 minutes (x3), 

to remove excess of the primary antibody, with PBS-T while agitating followed by 

incubation with anti-rabbit or anti-mouse horseradish peroxidase-conjugated 

secondary antiserum (Jackson ImmunoResearch Laboratories, 1:3000) in 5% 

milk-TBS-T, for 1 h. 

 

Development method 
After an hour the membrane was washed three times with PBS-T for 15 

minutes each with agitation.  The membrane was incubated with enhanced 

chemiluminescence labelling solution (ECL Plus, GE Healthcare Bio-Sciences, 

Amersham) for 5 minutes in dark conditions, then is placed in a cassette and 

exposed to UVP imaging system (Life Science).   The protein of interest is 

visualised on the computer screen. GAPDH was used as a loading control.  Band 

intensity was measured and quantified using TinaScan software version 2.07d. 
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2.7  Transcardial perfusion 

The adult mouse is weighted to the nearest 0.1 gram. According to its weight 

the anaesthesia syringe is filled with Avertin and administered via intraperitoneal 

injection. Anaesthesia is assured by toe pinch. The anesthetized animal is placed 

lying on the back with face upwards. The ventral skin is wet with 100% ethanol 

and an incision through the skin is made along the thoracic midline. The peritoneal 

membrane is cut superficially and exposed to the diaphragm and visceral organs. 

The diaphragm is cut with gentle to avoid injury of any visceral organs in order to 

open the thoracic cavity. Continue with blunt dissection to carefully cut both lateral 

aspects of the rib cage. The ribcage is inverted to meet the ventral skin surface of 

the animal’s neck area to expose the heart (Fig.2.1). The beating heart is secured 

with blunt forceps and the syringe filled with saline is inserted to the left ventricle. 

The right atrium is cut with scissors (first sign of blood flow) and the infusion of 5ml 

saline begins slowly until the fluid exiting the right atrium is clear.  A clear colour of 

the liver is an indication of good saline perfusion. The saline is then switched to 

4% paraformaldehyde (PFA) fixative (see appendix). When the mouse is stiff, 

tremoring due to muscle contraction is an indication that the fixative has passed 

through the circulatory system.  

 

 

 

 

 

 

 

 

 

 

 
Figure 2.2: Transcardial perfusion (Gage et al., 2012). 
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2.8  Immunohistochemistry 

Following transcardial perfusion with 4% PFA, brain, cerebellum, spinal cord, 

optic and sciatic nerves were dissected from the mouse body.  30 minute post 

fixation follows in the same fixative and then cryoprotected in 20% sucrose in 0.1M 

PB (see appendix) buffer overnight. Tissues were then embedded in OCT and 

placed in ice cold-acetone and stored in -80 oC degrees. 12 μm thick sections were 

thaw-mounted onto APES glass slides (see appendix). Tissues were 

permeabilized in cold acetone (-20oC degrees) for 10 minutes. Slides were then 

washed three times 5minutes each in 1x PBS (see appendix) and then incubated 

at RT with blocking solution of 5% bovine serum albumin (BSA) containing 0.5% 

Triton-X100 (see appendix) for 1 h. Various combinations of primary antibodies 

(see appendix) are diluted in blocking solution followed by incubation overnight at 

4°C.  Slides were then washed three times 5 minutes each in 1x PBS and 

incubated with rhodamine (TRITC) conjugated Affinity Pure Goat Anti-rabbit IgG 

and Fluorescein (FITC) conjugated AffiniPure Goat Anti-Mouse IgG secondary 

antibodies (Jackson ImmunoResearch Laboratories, 1:500) for 1h at room 

temperature. Cell nuclei were visualized with 4’,6’-diamidino-2-phenylindole (DAPI, 

Sigma-Aldrich). Slides were mounted in Fluorescent Mounting Medium (Dako).  

Images were photographed under a Zeiss fluorescence microscope with a digital 

camera using the Zeiss Axiovision software (Carl Zeiss MicroImaging) at 

magnifications x50, x100, x200, x400. Images with comparable exposure times 

were obtained to allow better comparison between different tissues. Selected 

images for GJ plaque counts were captured on a TCSL confocal microscope 

(Leica, Germany). 

 

2.9  Quantitative analysis of pathology and GJ plaque formation  

The fluorescent intensity of positive GFAP and IbaI from microscope pictures 

was calculated using ImageJ software. For quantification of GJ formation by 

oligodendrocytes, we randomly captured at least 20 individual oligodendrocytes 

within an area of 20μm x 20μm from spinal cord gray matter from 3 different mice 

per genotype.  Pictures from the three genotypes were captured at 400x 

magnification. The total number of Cx32, Cx30, and Cx43 GJ plaques in each 

image were counted using Adobe photoshop 6. In addition, we counted the 
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number of GJ plaques in which Cx32 colocalized with either Cx30 or with Cx43 

immunoreactivity and the overlap ratio was calculated in Microsoft Excel.   

2.10 Electron microscopy and morphometric analysis 

For electron microscopy, 1-month-old litters of TG+Cx32/Cx47dKO and 

Cx32/Cx47dKO mice (n=4 per genotype) were transcardially perfused with 2.5% 

glutaraldehyde in 0.1M PB. Brain, spinal cord, optic nerve and sciatic nerve were 

dissected and further fixed overnight at 4°C, then osmicated, dehydrated, and 

embedded in Araldite resin. Transverse semithin sections (1μm) were obtained 

and stained with alkaline toluidine blue. Ultrathin sections (80–100 nm) were 

counterstained with lead citrate and uranyl acetate before being examined in a 

JEOL JEM-1010 transmission electron microscope. 

 

The CNS myelin fraction was calculated in semithin sections of the spinal 

cord dorsal and ventral funiculus and the optic nerve using a modified method to 

estimate the density of myelinated fibers and myelin sheaths (Tang and 

Nyengaard, 1997, Sutor et al., 2000, Vavlitou et al., 2010). Images of semithin 

sections captured at x630 final magnification following the same processing and 

microscopy settings were imported into Photoshop (Adobe Systems) and a 

transparent counting grid was placed on the image. All intersections of the grid 

lines hitting white matter, myelinated fibers and myelin sheaths were counted 

separately. The volume density of the myelinated fibers in the white matter was 

calculated by the total number of points hitting myelinated fibers in the white 

matter over the total number of points hitting white matter.   

 

2.11 Behavioral analysis 

2.11.1 Foot slip test  

To explore the motor behavior of mice a modified method of Britt (Britt et al., 

2010) was used, which is considered sensitive for CNS demyelination models. 1-

month-old mice were placed in a 15x15x15 cm clear plexiglass box with a floor 

consisting of a metal wire grid with 1.25 cm spacing with a 1.25 cm grid 

suspended 1.25 cm above the floor. Mice were acclimated in the box for 1hr 

before each session. The trial consisted of 50 steps. If a misstep results in the 

hindlimb or forelimb falling through the grid but the limb is withdrawn prior to 
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touching the floor is scored 1; if the limb touches the floor it is scored 2. A video 

camera was used to film the mice to ensure accurate counts, and video recordings 

were evaluated in slow motion. TG+ Cx32/Cx47dKO mice were compared to 

Cx32/Cx47dKO littermates using the student’s T-test. Significance was defined as 

p<0.05 in all comparisons. 

 
2.11.2 Rotarod test  

This apparatus consists of a computer-controlled, motor-driven rotating 

spindle and 4 lanes for 4 mice. One-month old mice were habituated to the 

apparatus the first day for 180 sec sessions twice at constant speeds of 12 and 

20rpm. On the second day mice exert 4 trials with accelerating speed from 4 to 

40rpm. On the third day, mean latency to fall off the rotarod is calculated.  

 
2.11.3 Foot print test  

Footprints were obtained by painting the paws with nontoxic colored inks and 

the mouse was allowed to walk down a narrow, open-top runway covered with 

white paper. The runway length was 22 cm long 10 cm wide. Furthermore, the 

open-top runway was flanked by two walls at each side that were 11 cm high. The 

mice were acclimatized to the environment for at least 60 min, and were allowed 

two practice runs before coloring the paws. To facilitate subsequent analysis, 

forelimbs and hindlimbs were colored with different colors: blue for the front and 

red for the hindlimbs. Each mouse was subjected to a total of nine trials (three 

trials per day for 3 days). Once the footprints had dried, the following parameters 

were measured: overlap width, forelimb stride length, and hindlimb stride length for 

the left and right limbs separately. 

 
2.11.4 Survival rate test  

The Kaplan Maier survival curve was used to compare the survival rates of 

TG+Cx32/Cx47dKO to those of Cx32/Cx47dKO littermates. Two groups of 10 mice 

were used for this analysis and followed until they became severely ill and 

preterminal, but before they died of seizures. A graph was blotted for the 

percentage of surviving animals over time in weeks. 
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RESULTS 

3.1  Generation of the transgenic construct expressing hCx32 

To generate the transgenic construct we used the mouse Plp promoter and 

downstream the human GJB1/Cx32 open reading frame (ORF). The ~11Kb mouse 

Plp promoter was cloned in pBluescript SK+ vector which has been previously 

used successfully to generate transgenic mice driving expression specifically in 

oligodendrocytes (Wight et al., 1993, Fuss et al., 2000, Savvaki et al., 2010, 

Michalski et al., 2011a). hCx32 ORF was already cloned in pSLN1180 vector in 

our lab (Sargiannidou et al., 2009a). Two new restriction sites, AscI and PacI, 

were introduced by PCR amplification in pSLN1180 vector, followed by a double 

digestion so the Cx32 ORF was released. The 856bp ORF band was ligated into 

the multiple cloning site of the Plp promoter cassette in pBluescript vector. Then 

the ~12Kb transgenic cassette was released from pBluescript by double digestion 

with ApaI and NotI restriction enzymes (Fig.3.1 A). The fragment was then 

isolated and purified. The orientation and the in-frame positioning of the hCx32 

ORF were confirmed by sequence analysis using specific primers within the ORF 

(see appendix).  

As an alternative strategy we also used an oligodendrocyte specific 

promoter, Myelin basic protein (MBP). This promoter is 9Kb in size and is already 

cloned in the pBluescript vector in our lab. Downstream of the promoter the 

hCx32ORF-IRES-EGFP sequence is cloned. EGFP allows co expression of the 

green fluorescent protein in cells expressing the transgene. Previous studies 

(Foran and Peterson, 1992, Gow et al., 1992, Forghani et al., 2001) have shown 

that the last 1.9Kb fragment of the promoter is sufficient to drive expression in 

oligodendrocytes. The size of the promoter was minimised to 2Kb by two 

sequential digests. The full construct was first digested with AflII and two size 

bands were obtained, ~9Kb and ~6Kb. The ~6Kb band contained the hCx32ORF-

IRES-EGFP with the promoter. We further digested with SacI restriction enzyme to 

minimise the promoter to ~2Kb (Fig. 3.1 B).  The ~4Kb fragment was then purified 

and filtered in microinjection buffer. hCx32 ORF was sequenced using specific 

primers we have designed (see appendix) to ensure the construct was free of any  

mutations. 
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A. 

 

 
Figure 3.1: (A) Cloning of the Plp-hCx32 expression construct.  
hCx32 ORF was isolated from pSLN1180 vector by digestion with AscI and PacI 
restriction enzymes and then ligated into pBluescript KS vector downstream of the Plp 
promoter. pBluescript KS was linearised with ApaI and NotI restriction enzymes. 
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B. 

  
 

(B) Cloning of the MBP hCx32-IRES-EGFP expression construct.  
The 9Kb MBP promoter followed by hCx32 ORF-IRES-EGFP were cloned in pBluescript 
vector. By restriction digest with AflII the promoter was minimised down to ~4Kb by further 
digestion with SacI the promoter was minimised to 1.9Kb. 
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3.2  Generation of Plp-hCx32TG+ and TG+Cx32KO mice 

MBP-hCx32-IRES-EGFP (~4Kb) and Plp-hCx32 (~12Kb) purified fragments 

were microinjected into the male pronucleus of the fertilised oocytes (Fig.3.2). 

Microinjection process was performed at the Mouse facility of the Cyprus Institute 

of Neurology and Genetics according to standard protocols. Multiple pronuclear 

injections of the MBP promoter construct MBP-hCx32-IRES-EGFP resulted in one 

positive founder which had no transmission to F1 generation.  We therefore 

abandoned this strategy and all results described below relate to the Plp-hCx32 

transgenic mice. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Pronuclear injection.  
(1) Purified transgenic construct was (2) microinjected in the fertilised eggs from the 
female mouse. (3) The injected eggs were transferred in the uterus of the pseudopregnant 
female. (4) F1 pups were born and PCR screened for founders  (Mullins et al., 2006).  

 

After successful pregnancies, F1 offsprings were born and tailed at the age 

of P30. Tails were PCR screened using three different primer sets (see M&M 

section 2.3). Screening revealed 5 positive transgenic founders, 3 females and 2 

males. These founders were further bred with Cx32KO male or female mice (the 

Cx32 gene is located on the X chromosome) accordingly to examine if the 

transgene is carried to the next generation and if so, the Cx32 expression levels in 

oligodendrocytes and Schwann cells.  
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Two of the founders showed stable transmission to the next generation and 

were crossed with Cx32KO mice and further genotyped (Fig.3.3). About 30% of 

the mice carried the transgene (TG+). These mice were crucial for the assessment 

of the transgenic expression and exogenous Cx32 localization on a Gjb1-

null/Cx32KO background. Therefore these two lines were further expanded on 

Cx32KO background and Cx32 expression levels were compared to select the 

best line (Table1).  

 

Table 3.1: Summary of the Plp-hCx32 transgenic founders.  
Three out of five positive founders had transmission to the next generation and two out of 
three had strong Cx32 expression in oligodendrocytes as well as in Schwann cells. 
 

Line/Founders Transmission Cx32 Expression 

Plp-1 Yes Strong expression 

Plp-2 No ----------- 

Plp-3 Yes Strong expression 

Plp-4 Yes No expression 

Plp-5 No ----------- 
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Figure 3.3: Genotyping of mice.  
A small section of the mouse tail is cut (A) and incubated in lysis buffer and proteinase K 
at 55oC overnight (B). The proteinase K is then heat inactivated at 85oC for 45min (C).  
The DNA was PCR screened for the transgene using three pairs of primers 
(PlpF1/Cx32R, PlpF2/Cx32R and Cx32F2/PlpMCS). Positive bands in lanes 1-5 indicate 
the presence of the transgene in the mouse genome. PCR screening for Cx32 allele: 
Exon1F/NeoR2 primer set was used to detect the Cx32KO allele (Gjb1 ORF replaced by 
neomycin gene in Cx32KO mice) and Exon1F/Cx32R was used to detect the WT Gjb1 
allele. For Cx47 allele a multiplex PCR was used P1 (Cx47 intron specific), P3 (Cx47 exon 
specific) and P4/EGFP (Gjc2 ORF replaced by EGFP gene in Cx47 KO mice). Mouse 1 is 
transgenic heterozygous for Cx32 and heterozygous for Cx47 (TG+ X+X- Cx47Het); mouse 
2 is transgenic Cx32/Cx47 double KO (dKO) same as mouse 3; mouse 4 is TG+Cx32KO 
Cx47Het and mouse 5 is TG+Cx32WTCx47Het. 
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3.3  Confirm the presence and correct localisation of hCx32 in 
oligodendrocytes in TG+Cx32KO mice 

 
3.3.1 Expression of transgenic and endogenous Cx32 mRNA 

Here we validated if the cloned hCx32 was expressed at the correct 

localization in oligodendrocytes in the CNS and Schwann cells in the PNS and if 

the levels of expression are high enough to rescue the peripheral neuropathy of 

Cx32 deficient mice. In order to confirm this we used three different methods. We 

first checked if any hCx32 RNA is expressed in the tissues, we then examined the 

protein levels by Western Blotting, and finally we analyzed by 

immunohistochemistry the expression and localisation of hCx32 protein. 

 

Levels of exogenous hCx32 from brain and spinal cord tissues of 

TG+Cx32KO were compared to the endogenous expression levels in WT mice at 1 

month of age. RNA was successfully isolated from the tissues and by Reverse 

Transcription (RT) PCR was converted to cDNA which was then amplified using 

specific primers (see M&M) that are identical in both human and mouse Cx32.  

The PCR product resulted in a 553bp product. The product was then digested 

using restriction enzymes specific for the human, MscI (M) or the mouse, HhaI (H) 

Cx32. Digest was run on 1.5% agarose gel.   After digesting with MscI the 

TG+Cx32KO tissues resulted in two separate fragments at 280 and 273bp, 

whereas in digestion with HhaI enzyme the original PCR product (553bp) 

remained uncut.  In the WT tissues, HhaI uniquely cuts the mouse Cx32 cDNA into 

two fragments at 230 and 323bp whereas when digesting with MscI remained 

uncut. This indicated that hCx32 was present in brain and spinal cord tissues from 

the transgenic mice and also showed two to three-fold higher levels of hCx32 

mRNA than of mouse Cx32 in the WT tissues (Fig.3.4). TG+Cx32KO transgenic 

lines, Plp-1 and Plp-3 showed similar expression at the RNA level (data not 

shown).  

 

38 
 

Nata
sa

 S
ch

iza



Results 
 

 

 
Figure 3.4: Analysis of mouse and human Cx32 transcripts.  
RT-PCR and digestion by MscI (M; cuts the human Cx32 cDNA) or HhaI (H; cuts the 
mouse Cx32 cDNA), or with both (D; “double-cut” with MscI and HhaI) shows that M-
digested human Cx32 and cDNA is detected only in transgenic but not in WT tissues (BR: 
brain; SC: spinal cord), whereas the H-digested mouse Cx32 cDNA is present only in the 
WT mouse. 

 

3.3.2  Expression levels of the transgenic hCx32 protein by immunoblotting 
analysis 

Since hCx32 mRNA was present in the transgenic brain and spinal cord 

tissues at higher levels than the WT we further wanted to check the protein levels. 

To determine this we obtained sacrificed brain (BR), brain stem cerebellum (BSC), 

spinal cord (SC) and liver (LV) tissues from 1-month old WT, TG+Cx32KO and 

Cx32KO mice for comparison. Immunoblot analysis was performed using Cx32 

antibody.  Accordingly, immunoblot results showed a positive Cx32 band in all TG+ 

and WT tissue lysates. Cx32 was absent from Cx32KO lysates, as expected. The 

levels of Cx32 protein in TG+Cx32KO spinal cord were much higher compared to 

WT spinal cord (Fig.3.5 A). Liver tissue is rich in Cx32 protein; it was used to 

confirm that our transgenic line is on a Cx32KO background. Thus, the WT liver 

revealed very high levels of Cx32, whereas the liver from the TG+ and the Cx32KO 

SC did not contain any Cx32 specific band. To show that these results are not due 

to unequal loading of the samples; we further blotted the membrane with GAPDH 

and used it as a loading control (Fig.3.5 B). Similar levels of Cx32 expression 

were detected by immunoblot also in tissue lysates from CNS areas of Plp-1 line 

(data not shown).  
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A. 

 

 

 

B. 

 

 

 
 
Figure 3.5: Immunoblot analysis of Cx32 expression.   
A-B Immunoblot of brain (BR), brain stem cerebellum (BSC) and spinal cord (SC) lysates 
from transgenic line Plp-3 as well as WT and Cx32KO mice as indicated. The blot was 
incubated with RbCx32/918 antibody and then with GAPDH to demonstrate the loading. 
Cx32 protein was present in all transgenic and WT tissues. The levels of Cx32 in the 
transgenic tissues were much higher than the WT. In Cx32KO mice tissues the band is 
absent. Cx32 was also detected in the WT liver and absent from TG+ (B). 
 
 
 
3.3.3 Localisation of hCx32 in the CNS 

To assess the correct localisation and expression levels of the transgene in 

TG+Cx32KO oligodendrocytes, we immunostained different CNS areas including 

the spinal cord, cerebellum and cerebrum with Cx32 antibody combined with 

oligodendrocyte marker, CC-1, always in comparison with tissues from Cx32KO 

mice (negative control) and with WT mice (positive control). In the WT spinal cord 

Cx32 was localized mainly along large myelinated fibers while in the gray matter 

Cx32 formed GJ-like plaques only around oligodendrocyte cell bodies. In contrast, 

in TG+Cx32KO mice Cx32 was expressed around oligodendrocyte cell bodies not 

only in the gray but also in the white matter, in addition to myelinated fibers 

(Fig.3.6 A-C). In the cerebrum at the level of the hippocampus Cx32 was localized 

in deep neocortex of WT mice along the myelinated fibers, adjacent but not within 

the corpus callosum (CC), whereas in the TG+Cx32KO mice Cx32 was localized 

additionally in CC along small diameter fibers and around oligodendrocyte cell 

bodies (Fig.3.6 D-F). In the cerebellum of WT mice Cx32 was mainly expressed in 

white matter fibers, while TG+Cx32KO mice also showed Cx32 immunoreactivity in 

the granule cell layer (Fig.3.6 G-I). No specific Cx32 staining was detected in any 
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Cx32KO tissues (Fig.3.6 A, D, G). We also stained same CNS areas for Plp-1 line 

and showed similar results (data not shown). Thus, overall it appears that 

transgenically expressed Cx32 was present in all subsets of oligodendrocytes, 

consistent with the expression pattern of the Plp promoter, in contrast to restricted 

expression in certain subpopulations of oligodendrocytes under normal conditions 

in WT mice. 

 
 
Figure 3.6: Transgenic expression of hCx32 in Cx32KO oligodendrocytes.  
These are images of spinal cord (A–C), cerebrum (D–F) and cerebellar cortex (G–I) 
sections from 1-month-old WT, Cx32KO and TG+Cx32KO mice as indicated double 
labelled with Cx32 (red) and oligodendrocyte marker CC-1 (A–I). Cell nuclei are stained 
with DAPI (blue). Cx32 is absent from all Cx32KO tissues (A, D, G) while it is expressed in 
the spinal cord of WT (C) and TG+Cx32KO (B) mice. Cx32 forms GJ-like plaques (open 
arrowheads) along white matter fibers and around gray matter oligodendrocyte cell bodies 
(arrowheads) in the WT (C), while stronger expression also around white matter 
oligodendrocytes is seen in the TG+Cx32KO. In the cerebrum WT mice show Cx32 
expression in deep neocortex (DC) fibers but not in the corpus callosum (CC) (F), 
whereas TG+Cx32KO mice (E) show Cx32 additionally within CC along fibers and around 
oligodendrocyte cell bodies. In the cerebellum of WT mice Cx32 is restricted to WM fibers 
(I) while in TG+Cx32KO (H) it is also strongly expressed in granule cell layer (GCL) 
oligodendrocytes. Overview merged images and insets of separate channels are shown. 
Scale bars: 20 μm; in insets: 10 μm. 
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3.4 Presence of hCx32 in Schwann cells on Cx32KO mice 

Although the Plp promoter was shown to drive restricted expression in 

oligodendrocytes in the CNS, we also examined the possibility of expression in the 

peripheral myelinating Schwann cells. We therefore immunostained sciatic nerve 

teased fibers of Cx32KO, TG+Cx32KO and WT mice for comparison. Teased 

fibers were double labelled with Cx32 antibody and juxtaparanodal marker, Kv1.2. 

Surprisingly; Cx32 was expressed and normally localized at non-compact myelin 

areas in TG+Cx32KO nerves similar to the positive control, WT nerve. Cx32 was 

absent from Cx32KO sciatic nerve fibers (Fig.3.7 A-C). 

 

 
 

Figure 3.7: Transgenic Cx32 expression in Schwann cells in TG+Cx32KO mice.  
A-C: Sciatic nerve teased fibers double labeled with Cx32 and a juxtaparanodal marker, 
Kv1.2 (open arrowheads). Cx32 is present in non-compact myelin areas including 
paranodal loops (arrows) in TG+Cx32KO (B) as in WT fibers (C) but is absent from 
Cx32KO fibers (A). Scale bars in A-C: 10 μm.  D: Immunoblot analysis of Cx32 expression 
in sciatic nerve (SN) lysates from the transgenic line (TG+Cx32KO) as well as WT and 
Cx32KO mice, as indicated. Cx32 band (arrowhead ~27kDa) is detected in the SN of the 
transgenic mouse, as well as in the WT tissue but not in Cx32KO. GAPDH blot is shown 
for loading control. 
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To further determine the expression levels of hCx32 in peripheral nerves of 

TG+Cx32KO mice we examined by immunoblot sciatic nerve lysates from 

transgenic mice compared to WT nerves (Fig.3.7 D). The intensity of the bands 

was measured and quantified using Tina Scan software version 2.07d.  This 

comparison showed that the amount of transgenically expressed Cx32 in 

TG+Cx32KO sciatic nerves was increased by approximately 70% compared to the 

endogenous WT Cx32 levels. 

 

3.5 hCx32 expression in Schwann cells rescues the peripheral 
neuropathy 

To further verify that hCx32 expression in Cx32KO Schwann cells can 

rescue the development of peripheral neuropathy starting after 3 month of age 

(Anzini et al., 1997, Scherer et al., 1998), we examined semithin sciatic nerve 

sections from groups of 8-month-old TG+Cx32KO and Cx32KO mice (n=4 per 

genotype).  Morphometric analysis was performed on abnormally myelinated fibers 

as previously described (Sargiannidou et al., 2009a). TG+Cx32KO mice showed 

significantly lower rates of abnormally myelinated fibers compared to Cx32KO 

littermates (p=0.0023), confirming that Plp promoter-driven Cx32 expression can 

rescue the peripheral neuropathy in Cx32KO mice (Fig.3.8 A-C) as was shown 

previously with P0 promoter-driven expression  (Scherer et al., 2005). These 

results show that the 11Kb Plp promoter efficiently drives expression of hCx32 in 

all oligodendrocytes, even in subpopulations normally not expressing Cx32 

(Kleopa et al., 2004), and interestingly, also in myelinated Schwann cells of 

TG+Cx32KO mice. 

 

 

 

 

 

 

 

 

 

 

43 
 

Nata
sa

 S
ch

iza



Results 
 

 

Figure 3.8: Rescue of the peripheral neuropathy in TG+Cx32KO mice at the age of 8 
months.  
A-B: Representative semithin sections from mid- sciatic nerves of 8-month-old mice. In 
Cx32KO nerve (A) many axons appear to be thinly myelinated indicating previous 
demyelination and remyelination (r) and some are completely demyelinated (asterisk), 
whereas in TG+Cx32KO sciatic nerve (B) all axons appear normally myelinated. C: Counts 
of abnormally myelinated fibers from both genotypes (n=4 per genotype) shows a 
significant reduction in the ratio of abnormally myelinated sciatic nerve fibers TG+Cx32KO 
compared to Cx32KO mice. 

 

3.6  Transgenic Cx32 expression was restricted to oligodendrocytes  

Transgenic hCx32 expression was previously shown with the above results 

to be correctly localised around oligodendrocytes cell bodies and large fibers as 

well as in non-compact myelin areas of myelinated fibers in the periphery.  Given 

the immunostaining, immunoblot and RNA results we examined if this hCx32 

expression was exclusively present in oligodendrocytes. We double labelled CNS 

sections by immunohistochemistry with different cell markers such as GFAP-

positive astrocytes, NeuN-positive neurons and Iba1-positive microglial cells in 

combination with Cx32 antibodies. This analysis showed that transgenic Cx32 

expression was restricted to oligodendrocytes and was not detected in other CNS 

cell types (Fig.3.9). 

 

44 
 

Nata
sa

 S
ch

iza



Results 
 

 

 
Figure 3.9: Transgenic Cx32 expression is restricted in oligodendrocytes.  
Expression of Cx32 in TG+Cx32KO CNS is not seen in GFAP positive astrocytes (a) (A), 
in NeuN positive neurons (n) (B) or in Iba-1 positive microglia (m) (C). Transgenic hCx32 
forms gap junctions in CC-1 positive oligodendrocytes (D). Overview merged images and 
insets of separate channels are shown. Scale bars: 20 μm; in insets: 10 μm. 
 
 

3.7 Generation of Cx32/Cx47dKO and TG+Cx32/Cx47dKO 

Given the above results we confirmed the presence and correct localisation 

of transgenically expressed Cx32 in the CNS and PNS. Both lines, Plp-1 and Plp-

3, showed similar expression levels, therefore only one line, Plp-3, was expanded 

for further crossing into Cx47KO background. In order to obtain groups of double 

knock-out mice (Cx32/Cx47dKO) and transgenic double knock-out mice 

(TG+Cx32/Cx47dKO) TG+Cx32KO mice were crossed with Cx47KO mice 

obtaining initially TG+Cx32KOCx47het mice and then by further breeding between 

offspring to obtain TG+Cx32/Cx47dKO and Cx32/Cx47dKO mice. These two 

groups were used in the following experiments for comparison to test whether 

exogenous hCx32 can rescue the CNS (Menichella et al., 2003, Odermatt et al., 

2003) and PNS phenotype in GJ deficient oligodendrocytes. The clinical 

phenotype, pathology and survival rates of Cx32/Cx47dKO littermates were 

45 
 

Nata
sa

 S
ch

iza



Results 
 

compared to those of the TG+Cx32/Cx47dKO, as well as to Cx47KO from the 

same line and in some cases to WT mice during the 4th week of life. 

 

To make sure that the TG+Cx32/Cx47dKO mice we used do not form any 

Cx47 gap junctions and the rescue of the phenotype is due to the hCx32 we 

double labelled for oligodendrocyte marker (CC-1) and Cx47 antibody.  The four 

genotypes, Cx47KO, Cx32/Cx47dKO, TG+Cx32/Cx47dKO and WT were 

compared. Cx47 gap junctions were absent from all genotypes except the WT 

one, as expected (Fig.3.10 A-C). In the WT phenotype Cx47 formed gap junction 

plaques which showed co localisation with oligodendrocyte specific marker, CC-1 

(Fig.3.10 D). 

 

   

 
Figure 3.10: Confirm the absence of Cx47 expression in Cx47KO and double KO 
mice.  
These are images of transverse sections from spinal cord from Cx47KO, Cx32/Cx47dKO, 
TG+Cx32/Cx47dKO and WT mice. Sections were double labelled with Cx47 (red open 
arrowheads) and an oligodendrocyte marker, CC-1 (green open arrowheads). CC-1 is 
present in all mature oligodendrocytes (A-C). Cx47 forms gap junction plaques around 
oligodendrocytes (red) in the WT mouse (D). Scale bars: 20 μm; in insets: 10 μm.  

 

We further confirmed the expression of hCx32 in TG+Cx32/Cx47dKO as 

opposed to Cx32/Cx47dKO. Spinal cord lysates from all four genotypes, brain 

lysates from Cx32/Cx47dKO, TG+Cx32/Cx47dKO and optic nerve lysates from 

Cx32/Cx47dKO, TG+Cx32/Cx47dKO were used. Cx32 protein was present at 
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almost 3-fold levels (280%) compared to WT mice in the TG+Cx32/Cx47dKO 

tissues and was absent from Cx32KO and Cx32/Cx47dKO tissues (Fig.3.11). 

 

 

Figure 3.11: Transgenic Cx32 expression in Cx32/Cx47dKO mice.  
Immunoblot analysis of CNS Cx32 expression in Cx32/Cx47dKO mice shows the absence 
in all Cx32KO and Cx32/Cx47dKO tissues and expression in TG+Cx32/Cx47dKO at 
higher levels compared with the corresponding WT or Cx47KO tissues (ON: optic 
nerve).Tubulin blot is used for loading control. 
 
 
 

3.8 Behavioural analysis of TG+Cx32/Cx47dKO mice reveals rescue 
of the defects detected in Cx32/Cx47dKO mice 

In this section our aim was to analyze the behavior of TG+Cx32/Cx47dKO 

compared to the Cx32/Cx47dKO, WT and in some cases with Cx47KO. For the 

study of motor coordination and balance, mice were subjected to the foot print 

analysis, foot slip test and rotarod test.  

 

3.8.1 Foot Print analysis 

For this motor behaviour test mice paws were coloured with non-toxic ink. 

Forelimbs and hindlimbs were colored with different color ink: blue for the front and 

red for the hindlimbs and allowed to walk in the runway (Fig.3.12 A). Six mice 

(n=6) from each genotype were used for comparison. Two parameters were taken 

in consideration: a) the overlap width between the fore and hindlimbs in cm, and b) 

the stride length of right and left fore and hindlimbs. All parameters of foot print 

analysis, including stride length for all limbs and overlap width, were significantly 

improved in TG+Cx32/Cx47dKO compared to Cx32/Cx47dKO mice, and reached 

similar levels as those of the WT animals (Fig.3.12 B,C). 
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Figure 3.12: Foot Print Test analysis.  
Results of behavioral analysis of Cx32/Cx47dKO phenotype compared with 
TG+Cx32/Cx47dKO, WT and Cx47KO mice. (A) Representative photographs of footprint 
analysis from Cx32/Cx47dKO (n = 6 mice in each genotype tested), TG+Cx32/Cx47dKO 
(n = 6) and WT (n = 4) animals, indicating the parameters measured: overlap width (OW) 
and stride length (SL) of left, right hind and forelimbs. (Β-C) Bar graphs of the parameters 
considered above (in cm) indicating significant improvement to WT levels in transgenic 
compared to non-transgenic double KO mice. 

 

3.8.2 Foot Slip analysis 

Another way to test the motor behaviour of Cx32/Cx47dKO mice compared 

to TG+Cx32/Cx47dKO is the foot slip test modified by Britt (Britt et al., 2010). Mice 

were allowed to walk on a metal wire grid. If a hindlimb or forelimb falls from the 

grid prior to touching the floor is scored 1, if it touches the floor is scored 2. The 

first 50 steps were recorded. For this test we used eight mice (n=8) from each 

genotype Cx32/Cx47dKO, TG+Cx32/Cx47dKO, Cx47KO and WT were used for 

comparison. TG+Cx32/Cx47dKO mice had an average of 1±0.5 missteps whereas 

Cx32/Cx47dKO mice had an average of 9±1.8 missteps (p=0.0048), WT and 

Cx47KO mice had an average of 1±0.3 missteps (Fig.3.13). The improvement in 
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missteps of the TG+Cx32/Cx47dKO mice was significantly reduced compared to 

Cx32/Cx47dKO and similar to WT recordings.  

 

 

 

 

 

 

 

 

Figure 3.13: Foot Slip Analysis.  
Performance in foot slip test shows significant improvement in TG+Cx32/Cx47dKO mice 
with reduced number of missteps compared to the Cx32/Cx47dKO reaching the level of 
the WT and Cx47KO mice. 

 

3.8.3 Rotarod analysis 

For rotarod analysis mice were trained to walk on motor-driven rotating 

spindle and the mean latency to fall off the spindle was recorded. For comparison 

we used nine mice (n=9) from each genotype Cx32/Cx47dKO, 

TG+Cx32/Cx47dKO, Cx47KO and WT. TG+Cx32/Cx47dKO showed significant 

improvement in time spent on the rotarod at different speeds compared to 

Cx32/Cx47dKO mice, although they did not reach the performance of WT and 

Cx47KO mice (Fig.3.14).  

 

Taking into consideration all behavioural results, TG+Cx32/Cx47dKO mice 

outperformed Cx32/Cx47dKO animals in their ability for motor coordination and 

balance.  
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Figure 3.14: Rotarod analysis.  
Results show that TG+Cx32/Cx47dKO mice performed significantly better than 
Cx32/Cx47dKO, although they did not reach the performance of WT and Cx47KO mice. 

 

3.8.4 Survival Rate- Kaplan Meier  

Kaplan Mayer analysis of the survival rates showed that Cx32/Cx47dKO 

mice (n=11) began to die from the 4th week of age and less than 20% survived 

beyond the 6th week, while all mice died by 12 weeks. In contrast, 

TG+Cx32KO/Cx47dKO mice (n=14) showed normal life span for up to 47 weeks of 

observation with only one mouse that died without previous signs of 

encephalopathy (p<0.0001) (Fig.3.15). Moreover, up until this age of 47 weeks 

TG+Cx32/Cx47dKO mice showed no evidence of tremor, seizures or other clinical 

symptoms that have been described to uniformly occur starting from 4-6 weeks of 

life in Cx32/Cx47dKO mice. 
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Figure 3.15: Kaplan–Meier curve.  
Shows the survival rates of Cx32/Cx47dKO versus TG+Cx32/Cx47dKO mice, clearly 
documenting a rescue of the early mortality seen in the Cx32/Cx47dKO group. 
TG+Cx32/Cx47dKO show a normal life span. 

  

In conclusion, all three behavioural tests and the survival analysis showed a 

clear phenotypic rescue of the motor deficits and long life span in 

TG+Cx32/Cx47dKO mice.  

 

3.9  Inflammation and demyelination are prevented in the CNS of  the 
TG+Cx32/Cx47dKO mice 

We investigated whether the profound and early pathological changes 

developing in Cx32/Cx47dKO CNS (Menichella et al., 2003, Odermatt et al., 2003) 

could be prevented in TG+Cx32/Cx47dKO mice. In order to examine the degree of 

myelination and inflammation at one month of age we immunostained sections of 

the cerebrum, spinal cord and optic nerves from TG+Cx32/Cx47dKO and 

Cx32/Cx47dKO mice. Tissues were stained for myelin oligodendrocyte 

glycoprotein (MOG) and CD68, a macrophage marker and further with Cx32 

protein and myelin basic protein (MBP). A great number of CD68 positive 

macrophages were detected in deep neocortex of the cerebrum as well as in the 

gray matter of the spinal cord and optic nerves of Cx32/Cx47dKO mice; in the 

transgenic mice no macrophages were present (Fig.3.16 B,G,M). Furthermore two 

myelin markers were used, MOG and MBP. Both showed reduced 

immunoreactivity in Cx32/Cx47dKO mice due to demyelination affecting thin and 
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large fibers whereas in TG+Cx32/Cx47dKO tissues myelination appeared normal 

(Fig. 3.16 B,F,L,P).  

 

 

Figure 3.16: Rescue of demyelination in transgenic Cx32/Cx47dKO mice.  
Spinal cord including white matter and gray matter (A-B), as well as optic nerve (C-H) and 
cerebrum (I-N) sections from Cx32/Cx47dKO and TG+Cx32/Cx47dKO mice as indicated 
double labeled for myelin oligodendrocyte protein (MOG, red) and macrophage marker 
(CD68, green) show improved myelin immunoreactivity and absence of macrophages 
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(arrowheads) in TG+Cx32/Cx47dKO as opposed to Cx32/Cx47dKO mice. (O-P) 
Longitudinal sections of the spinal cord double labelled with MBP (green) and Cx32 
proteins (red). Scale bars: (A–B) 200 μm; (C–P) 20 μm; in insets: 10 μm. 

 

In addition to the immunostaining results, we assessed the levels of myelin 

proteins by quantitative immunoblot analysis in spinal cord lysates from each 

group (n=3 per genotype) including myelin oligodendrocyte glycoprotein (MOG) 

and myelin basic protein (MBP). This analysis confirmed that both the MOG as 

well as the MBP levels were significantly higher in 1-month old TG+Cx32/Cx47dKO 

compared to Cx32/Cx47dKO littermates (p=0.0140 and p=0.0334, respectively), in 

line with the immunostaining results (Fig.3.17).   

 

Figure 3.17: Improved myelin protein levels in TG+Cx32/Cx47dKO mice.  
Quantitative immunoblot analysis of MBP and MOG in spinal cord lysates of 
Cx32/Cx47dKO  (dKO) and TG+Cx32/Cx47dKO (TG+) mice (n = 3 per genotype) at 1 
month of age shows that the levels of both myelin proteins normalized for loading are 
significantly increased in transgenic tissues. GAPDH blots are shown as loading control. 
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3.10 Transgenic expression of hCx32 CNS prevents astrogliosis and 
activated microglial cells 

In order to investigate the degree of astrogliosis and inflammation in 

Cx32/Cx47dKO mice and whether it can be prevented in the transgenic mice we 

stained for astrocytes with glial fibrillary acidic protein (GFAP) and microglia with 

IbaI different CNS areas such as cerebrum, spinal cord and optic nerve. 

Immunohistochemistry results revealed increased activation of microglia in 

Cx32/Cx47dKO along with increased GFAP immunoreactivity indicating 

astrogliosis. These abnormalities were not seen in TG+Cx32/Cx47dKO mice 

indicating a rescue of secondary inflammatory and astrogliotic changes in this 

leukodystrophy model. Similar rescue of inflammation and astrogliosis was seen in 

the other tissues including spinal cord and brain (Fig.3.18 A-F). 
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Figure 3.18: Rescue of inflammation and astrogliosis in TG+Cx32/Cx47dKO mice.  
Double labeling of optic nerve sections (A-B), cerebrum (C-D) and spinal cord (E-F) with 
astrocytic marker GFAP (green) and microglial marker IbaI (red), shows astrogliosis and 
microglial activation in the Cx32/Cx47dKO which are absent in the TG+Cx32/Cx47dKO. 
(G) The average area of immunoreactivity for GFAP and IbaI reflecting astrogliosis and 
microglial activation is significantly decreased in TG+Cx32/Cx47dKO.  
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To corroborate these findings we quantified the optic nerve area covered 

with IbaI as well as with GFAP immunoreactivity in each group (n=3 per genotype) 

using Image J software. This analysis confirmed that there was a significant 

decrease of microglia activation (p=0.0206) and astrogliosis (p=0.0319) in 

TG+Cx32/Cx47dKO compared to Cx32/Cx47dKO mice (Fig.3.18 G).  

 

3.11 Prevention of oligodendrocyte apoptosis in TG+Cx32/Cx47dKO 
mice 

The severe early pathological changes in the Cx32/Cx47dKO mice are 

known to be associated with oligodendrocyte apoptosis and eventual loss over 

time. To further investigate this issue, we stained cross sections of the spinal cord 

at 1-month of age from both groups for CC-1, and counted mature 

oligodendrocytes. This analysis showed that the total oligodendrocyte numbers 

were not significantly different among the two groups at the age of 1 month 

(Fig.3.19 A,B,E). 
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Figure 3.19: Rescue of oligodendrocyte apoptosis in TG+Cx32/Cx47dKO mice.  
(A-B) Overview of spinal cord transverse sections at low magnification labeled with 
oligodendrocyte marker CC-1 (green). Nuclei are stained with DAPI (blue). 
Oligodendrocytes were counted in white matter (WM) and gray matter (GM) areas, no 
significant difference between the two groups (E). 
(C-D) Optic nerve sections double labeled with apoptosis marker caspase-3 and 
oligodendrocyte marker CC-1 confirms that many oligodendrocytes undergo apoptosis in 
Cx32/Cx47dKO (arrowheads) but none in TG+Cx32/Cx47dKO. Nuclei are labeled with 
DAPI (blue). (F) Counts of caspase-3 positive apoptotic oligodendrocytes are significantly 
reduced in TG+Cx32/Cx47dKO compared with Cx32/Cx47dKO. 

 

  

57 
 

Nata
sa

 S
ch

iza



Results 
 
To test the possibility that oligodendrocytes in the Cx32/Cx47dKO mice 

might undergo apoptosis, immunohistochemistry was performed. We double 

labelled spinal cord and optic nerve sections for oligodendrocytes with CC1 and 

caspase-3, an apoptotic marker (Fig.3.19 C,D). Many CC1-positive 

oligodendrocytes in Cx32/Cx47dKO optic nerve and spinal cord were also positive 

for the apoptotic marker suggesting beginning apoptosis, whereas 

TG+Cx32/Cx47dKO oligodendrocytes showed no caspase-3 immunoreactivity. 
Counts of caspase-3 immunoreactive optic nerve oligodendrocytes were on 

average 27% in the Cx32/Cx47dKO group, and less than 1% in 

TG+Cx32/Cx47dKO, confirming that hCx32 expression also prevented 

oligodendrocyte apoptosis (Fig.3.19 F). 

 

3.12 Improvement of CNS myelination in TG+Cx32/Cx47dKO mice 

To further confirm the immunostaining results suggesting improved CNS 

myelination in TG+Cx32/Cx47dKO mice, we examined spinal cord and optic nerve 

semithin and ultrathin sections from groups of one-month old Cx32/Cx47dKO and 

TG+Cx32/Cx47dKO mice. Overviews of toluidine blue stained spinal cord and optic 

nerve transverse sections revealed reduced myelin staining with loss of white-gray 

matter contrast in the spinal cord and numerous large vacuoles in Cx32/Cx47dKO 

tissues, while TG+Cx32/Cx47dKO showed normal appearance (Fig.3.20 A-G).  

 

In higher magnification semithin and electron microscopy images of anterior 

and posterior funiculi of the spinal cord from Cx32/Cx47dKO mice the majority of 

large axons showed enlarged extracellular spaces separating the myelin sheath 

from the axon. Some were thinly myelinated and most of them completely 

demyelinated. Similar findings were present in the optic nerve with vacuolization 

and demyelination of most axons. These pathological changes were absent in 

TG+Cx32/Cx47dKO spinal cord or optic nerve (Fig.3.21 A-F). Quantification of 

myelin volume density in the anterior and posterior spinal cord funiculi as well as in 

the optic nerve in groups of one-month-old mice confirmed that myelin density was 

significantly increased (p=0.0078, 0.0101, and 0.0032 respectively) in 

TG+Cx32/Cx47dKO mice compared to the Cx32/Cx47dKO mice in all areas 

examined (Fig.3.21 G).  
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Figure 3.20: Prevention of severe spinal cord demyelination in TG+Cx32/Cx47dKO 
mice. 
Photomicrographs of semithin (A–G) and ultrathin (D-H) sections from spinal cord from 1-
month-old mice. Overview of transverse sections from Cx32/Cx47dKO and 
TG+Cx32/Cx47dKO spinal cords (A and E), as indicated as well as higher magnification 
images of Cx32/Cx47dKO anterior and posterior spinal cord (A, B and C) reveal that many 
axons appear thinly myelinated and some demyelinated with extensive vacuolation (V) 
whereas in TG+Cx32/Cx47dKO mice (E, F and G) axons appear normally myelinated. 
Scale bars: (A and E) 200 μm; (B-C, F-G) 10 μm; (M and N) 2.5 μm.  
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Figure 3.21: Prevention of severe optic nerve demyelination in TG+Cx32/Cx47dKO 
mice.  
A marked loss of myelinated axons and vacuole formation in the myelin sheaths are 
noticed in Cx32/Cx47dKO optic nerves whereas in TG+Cx32/Cx47dKO most optic nerve 
axons are normally myelinated (A-F) Scale bars: (A-B) 10 μm; (C-F) 2 μm (G) Myelin 
volume density measured in semithin sections from anterior and posterior spinal cord 
funiculus as well as optic nerves (n = 4 mice in each group) reveals that myelin density is 
significantly increased in TG+Cx32/Cx47dKO compared with Cx32/Cx47dKO in both 
spinal cord and optic nerve. 
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3.13 Gap junction formation in oligodendrocytes of 
TG+Cx32/Cx47dKO mice 

To determine whether the transgenic expression of hCx32 was sufficient to 

allow the re-establishment of oligodendrocyte GJ connectivity in 

TG+Cx32/Cx47dKO mice, including O/O, O/A and intra-myelin GJs, we double 

labelled for Cx32 and all other major astrocyte and oligodendrocyte connexins 

including Cx30, Cx43 and Cx29, comparing TG+Cx32/Cx47dKO to Cx32/Cx47dKO 

and Cx47KO mice. The latter should have comparable GJ connectivity to the TG+ 

since they endogenously express Cx32 but not Cx47 in oligodendrocytes. In all 

TG+Cx32/Cx47dKO CNS regions examined including the spinal cord, cerebrum 

and cerebellum, Cx32 showed the same localization in cell bodies and along 

myelinated fibers in all subpopulations of oligodendrocytes as in TG+Cx32KO CNS 

(Fig.3.6).  

 

Double staining of Cx32 with astrocytic Cx30, known to partner with Cx32 

(Orthmann-Murphy et al., 2007b) showed that Cx30 was diffusely expressed  

mostly in the gray matter forming GJ-like plaques, which colocalized with Cx32 GJ 

plaques around oligodendrocytes in TG+Cx32/Cx47dKO similar to Cx47KO mice. 

In contrast, Cx30 showed no colocalization with oligodendrocytes in 

Cx32/Cx47dKO mice in which Cx32 was absent (Fig.3.22 A-C). Double staining 

with Cx43 showed the typical expression of Cx43 forming diffuse GJ plaques in 

gray matter with weak colocalization with Cx32 GJ plaques around 

oligodendrocytes in TG+Cx32/Cx47dKO and even less in Cx47KO mice. 

Cx32/Cx47dKO mice showed stronger Cx43 immunoreactivity in gray matter 

areas, likely reflecting astrogliosis, with absence of Cx32 (Fig.3.22 D-F). Cx29 was 

normally localized along thinly myelinated fibers in the spinal cord gray matter, in 

the cerebellum and in the cerebrum in all three genotypes without apparent 

differences. Cx32 was expressed along medium and large myelinated fibers 

mostly without colocalization with Cx29 in TG+Cx32/Cx47dKO and Cx47KO mice, 

while it was absent in Cx32/Cx47dKO (Fig.3.22 G-I). 

Counts of GJ plaques surrounding oligodendrocytes in confocal images of 

spinal cord gray matter revealed similar numbers of Cx30 GJ plaques in all 

genotypes, while Cx32 GJ plaques were increased in TG+Cx32/Cx47dKO 

compared to Cx47KO mice and showed higher overlap ratios with Cx30 GJ 
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plaques (Fig.3.22 J). Counts of Cx43 plaques were significantly increased in 

Cx32/Cx47dKO compared to TG+Cx32/Cx47dKO or Cx47KO mice, likely reflecting 

astrogliosis. Also with this double labelling Cx32 GJ plaques showed higher counts 

in transgenic compared to Cx47KO mice, as well as increasing overlap with Cx43 

(Fig.3.22 K). However, Cx32 GJ plaques around TG+Cx32/Cx47dKO 

oligodendrocytes showed significantly lower overlap levels with Cx43 than with 

Cx30 (p<0.0001), indicating that transgenically expressed Cx32 forms O/A GJs 

mainly through coupling with Cx30. 
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Figure 3.22: Gap junction formation by hCx32 in TG+Cx32/Cx47dKO gray matter 
oligodendrocytes.  
These are images of transverse sections from the indicated CNS gray matter (GM) 
regions of Cx32/Cx47dKO, TG+Cx32/Cx47dKO and Cx47KO mice. Sections were double 
labeled with anti-Cx32 (green) and either anti-Cx30 (A–C), anti-Cx43 (D–F) or 
anti-Cx29 (G–I) antibodies (red). Cell nuclei are visualized with DAPI (blue). Note that due 
to the replacement of Cx47 ORF with EGFP in Cx47KO mice oligodendrocyte cell bodies 
are green fluorescent in all three genotypes (asterisks). (A–C) Cx30 forms GJ plaques 
(open arrowheads) diffusely in the gray matter in all genotypes, but shows colocalization 
with Cx32 GJ plaques around oligodendrocytes only in TG+Cx32/Cx47dKO and Cx47KO 
mice indicating the formation of O/A channels, but not in Cx32/Cx47dKO mice in which 
Cx32 is absent. In TG+Cx32/Cx47dKO and Cx47KO mice, Cx32 forms GJ plaques also 
along medium size myelinated fibers (green open arrowheads). (D–F) Cx43 forms 
diffusely GJ plaques that appear increased in Cx32/Cx47dKO in which Cx32 is absent, 
compared with TG+Cx32/Cx47dKO and Cx47KO. Some Cx43 GJ plaques colocalize with 
Cx32 around oligodendrocytes in TG+Cx32/Cx47dKO and Cx47KO mice but less than 
Cx30. (G–I) Cx29 shows expression along thin myelinated fibers in all three genotypes 
(red open arrowheads), while Cx32 is expressed along larger fibers (green open 
arrowheads) only in Cx47KO and TG+Cx32/Cx47dKO mice without colocalization with 
Cx29. Scale bars, 20 μm; in insets, 10 μm. Counts of GJ plaques formed by Cx30 and 
Cx32 (J) or by Cx43 and Cx32 (K) around individual spinal cord GM oligodendrocytes 
show that Cx32 GJs are significantly increased in TG+Cx32/Cx47dKO compared with 
Cx47KO mice and are absent from Cx32/Cx47dKO. Moreover, the percentage of Cx32 GJ 
plaques overlapping with Cx30 as well as with Cx43 is increased in TG+Cx32/Cx47dKO 
compared with Cx47KO. Cx30 GJ plaque counts do not differ between genotypes, while 
Cx43 GJ plaque counts are significantly increased in Cx32/Cx47dKO mice. 

 

 

 Transgenic expression of Cx32 was also examined in different white matter 

(WM) areas of TG+Cx32/Cx47dKO compared to Cx32/Cx47dKO and Cx47KO 

mice, including the spinal cord WM, cerebellum, optic nerve and cerebrum at the 

level of CC. In the spinal cord and cerebellar WM of TG+Cx32/Cx47dKO and 

Cx47KO mice, Cx32 was expressed along large diameter myelinated fibers, but 

TG+Cx32/Cx47dKO mice additionally showed Cx32 GJ plaques at oligodendrocyte 

cell bodies. Cx32 did not co-localize with Cx43 GJ plaques that were diffusely 

present in all WM areas (Fig.3.23 A-C). While Cx47KO mice showed the expected 

mutually exclusive expression of Cx29 along thin fibers and Cx32 along large 

fibers (Altevogt et al., 2002), in TG+Cx32/Cx47dKO there was some expression of 
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Cx32 also along thin fibers colocalizing with Cx29 (Fig.3.23 D-F). Similar 

expression pattern was found in cerebellum, in which Cx32 formed GJ plaques in 

WM fibers in both Cx47KO and TG+Cx32/Cx47dKO mice, but in addition there was 

expression along thin fibers of the molecular layer only in the TG+ (Fig.3.23 G-L). 

In WM areas were Cx32 is not physiologically expressed, including the optic nerve 

and CC (Kleopa et al., 2004), Cx47KO showed no Cx32 expression, while 

TG+Cx32/Cx47dKO showed Cx32 forming GJ plaques at oligodendrocyte cell 

bodies with partial colocalization with Cx43, as well as along thinly myelinated 

fibers colocalizing with Cx29.  In Cx47KO and Cx32/Cx47dKO optic nerve and CC 

Cx32 was absent (Fig.3.23 M-R, and data not shown).  
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Figure 3.23: Gap junction formation by hCx32 in TG+Cx32/Cx47dKO white matter oligodendrocytes.  
Images of transverse sections from different CNS white matter (WM) areas as indicated from Cx32/Cx47dKO, TG+Cx32/Cx47dKO and Cx47KO mice. 
Sections were double labeled with anti-Cx32 (green) and either anti-Cx43 (A-C, G-I, M-O) or anti-Cx29 (D-F, J-L, P-R) antibodies (red). Cell nuclei 
are visualized with DAPI (blue). Oligodendrocyte cell bodies are green fluorescent in all three genotypes (green arrows). In the spinal cord, 
cerebellum and optic nerve Cx32 is localized along the large myelinated fibers (white arrowheads) in TG+Cx32/Cx47dKO and Cx47KO mice while 
Cx43 forms GJ plaques (red arrows) diffusely in the WM in all genotypes and shows colocalization with some Cx32 GJ plaques around 
oligodendrocytes only in TG+Cx32/Cx47dKO and Cx47KO mice. Cx43 GJ plaques appear increased in Cx32/Cx47dKO in which Cx32 is absent (A-C, 
G-I, M-O). Double staining with Cx29 and Cx32 shows Cx29 expression along thin myelinated fibers in all three genotypes (red arrows). Cx32 is 
expressed along larger fibers only in Cx47KO mice without co localization with Cx29, whereas in TG+Cx32/Cx47dKO Cx32 is also expressed in the 
thinly myelinated fibers colocalizing with Cx29 (D-F, J-L, P-R).  Scale bars, 20 μm; in insets, 10 μm. 
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In conclusion, these findings suggest that transgenic expression of hCx32 in 

GJ deficient oligodendrocytes of Cx32/Cx47dKO leads to strong GJ formation 

along the myelinated fibers, with some ectopic expression along thin fibers as well. 

Furthermore, Cx32 expression leads to reestablishment of O/A heterotypic 

connections mainly between Cx32 and Cx30 in the GM, and in the WM also by 

homotypic O/O GJs, similar to the connectivity in Cx47KO CNS. However, Cx32 

does not appear to be able to replace Cx47 in O/A connections with Cx43. 
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CONCLUSION 

4.1 Phenotypic and pathological rescue of the Cx32/Cx47dKO mice 

We have successfully generated transgenic lines strongly expressing hCx32 

specifically in oligodendrocytes throughout the CNS, as confirmed by our 

expression analysis on Cx32KO background. Reestablishment of GJ connectivity 

in oligodendrocytes rescued the severe phenotype of early CNS demyelination 

and death in Cx32/Cx47dKO mice. Furthermore, expression of Cx32 in Schwann 

cells prevented the peripheral neuropathy in Cx32KO mice, confirming that 

connexin loss in both central and peripheral myelinating cells causes disease 

through cell autonomous effects. 

 

The Plp promoter has been shown to drive expression specifically in 

oligodendrocytes (Anderson et al., 1997, Jiang et al., 2000, Savvaki et al., 2010). 

Interestingly, our results confirm that the Plp promoter is also active in Schwann 

cells, although at lower levels compared with oligodendrocytes, as also reported in 

previous studies. Plp transgenic expression levels in the CNS were overall higher, 

up to 3-fold, compared with WT Cx32 expression. This is both due to higher 

expression in each oligodendrocyte, as shown by the increased number of Cx32 

GJ plaques per cell compared with the Cx47KO (Fig.3.21), as well as due to the 

extra-physiological expression in all oligodendrocytes, such as those in the CC 

and optic nerves, in contrast to restricted Cx32 expression in specific 

subpopulations in WT CNS (Kleopa et al., 2004). Plp driven expression levels 

were higher compared with CNP-driven expression in previously generated 

mutants, reflecting the higher expression per cell, since CNP promoter also 

provided expression in all subsets of oligodendrocytes (Sargiannidou et al., 

2009a). 

 

There was no obvious adverse effect of Cx32 expression beyond the 

physiologically expressing subsets of oligodendrocytes, and these expression 

levels were sufficient to rescue the CNS phenotype of Cx32/Cx47dKO mice, 

similar to what has been achieved in the PNS using the P0 promoter transgene 

(Scherer et al., 2005). Interestingly, peripheral neuropathy was also rescued in this 

model, even with expression levels slightly below the WT levels, while P0 
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promoter-driven transgenic Cx32 expression levels in Schwann cells were much 

higher than WT levels (Scherer et al., 2005). 

 

The main goal of this project was to rescue the Cx32/Cx47dKO 

leukodystrophy model by replacing one of the two missing oligodendrocyte 

connexins, in this case hCx32. Cx32/Cx47dKO mice have been characterized in 

detail (Menichella et al., 2003, Odermatt et al., 2003) and provide a relevant model 

of hypomyelinating leukodystrophy offering an opportunity to study possible 

therapeutic interventions. In our hands, Cx32/Cx47dKO mice presented the 

previously reported phenotype of action tremor followed by tonic seizures during 

the fourth to fifth postnatal week, which increased in frequency and severity 

leading to death by the sixth postnatal week. Pathological analysis at 1 month of 

age showed the expected severe demyelination, axonal degeneration and 

apoptosis of oligodendrocytes in the spinal cord funiculi and in the optic nerve. 

Both the behavioral as well as the pathological comparison of Cx32/Cx47dKO with 

TG+Cx32/Cx47dKO mice clearly demonstrated that Plp-driven Cx32 replacement 

rescued the Cx32/Cx47dKO phenotype. TG+Cx32/Cx47dKO mice outperformed 

Cx32/Cx47dKO mice in all tests of motor performance reaching the performance 

level of Cx47KO and WT mice.  

 

Only in the rotarod test, although clearly improved compared with 

Cx32/Cx47dKO littermates, TG+Cx32/Cx47dKO mice remained below the 

performance of Cx47KO and WT mice. The reason for this discrepancy is unclear. 

In contrast to Cx47KO or WT mice with normal Cx32 expression in Schwann cells, 

lower than physiological Cx32 expression in TG+Cx32/Cx47dKO Schwann cells 

could have caused a degree of peripheral neuropathy at 1 month of age, 

contributing to the lower rotarod performance.  

 

Finally, examining the survival rates between the two groups confirmed that 

transgenic Cx32 expression rescued the early mortality in Cx32/Cx47dKO mice 

and allowed a normal life span.  

 

The behavioral correction of TG+Cx32/Cx47dKO mice was accompanied by 

a complete rescue of the pathological changes that are typical for Cx32/Cx47dKO 
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mice (Menichella et al., 2003, Odermatt et al., 2003). Immunostaining and 

immunoblot analysis of myelin proteins, as well as electron microscopy with 

morphometric analysis demonstrated that the severe demyelination and vacuole 

formation in spinal cord gray and WM, cerebrum, cerebellum and optic nerve were 

prevented, while oligodendrocyte apoptosis was significantly reduced. 

Furthermore, secondary inflammatory changes that have been described in PMLD 

models with GJ-deficient oligodendrocytes (Tress et al., 2011), including activation 

of microglial cells and recruitment of macrophages, as well as astrogliosis, 

reflected in increased GFAP and Cx43 immunoreactivity, were prevented in our 

TG+Cx32/Cx47KO mice. These inflammatory changes are likely to play a role in 

disease progression similar to what has been shown for Cx32KO mice in the PNS 

(Kobsar et al., 2003, Groh et al., 2010), as well as in experimental models of CNS 

myelin gene defects (Ip et al., 2006, Ip et al., 2007, Ip et al., 2012). mRNA levels of 

several microglial genes which are involved in neuroprotection have been 

analyzed and increased levels  were noticed (Hickman et al., 2013).  

 

4.2 Oligodendrocyte GJs in TG+Cx32/Cx47dKO mice 

Our analysis of GJ formation in oligodendrocytes in TG+Cx32/Cx47dKO mice 

revealed that Cx32 was extensively expressed along myelinated fibers, forming 

the homotypic intracellular channels, and also along fibers that normally express 

only Cx29, such as the CC and optic nerves (Kleopa et al., 2004, Kamasawa et 

al., 2005). Furthermore, numerous Cx32 GJ plaques were formed around the cell 

bodies and were overall increased compared with Cx47KO mice, colocalizing 

mostly with Cx30 and to a much lesser degree with Cx43. Thus, transgenic 

replacement of Cx32 in the Cx32/Cx47dKO mouse appears to re-establish in part 

oligodendrocyte GJ connectivity, but does not replace Cx47 in O/A GJs, the 

majority of which are formed by Cx47 paired with Cx43 (Nagy et al., 2003b, 

Altevogt and Paul, 2004, Kamasawa et al., 2005, Wallraff et al., 2006). Therefore, 

the TG+Cx32/Cx47dKO phenotype resembles that of Cx47KO mice.  

 

Even with the high levels of Cx32 expression achieved in all 

oligodendrocytes, Cx32 is likely to form only heterotypic O/A GJs with astrocytic 

Cx30, and homotypic O/O GJs with itself. This is in keeping with previous studies 

showing lack of coupling between transfected cells where one expresses Cx32 
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and the other Cx47 (Orthmann-Murphy et al., 2007b, Magnotti et al., 2011). 

Furthermore, Cx32 is unlikely to replace Cx47 in pairing with Cx43, since the 

available literature indicates that no functional Cx32/Cx43 channels can be formed 

(Orthmann-Murphy et al., 2007b, Bruzzone et al., 1994, Magnotti et al., 2011).  

 

Mice that lack Cx32 (Anzini et al., 1997, Sutor et al., 2000) or express Cx32 

mutants on Cx32KO background, such as T55I and R75W (Sargiannidou et al., 

2009a) develop a progressive demyelinating peripheral neuropathy after 3 month 

of age with subtle changes in the CNS myelin. Cx47KO mice show sporadic 

vacuolation of CNS myelinated fibers starting from the optic nerve. Myelination of 

the peripheral nerves is not affected by the deletion of Cx47 (Menichella et al., 

2003, Odermatt et al., 2003).  

 

In humans, unlike mice, loss of Cx47 function leads to PMLD or spastic 

paraparesis (Uhlenberg et al., 2004, Orthmann-Murphy et al., 2009), while loss of 

Cx32 only rarely (Al-Mateen et al., 2013), suggesting that Cx47 is more crucial for 

oligodendrocyte function and survival. Cx47 may play more important roles during 

development and oligodendrocyte differentiation and myelination (Odermatt et al., 

2003) its expression in developing oligodendrocytes precedes those of Cx32 and 

Cx29 (Parenti et al., 2010). Moreover, oligodendrocytes throughout the CNS 

express Cx47 but only certain subpopulations express Cx32 (Kleopa et al., 2004, 

Kamasawa et al., 2005). Supporting these findings from rodent models, 

oligodendrocyte precursor cells in postmortem human brain studies were shown to 

express Cx47 but not Cx32, while mature oligodendrocytes express Cx47 

throughout the human brain, similar to the expression pattern in rodents 

(Markoullis et al., 2012, Markoullis et al., 2014). Taken together, while our study 

provides the proof of principle for amelioration of phenotype by replacing at least in 

part GJ connectivity in oligodendrocytes in this PMLD model, it may be necessary 

to replace Cx47 in future clinical studies, since the presence of Cx32 in PMLD 

patients does not prevent the disease.  

 

Interestingly, a GJC2 mutation affecting O/O but not O/A GJ connectivity was 

found in a subclinical leukodystrophy patient (Abrams et al., 2014), indicating that 

even partial restoration of oligodendrocyte connectivity as described in our model 
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may be sufficient to ameliorate the clinical phenotype, also in the human disease. 

Why the loss of Cx47 is more detrimental for humans with PMLD as opposed to 

Cx47KO mice is not clear, but may be related to several factors operating in 

humans that are not present in mice. Greater life span and brain size is a 

consideration, as well as stressful conditions that increase metabolic demand and 

requirements on GJ connectivity in oligodendrocytes, as also recognized for the 

CNS phenotypes resulting from Cx32 mutations (Paulson et al., 2002, Al-Mateen 

et al., 2013). This metabolic stress occurs only under experimental conditions in 

laboratory mice and has indeed caused increased myelin vacuolation flowing 

increased axonal activity in Cx47KO mice (Menichella et al., 2006). Another 

consideration is that Cx32/Cx30 channels can compensate for the loss of 

Cx47/Cx43 channels in mice more effectively than in humans, although the overall 

distribution of glial connexin expression appears to be similar between human and 

rodent brain (Kleopa et al., 2004, Sargiannidou et al., 2008, Markoullis et al., 2012, 

Markoullis et al., 2014). 

 

4.3 Oligodendrocyte connectivity to panglial network 

Oligodendrocytes are closely connected to astrocytes via GJs. Both human 

disorders such as occulodental digital dysplasia syndrome resulting from 

GJA1/Cx43 mutations (Paznekas et al., 2003), as well as mouse models with 

astrocyte connexin deletions may cause demyelination, highlighting the 

importance of the panglial network connectivity for oligodendrocytes. Besides the 

Cx32/Cx47dKO model, various other double connexin mutants including astrocytic 

connexins have shown similar phenotypes. The deletion of two astrocytic 

connexins in Cx30/Cx43AstrodKO resulted in early onset vacuolation, edema, 

astrogliosis and oligodendrocyte apoptosis in the brain, aswell as multiple 

behavioral deficits, although life span was normal (Wallraff et al., 2006, Lutz et al., 

2009). Overall, the WM abnormalities in these mutants resembled the ones in 

Cx32/Cx47dKO mice, but their milder phenotype highlighted the importance of 

O/O GJs (Maglione et al., 2010, Wasseff and Scherer, 2011 ) that were preserved 

as opposed to the Cx32/Cx47dKO.  

 

Deletion of one astrocytic and one oligodendrocytic connexin proved to be 

more pathogenic than the loss of two astrocytic connexins, and resembled more 
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the loss of two oligodendrocyte connexins. Cx32/Cx43AstroKO mice (with 

mGFAP-cre driven deletion of Cx43) developed WM vacuolation by the fifth week 

and seizures by the eighth week with early mortality by 20 weeks (Magnotti et al., 

2011). However, mGFAP-cre driven Cx43AstroKOmight have been incomplete 

and subsequent generation of another Cx32/Cx43AstrodKO (with nestin-cre driven 

deletion of Cx43) resulting in complete deletion of Cx43 in astrocytes 

demonstrated loss of oligodendrocytes with demyelination and more phenotypic 

similarities to Cx32/Cx47dKO (May et al., 2013). Furthermore, Cx47 expression in 

oligodendrocytes and stability on the cell membrane was shown to depend in the 

presence of Cx43 in astrocytes, indicating that in the Cx32/Cx43dKO Cx47:Cx30 

O/A is also lost and only homotypic O/O Cx47 GJs may be preserved, explaining 

the severity of the phenotype resembling Cx32/Cx47dKO. Likewise, 

Cx30/Cx47dKO mice showed early onset myelin pathology, severe vacuolation in 

the WM and activation of microglia and astrocytes, leading to early mortality (Tress 

et al., 2012). As described in our study, this double mutant demonstrates that 

Cx32 cannot replace Cx47 in O/A GJs, but can only form channels with Cx30 in 

astrocytes. Overall, the results of glial connexin mutants highlight the importance 

of both O/O and O/A GJs for CNS myelination and homeostasis. 

 

In conclusion, we show that the severe phenotype of the hypomyelinating 

leukodystrophy model with GJ-deficient oligodendrocytes can be rescued by 

replacement of one, in this case Cx32, oligodendrocyte connexins, by 

reestablishing, at least in part, the O/O and O/A connectivity. This study has 

implications for future therapeutic trials targeting CNS and PNS disorders resulting 

from connexin mutations, including PMLD and CMT1X.  

 

Development of gene replacement strategies targeting specifically the 

myelinating cells either in the CNS, or in the PNS, or in both, has the potential to 

provide a therapy for inherited human disorders resulting from loss of connexin 

function, and such strategies should be further studied. 
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Appendix 

APPENDIX 
 
Table A1: Solutions 
 

REAGENT RECIPE 
10x Running Buffer for Western 
Blot 
 

30.3gr Tris-hydroxide 
144.42gr Glycine 
10gr SDS 
Bring dH2O up to a liter 

1x Transfer Buffer for Western Blot 
 

3gr Tris-hydroxide 
14gr Glycine 
200ml Methanol 
Bring dH2O up to a liter 
Adjust pH to 7.6 

12% Running gel (for 1 gel) 
 

3.35ml ddH2O 
4ml 30% bis-acrylamide 
2.5ml 1.5M Tris-HCl (pH8.8) 
100μl 10% SDS 
100μl 10%Ammonium Persulfate (APS) 
8μl TEMED 

4% Stacking gel (for 1gel) 
 

3.05ml ddH2O 
0.65ml 30% bis-acrylamide 
1.25ml 0.5M Tris-HCl (pH6.8) 
50μl 10% SDS 
50μl 10%Ammonium Persulfate (APS) 
8μl TEMED 

10x Phosphate buffered Saline 
(PBS) Buffer 
 

80gr NaCl 
2gr KCl 
11.5gr Na2HPO4.2H2O 
2gr KH2PO4 

Bring dH2O up to a liter 
RIPA Buffer 
 

1x PBS 
1% NP-40 
0.5% Sodium deoxycholate 
0.1% SDS 
2mM EDTA 
Add protease inhibitors (Roche) 

Blocking solution for Western Blot 
 

2.5gr regilait non-fat powder milk 
500μl Tween-20 
50ml PBS 

Blocking solution for 
Immnofluorescence 
 

5gr Bovine serum albumin powder 
500ml TRITON X-100 
98.5ml 1xPBS 
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0.2M Solution A 
 

13.8gr of Sodium dihydrogen phosphate 
monohydrate (NaH2PO4H2O) 
Bring dH2O up to 500ml 
 

0.2M Solution B 
 

14.2gr of Sodium hydrogen phosphate 
anhydrous (Na2HPO4) 
Bring dH2O up to 500ml 

0.1M PB 
 

23.5ml Solution A 
76.5ml Solution B 
Add 100ml dH2O 
Adjust pH 7.2 using solutions A or B 

10%SDS 
 

25gr Sodium Dodecyl Sulfate 
250ml dH2O 

4% PFA 
 

4gr PFA powder 
100ml 0.1M PB 
Stir and warm at 60oC 
After dissolving add 2 drops of 1M NaOH 

Coomasie Stain (200ml) 
 

100ml methanol  
20ml acetic acid 
80ml H2O 
200mg Coomassie Brilliant blue 

Coomasie Destain (500ml) 150ml methanol 
35ml acetic acid 
315ml H2O 

LB-Broth 10gr Peptone 
5gr yeast 
5gr NaCl 
Bring dH2O up to a liter 

LB Agar 15gr agar 
10gr Peptone 
5gr yeast 
5gr NaCl 
Bring dH2O up to a liter 

SOC medium (100ml) 2gr Bacto Trypton 
0.5gt yeast extract 
200μl 5M NaCl 
250μl 1M KCl 
1ml 1M MgCl2 
1ml 1M MgSO4 
2ml 1M Glucose 

Ampicillin (100mg/ml) 0.5g of powder ampicillin 
Dissolve in 5ml dH2O 
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Table A2: PCR Primers 
 

NAME SEQUENCE 5’ TO 3’ 

AscI-F1 TAC GCG TAC GGC GCG CCC GCG GAC A 

PacI-R CCT TAA TTA AGG GGC GGA TCC TCA GCA GGC CGA 

GCA 

Plp-F1 TGG GTG TTG GTT TTT GGA GA 

Plp-F2 CTG AGT ATT GTA GGC AAG GG 

PlpMCS-F AGG TTT AAA CAG TCG ACT CTA G 

Cx32-F2 GGC TCA CCA GCA ACA CAT AG 

Cx32-R   CGC TGT TGC AGC CAG GCT GG 

P1 CAG GAT CAA TGG AAG ATT CTC GGT CCC 

P3 GCC AAG CGG TGG ACT GCA TAG CCC AGG 

P4 GAC ACG CTG AAC TTG TGG CCG TTT ACG 

Cx32-F TGA GGC AGG ATG AAC TGG ACA GGT 

Cx32-R CAC GAA GCA GTC CAC TGT 

 
 
 
Table A3: Sequencing Primers 
 

NAME SEQUENCE 5’ TO 3’ 

Cx32-F1 CAG GTT  TGT ACA CCT TGC TCA G 

Cx32-R CCA GCC TGG CTG CAA CAG CG 

Cx32-F2 GGC TCA CCA GCA ACA CAT AG 

Cx32-R2 GTT TGA GGC CGT CTT CAT GT 

Cx32-F AGC TGC TGA GTG AGC AGG ATG G 

Cx32-R1 CTG AAA AGA GCG ACC GCT GCT CGG CCT 

 
 
 
Table A4: Reverse Transcription Primers 
 

NAME SEQUENCE 5’ TO 3’ 

Cx32-F TGAGGCAGGATGAACTGGACAGGT 

Cx32-R CACGAAGCAGTCCACTGT 
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Table A5: Primary Antibodies 
 
 
PRIMARY 

ANTIBODY 
SPECIES DILUTION SOURCE 

Cx32 RABBIT  

POLYCLONAL  

1:50 ZYMED (71-0600) 

Cx32 MOUSE 

MONOCLONAL 

1:50 ZYMED (35-8900) 

Cx32 RABBIT  

POLYCLONAL 

1:5000 USA 

Cx47 RABBIT  

POLYCLONAL 

1:50 INVITROGEN (36-4700) 

Cx47 MOUSE 

MONOCLONAL 

1:200 INVITROGEN (37-4500) 

Cx43 RABBIT  

POLYCLONAL 

1:50 CELL SIGNALING (#3512) 

Cx43 MOUSE 

MONOCLONAL 

1:200 MILLIPORE (MAB3067) 

Cx30 RABBIT  

POLYCLONAL 

1:500 INVITROGEN (71-2200) 

Cx29 RABBIT  

POLYCLONAL 

1:300 ZYMED (34-4200) 

CASPASE-
3 

RABBIT 

 POLYCLONAL  

1:10 MILLIPORE (AB3623) 

CC-1 MOUSE 

MONOCLONAL 

1:50 CALBIOCHEM 

APP RABBIT  

POLYCLONAL 

1:300 CHEMICON (AB5352) 

PLP RAT  

MONOCLONAL 

1:10 UK 

CD68- 
ALEXA488 

RAT  

MONOCLONAL 

1:50 SEROTEC 

(MCA1957A488) 

MOG MOUSE 

MONOCLONAL 

1:50 UK 
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IbaI RABBIT  

POLYCLONAL 

1:300 BIOCARE MEDICAL 

(CP290A) 

GFAP MOUSE 

MONOCLONAL 

1:400 SIGMA (G3893) 

MBP MOUSE 

MONOCLONAL 

1:400 ABCAM (AB24567) 

MBP RABBIT  

POLYCLONAL 

1:1000 UK 

NeuN MOUSE 

MONOCLONAL 

1:400 CHEMICON (MAB377) 

Kv1.2 RABBIT 

 POLYCLONAL 

1:200 ALOMONE LABS 

(APC009) 

PMP22 RABBIT  

POLYCLONAL 

1:50 ABCAM (AB61220) 
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Table A6: Secondary Antibodies 
 

SECONDARY 
ANTIBODY 

SPECIES DILUTION SOURCE 

DyLight488 
(FITC) 

Rabbit 

polyclonal 

1:500 Jackson  

Immunoresearch 

Laboratories 

(111-486-003) 

Fluorescein 
(FITC) 

Mouse 

monoclonal 

1:500 Jackson  

Immunoresearch 

Laboratories 

(115-096-003) 

Rhodamine 
(TRITC) 

Mouse 

monoclonal 

1:500 Jackson  

Immunoresearch 

Laboratories 

(115-026-068) 

Rhodamine 
(TRITC) 

Rabbit 

polyclonal 

1:500 Jackson  

Immunoresearch 

Laboratories 

(111-026-003) 

Horseradish 
peroxidase 

Rabbit 

polyclonal 

1:3000 Jackson  

Immunoresearch 

Laboratories 

(111-036-003) 

Horseradish 
Peroxidase 

Mouse 

monoclonal 

1:3000 Jackson  

Immunoresearch 

Laboratories 

(115-036-068) 
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Preparation of frozen competent XL1-Blue bacterial cells 

1. Set up an overnight culture XL1-Blue in 2ml of LB broth 

2. Add 500μl of the overnight culture to 100ml LB in a 1L flask 

3. Shake at 37oC until the OD600nm =0.48 

4. Split into 2x 50ml falcon tubes and incubate on ice for 30 minutes 

5. Spin in a chilled centrifuge (4oC) at 400rpm for 10 minutes 

6. Resuspend in 25ml cold CaCl2 in each tube 

7. Leave on ice for 30 minutes 

8. Spin in a chilled centrifuge (4oC) at 4000rpm for 20 minutes 

9. Resuspend in 4ml cold CaCl2 in each tube 

10. Leave on ice overnight 

11. Add 2ml of cold sterile 100% glycerol 

12. Dispense into 100μl aliquots (in the cold room) 

13. Freeze in liquid nitrogen or on dry ice 

14. Store at -80oC 

 
3-Aminopropyltriethoxysilane (APES) coating slides 

1. Place slides in racks and wash in washing up liquid for 30 minutes 

2. Wash away liquid using running tap water for 15 minutes 

3. Wash in tap water for 10 minutes (2x) 

4. Wash in distilled water for 10 minutes (2x) 

5. Wash in 96% ethanol for 10 minutes (2x) 

6. Wash in 100% ethanol (2x) 

7. Let the slides dry 

8. Dip the slides in 2% APES in acetone for 30seconds 

9. Dip the acetone for 30 seconds (2x) 

10. Let the slides dry at 37oC 
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junction-deficient oligodendrocytes rescues the
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Abstract
Oligodendrocytes are coupled by gap junctions (GJs) formed mainly by connexin47 (Cx47) and Cx32. Recessive GJC2/Cx47
mutations cause Pelizaeus–Merzbacher-like disease, a hypomyelinating leukodystrophy, while GJB1/Cx32 mutations cause
neuropathy and chronic or acute-transient encephalopathy syndromes. Cx32/Cx47 double knockout (Cx32/Cx47dKO) mice
develop severe CNS demyelination beginning at 1 month of age leading to death within weeks, offering a relevant model to
study disease mechanisms. In order to clarify whether the loss of oligodendrocyte connexins has cell autonomous effects, we
generated transgenic mice expressing thewild-type human Cx32 under the control of themouse proteolipid protein promoter,
obtaining exogenous hCx32 expression in oligodendrocytes. By crossing thesemicewith Cx32KOmice, we obtained expression
of hCx32 on Cx32KO background. Immunohistochemical and immunoblot analysis confirmed strong CNS expression of hCx32
specifically in oligodendrocytes and correct localization forming GJs at cell bodies and along the myelin sheath. TG+Cx32/
Cx47dKOmice generated by further crossing with Cx47KOmice showed that transgenic expression of hCx32 rescued the severe
early phenotype of CNSdemyelination in Cx32/Cx47dKOmice, resulting inmarked improvement of behavioral abnormalities at
1 month of age, and preventing the early mortality. Furthermore, TG+Cx32/Cx47dKO mice showed significant improvement of
myelination compared with Cx32/Cx47dKO CNS at 1 month of age, while the inflammatory and astrogliotic changes were fully
reversed. Our study confirms that loss of oligodendrocyte GJs has cell autonomous effects and that re-establishment of GJ
connectivity by replacement of least one GJ protein provides correction of the leukodystrophy phenotype.

Introduction
Connectivity through gap junctions (GJs) mediates inter- and
intracellular communication that is vital for myelinating cells.
GJC2/Cx47 mutations cause a hypomyelinating leukodystrophy
known as Pelizaeus–Merzbacher-like disease (PMLD) (1) while
GJB1/Cx32 mutations cause X-linked Charcot–Marie-Tooth
(CMT1X), a peripheral neuropathy that may be accompanied
by chronic or acute-transient encephalopathy syndromes, often

induced by conditions of metabolic stress (2–4). Accumulating
evidence indicates that GJC2/Cx47 mutations (5), as well as
mostGJB1/Cx32mutations (6,7) result in loss of function, suggest-
ing that strategies to replace connexin function in oligodendro-
cytes may be a promising future therapeutic strategy.

Oligodendrocytes express at least three different GJ proteins,
Cx29, Cx32 and Cx47 (8–10). Cx47 is found in perikarya and
proximal processes of all oligodendrocytes (11–13) forming
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homotypic oligodendrocyte–oligodendrocyte (O/O) or heteroty-
pic oligodendrocyte–astrocyte (O/A) GJs with Cx43 as astrocytic
partner (10,14–16). Cx32 is mainly expressed along large myelin-
ated fibers of the white matter (WM) (8,11) forming intracellular
GJs within the myelin sheath but also in cell bodies of mainly
graymatter oligodendrocytes formingO/AGJswith Cx30 as astro-
cytic partner (9,10,14,17). Cx29 and its human ortholog Cx31.3 ap-
pear to mainly form hemichannels along thin myelinated fibers
(11,18,19).

Mice lacking Cx32 or Cx47 develop minimal CNS pathology
and no obvious CNS phenotype indicating that these proteins
have partially overlapping functions. However, loss of both oligo-
dendrocyte connexins in Cx32/Cx47 double knockout (Cx32/
Cx47dKO) mice leads to severe and early CNS demyelination
(12,13). Cx32/Cx47dKO mice develop a progressive, coarse action
tremor during the third postnatal week followed by tonic sei-
zures, which increase in frequency and severity until the animals
die, typically during the sixth postnatal week. At 1 month of age,
thesemice show severe CNSdemyelination, axonal degeneration
and apoptosis of oligodendrocytes in the spinal cord funiculi and
in the optic nerves, confirming that GJ connectivity is vital for oli-
godendrocytes (12,13).

Transgenic replacement of Cx32 expression in Schwann cells
of Cx32KO mice resulted in full rescue of the peripheral neur-
opathy, confirming the cell autonomous mechanisms in
CMT1X (20). Such cell autonomous effect needs to be shown
also for CNS pathology resulting from connexin mutations,
given themore complex cell–cell interactions and restricted com-
patibilities between glial connexins (10,15,16). For this purpose
we generated transgenic mice expressing the wild-type (WT)
human Cx32 under the control of the mouse proteolipid protein
(Plp) promoter, obtaining exogenous hCx32 expression in oligo-
dendrocytes. Transgenic expression of hCx32 in Cx32/Cx47dKO
mice resulted in almost complete rescue of behavioral abnormal-
ities at 1 month of age, and prevented the severe CNS demyelin-
ation and early mortality. Oligodendrocyte GJ connectivity was
re-established through homotypic Cx32 and heterotypic Cx32/
Cx30 channels.

Results
Generation of TG+Cx32KO and TG+Cx32/Cx47dKO
mice

Successful pronuclear injection of the transgenic construct
(Fig. 1A) and screening of offspring revealed five transgenic foun-
ders. Two of the founders showed stable transmission to the next
generation and were crossed with Cx32KOmice and further gen-
otyped (Fig. 1B). About 30% of the mice carried the transgene
(TG+). These mice were crucial for the assessment of the trans-
genic expression and exogenous Cx32 localization on a Gjb1-
null/Cx32KO background. Therefore, these two lines were further
expanded on Cx32KO background.

Expression of hCx32 in the CNS and PNS of Cx32KO
mice and rescue of the peripheral neuropathy

We compared the expression levels of exogenous hCx32 from
brain and spinal cord tissues of TG+Cx32KO to the endogenous ex-
pression in WT mice at 1 month of age by reverse transcriptase-
polymerase chain reaction (RT-PCR). cDNA was amplified using
primers which are identical in both human and mouse Cx32, re-
sulting in a 553bp product. Restriction digest with enzymes spe-
cific for the human or the mouse Cx32 showed that tissues from

transgenic mice had 2 to 3-fold higher levels of Cx32 mRNA than
the WT tissues (Fig. 1C). Accordingly, immunoblot analysis
showed higher levels of Cx32 protein in TG+Cx32KO spinal cord
compared with WT spinal cord. However, sciatic nerves from
transgenic mice showed slightly lower Cx32 levels compared
with WT nerves. Cx32 expression was absent in TG+Cx32KO
liver and in all Cx32 KO control tissues (Fig. 1D). Both TG+Cx32KO
transgenic lines showed similar expression at the RNA and pro-
tein level (data not shown) and only onewas expanded for further
analysis and crossing into Cx47KO background.

To assess the transgenic expression of Cx32 in oligodendro-
cytes of Cx32KOmice, we immunostained different CNS areas in-
cluding the spinal cord, cerebellum and cerebrum with Cx32
antibody combined with cell markers for oligodendrocytes
(CC-1), astrocytes (GFAP), neurons (NeuN) and microglial cells
(IbaI) (Fig. 2). In the spinal cord (Fig. 2A–C) Cx32 was localized
mainly along large myelinated fibers in WT mice and formed
GJ-like plaques only around oligodendrocyte cell bodies in the
gray matter, while in TG+Cx32KO mice Cx32 was expressed
around oligodendrocyte cell bodies not only in the gray but also
in the WM, in addition to myelinated fibers. In the cerebrum at
the level of the hippocampus (Fig. 2D–F) Cx32 was localized in
deep neocortex of WT mice along myelinated fibers, adjacent
but not within the corpus callosum (CC), whereas in the
TG+Cx32KO Cx32 was localized additionally in CC along small
diameter fibers and around oligodendrocyte cell bodies (Fig. 2E).
In the cerebellum (Fig. 2G–I) of WT mice Cx32 was mainly ex-
pressed in WM fibers, while TG+Cx32KO mice also showed Cx32
immunoreactivity in the granule cell layer. No specific Cx32 stain-
ing was detected in any Cx32KO tissues. Transgenic Cx32 expres-
sion was restricted to oligodendrocytes and was not detected in
GFAP-positive astrocytes, NeuN-positive neurons or Iba1-positive
microglial cells (Fig. 2J–L).

Given the immunoblot results we also examined Cx32 expres-
sion in Schwann cells by immunostaining sciatic nerve teased fi-
bers (Fig. 3A–C). Cx32 was expressed and normally localized at
non-compact myelin areas in TG+Cx32KO nerves similar to the
WTnerve, while it was absent fromCx32KO fibers. To further ver-
ify that hCx32 expression in Cx32KO Schwann cells can rescue
the development of peripheral neuropathy starting after 3
month of age (21,22), we examined semithin sciatic nerve sec-
tions from groups of 8-month-old mice (n = 4 per genotype)
with morphometric analysis of abnormally myelinated fibers as
previously described (7). TG+Cx32KO mice showed significantly
lower rates of abnormally myelinated fibers compared with
Cx32KO littermates (P = 0.0023), confirming that Plp promoter-
driven Cx32 expression can rescue the peripheral neuropathy in
Cx32KO mice (Fig. 3D–F) as was shown previously with P0 pro-
moter-driven expression (20). These results show that the 11 kb
Plp promoter efficiently drives expression of hCx32 in all oligo-
dendrocytes, even in subpopulations normally not expressing
Cx32 (11), and interestingly, also in myelinated Schwann cells
of TG+Cx32KO mice.

Transgenic Cx32 expression rescues the phenotype
of Cx32/Cx47dKO mice

To examinewhether transgenic expression of hCx32 in oligoden-
drocytes can also rescue the severe CNS phenotype of Cx32/
Cx47dKO mice (12,13) we crossed TG+Cx32KO mice with Cx47KO
mice obtaining initially TG+Cx32KOCx47het mice and then by
further breeding TG+Cx32/Cx47dKO mice (Fig. 1B). All behavioral
and pathological changes in TG+Cx32/Cx47dKO mice were com-
pared during the fourthweek of life to Cx32/Cx47dKO littermates,
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to Cx47KO from the same line, and in some cases toWTmice. Im-
munoblot analysis of spinal cord tissue from TG+Cx32/Cx47dKO,
Cx32/Cx47dKO, WT and Cx47KO mice confirmed the presence of
Cx32 protein in the TG+Cx32/Cx47dKOCNS at almost 3-fold levels
(280%) compared with WT mice (Fig. 1E).

For behavioral analysis mice were subjected to foot print test
(n = 6 per genotype), foot slip test (n = 8), and rotarod test (n = 9).
All parameters of foot print analysis, including stride length
for all limbs and overlap width, were significantly improved
in TG+Cx32/Cx47dKO compared with Cx32/Cx47dKO mice, and
reached similar levels as those of the WT animals (Fig. 4A–C).
Furthermore, the foot slip test revealed that TG+Cx32/Cx47dKO
mice had an average of 1 ± 0.5 missteps whereas Cx32/Cx47dKO
micehadanaverage of 9 ± 1.8missteps (P = 0.0048) (Fig. 4D). Finally,
TG+Cx32/Cx47dKO showed significant improvement in time spent
on the rotarod at different speeds compared with Cx32/Cx47dKO
mice, although they did not reach the performance of WT and
Cx47KO mice (Fig. 4E). Taking into consideration all behavioral
results, TG+Cx32/Cx47dKOmice outperformed Cx32/Cx47dKO ani-
mals in their ability for motor coordination and balance.

Kaplan–Meier analysis of the survival rates showed that Cx32/
Cx47dKO mice (n = 11) began to die from the fourth week of age
and <20% survived beyond the sixth week, while all mice died by
12 weeks. In contrast, TG+Cx32KO/Cx47dKO mice (n = 14) showed
survival rates of up to 47 weeks (maximum observation) with
only one mouse that died without previous signs of encephalop-
athy (P < 0.0001) (Fig. 4F). Moreover, TG+Cx32/Cx47dKO mice
showedno evidence of tremor, seizures or other clinical symptoms
described in Cx32/Cx47dKO mice up until this age. In conclusion,
behavioral and survival analysis showed a clear phenotypic rescue
of the motor deficits and long life span in TG+Cx32/Cx47dKOmice.

Transgenic expression of hCx32 CNS prevents
inflammation, astrogliosis and demyelination
in the CNS of TG+Cx32/Cx47dKO mice

To investigatewhether theprofoundandearlypathological changes
developing in Cx32/Cx47dKO CNS (12,13) could be prevented in
TG+Cx32/Cx47dKO mice, we examined by immunostaining at 1
month of age the degree of myelination, inflammation and astro-
gliosis in sections of the cerebrum, cerebellum, spinal cord and
optic nerves from TG+Cx32/Cx47dKO and Cx32/Cx47dKO mice. Tis-
sues were stained formyelin oligodendrocyte glycoprotein (MOG), a
myelin marker and CD68, a macrophage marker. Numerous CD68
positive macrophages were detected in the spinal cord and optic
nerves of Cx32/Cx47dKO mice whereas in the transgenic mice no
macrophageswere present. Furthermore,myelin immunoreactivity
was reduced in Cx32/Cx47dKO mice but appeared normal in
TG+Cx32/Cx47dKO tissues (Fig. 5A–D).

Further staining for astrocytes with GFAP and microglia with
Iba1 revealed increased activation of microglia in Cx32/Cx47dKO
optic nerve along with increased GFAP immunoreactivity
indicating astrogliosis, while these abnormalities were not seen
in TG+Cx32/Cx47dKO (Fig. 5E–F). Similar rescue of myelin path-
ology, inflammation and astrogliosis was seen in other tissues
such as spinal cord and brain (not shown). Further double labeling
for oligodendrocytes with CC1 and caspase-3 revealed that many
oligodendrocytes in Cx32/Cx47dKO optic nerve and spinal cord
were positive for this apoptotic marker, in contrast to TG+Cx32/
Cx47dKO showing no caspase-3 immunoreactivity (Fig. 5G–H).

Quantification of the optic nerve area covered with Iba1 as
well as GFAP immunoreactivity in each group (n = 3 per genotype)
confirmed the significant decrease of microglia activation
(P = 0.0206) and astrogliosis (P = 0.0319) in TG+Cx32/Cx47dKO

Figure 1. (A) Structure of the PLP-hCx32 transgenic cassette used to express hCx32

in CNSmyelinating cells showing the positions of the restriction enzymesand PCR

screeningprimers. (B) PCR screening for transgenic linesusing twopairs of primers

(Plp-F1/Cx32R, Cx32-F2/PlpMCS). Positive bands in lanes 1–5 indicate the presence

of the transgene in the mouse genome. PCR screening for Cx32 allele: Exon1F/

NeoR2 primer set was used to detect the Cx32KO allele (Gjb1 ORF replaced by

neomycin gene in Cx32 KO mice) and Exon1F/Cx32R was used to detect the WT

Gjb1 allele. For Cx47 allele a multiplex PCR was used P1 (Cx47 intron specific), P3

(Cx47 exon specific) and P4/EGFP (Gjc2 ORF replaced by EGFP gene in Cx47 KO

mice). Mouse 1 is transgenic heterozygous for Cx32 and heterozygous for Cx47

(TG+ X+X− Cx47Het); Mouse 2 is transgenic Cx32/Cx47 double KO (dKO) same as

Mouse 3; Mouse 4 is TG+Cx32KO Cx47Het and Mouse 5 is TG+Cx32WTCx47Het.

(C) Analysis of mouse and human Cx32 transcripts by RT-PCR and digestion by

MscI (M; cuts the human Cx32 cDNA) or HhaI (H; cuts the mouse Cx32 cDNA), or

with both (D; ‘double-cut’ with MscI and HhaI) shows that M-digested human

Cx32 cDNA is detected only in transgenic but not in WT tissues (BR: brain; SC:

spinal cord), whereas the H-digested mouse Cx32 cDNA is present only in the

WT mouse. (D) Immunoblot analysis of Cx32 expression in liver (LV), SC and

sciatic nerve (SN) lysates from the transgenic line (TG+Cx32KO) as well as WT

and Cx32KO mice, as indicated, detects the Cx32 band (arrowhead ∼27 kDa) in

the SC and SN but not in the liver of the transgenic mouse, as well as in all WT

tissues but not in any Cx32KO tissues. Note the Plp promoter-driven expression

results in higher Cx32 levels in the SC and in lower levels in the SN compared

with the WT mouse. Different exposures are shown for each tissue due to

different expression levels. GAPDH blot is shown for loading control. (E)
Immunoblot analysis of CNS Cx32 expression in Cx32/Cx47dKO mice shows the

absence in all Cx32KO and Cx32/Cx47dKO tissues and expression in TG+Cx32/

Cx47dKO at higher levels compared with the corresponding WT or Cx47KO

tissues (ON: optic nerve).Tubulin blot is used for loading control.
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Figure 2. Transgenic expression of hCx32 in Cx32KO oligodendrocytes. These are images of spinal cord (A–C), cerebrum (D–F and J–L) and cerebellar cortex (G–I) sections
from 1-month-old WT, Cx32KO and TG+Cx32KO mice as indicated double labeled with Cx32 (red) and either oligodendrocyte marker CC-1 (A–I) or other cell markers as

indicated (J–L) (green). Cell nuclei are stained with DAPI (blue). Cx32 is absent from all Cx32KO tissues (A, D, G) while it is expressed in the spinal cord of WT (C) and

TG+Cx32KO (B) mice. Cx32 forms GJ-like plaques (open arrowheads) along white matter fibers and around gray matter oligodendrocyte cell bodies (arrowheads) in the

WT (C), while stronger expression also around white matter oligodendrocytes is seen in the TG+Cx32KO. In the cerebrum WT mice show Cx32 expression in deep

neocortex (DC) fibers but not in the corpus callosum (CC) (F), whereas TG+Cx32KO mice (E) show Cx32 additionally within CC along fibers and around oligodendrocyte

cell bodies. In the cerebellum of WT mice Cx32 is restricted to WM fibers (I) while in TG+Cx32KO (H) it also shows strong expression in granule cell layer (GCL)

oligodendrocytes. Expression of Cx32 in TG+Cx32 KO CNS is not seen in GFAP+ astrocytes (a) (J), NeuN+ neurons (n) (K) or in Iba-1+ microglia (m) (L). Overview merged

images and insets of separate channels are shown. Scale bars: 20 μm; in insets: 10 μm.
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Figure 3. Transgenic Cx32 expression in Schwann cells and rescue of the peripheral neuropathy in TG+Cx32KO mice. (A–C) Sciatic nerve teased fibers double labeled with Cx32 and a juxtaparanodal marker, Kv1.2 (open arrowheads).

Cx32 is present in non-compact myelin areas including paranodal loops (arrows) in TG+Cx32KO (B) as inWT fibers (C) but is absent from Cx32KO fibers (A). Scale bars in A–C: 10 μm. (D–E) Representative semithin sections from sciatic

nerves of 8-month-old mice. In Cx32KO nerve (D) many axons appear to be thinly myelinated indicating previous demyelination and remyelination (r) and some are completely demyelinated (asterisk), whereas in TG+Cx32KO sciatic

nerve (E) all axons appear normallymyelinated. (F) Counts of abnormallymyelinatedfibers fromboth genotypes (n = 4 per genotype) shows a significant reduction in the ratio of abnormallymyelinated fibers TG+Cx32KO comparedwith

Cx32KO mice.
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compared with Cx32/Cx47dKO mice (Fig. 5I). Counts of caspase-
3 immunoreactive optic nerve oligodendrocytes were on aver-
age 27% in the Cx32/Cx47dKO group, and <1% in TG+Cx32/
Cx47dKO, confirming that hCx32 expression also prevented
oligodendrocyte apoptosis (Fig. 5J). Total oligodendrocyte num-
bers were not significantly different among the two groups at
the age of 1 month (data not shown). In addition to the immu-
nostaining results, we assessed the levels of myelin proteins
by quantitative immunoblot analysis in spinal cord lysates
from each group (n = 3 per genotype) including MOG and myelin
basic protein (MBP). This analysis confirmed that both the MOG
as well as the MBP levels were significantly higher in TG+Cx32/
Cx47dKO compared with Cx32/Cx47dKO mice (P = 0.014 and P =
0.0334, respectively) (Fig. 5K), in line with the immunostaining
results.

To further confirm the immunostaining results suggesting
improved CNSmyelination in TG+Cx32/Cx47dKOmice, we exam-
ined spinal cord and optic nerve semithin and ultrathin sections
from groups of 1-month-old Cx32/Cx47dKO and TG+Cx32/
Cx47dKO mice. Overviews of toluidine blue stained spinal cord
and optic nerve transverse sections revealed reduced myelin
staining with loss of white–gray matter contrast (in the spinal

cord) and numerous large vacuoles in Cx32/Cx47dKO tissues,
while TG+Cx32/Cx47dKO showed normal appearance (Fig. 6A–D).
Athighermagnification semithin and electronmicroscopy images
of anterior and posterior funiculi of the spinal cord from Cx32/
Cx47dKOmice themajority of large axons showed enlarged extra-
cellular spaces separating themyelin sheath from the axon. Some
were thinly myelinated and most of them completely demyeli-
nated. Similarfindingswere present in the optic nervewith vacuo-
lization and demyelination of most axons. These pathological
changes were absent in TG+Cx32/Cx47dKO spinal cord or optic
nerve (Fig. 6E–N). Quantification of myelin volume density in the
anterior and posterior spinal cord funiculi as well as in the optic
nerve in groups of 1-month-oldmice confirmed thatmyelin dens-
ity was significantly increased in TG+Cx32/Cx47dKO mice com-
paredwith the Cx32/Cx47dKOmice in all areas examined (Fig. 6O).

Gap junction formation in oligodendrocytes
of TG+Cx32/Cx47dKO mice

To determine whether the transgenic expression of hCx32 was
sufficient to allow the re-establishment of oligodendrocyte GJ
connectivity in TG+Cx32/Cx47dKO mice, including O/O, O/A and

Figure 4. Phenotypic rescue of TG+Cx32/Cx47dKO mice. Results of behavioral analysis of Cx32/Cx47dKO phenotype compared with TG+Cx32/Cx47dKO, WT and Cx47KO

mice. (A) Representative photographs of footprint analysis from Cx32/Cx47dKO (n = 6 mice in each genotype tested), TG+Cx32/Cx47dKO (n = 6) and WT (n = 4) animals,

indicating the parameters measured: overlap width (OW) and stride length (SL) of left and right hind- and forelimbs. (B) Quantification of stride length, for both right

and left limbs. The front and hind stride measurements were larger in TG+Cx32/Cx47dKO (and similar to WT) compared with those of the Cx32/Cx47dKO mice.

(C) Quantification of the overlap width also shows that TG+Cx32/Cx47dKO gait performance was significantly improved compared with the Cx32/Cx47dKO reaching

the level of the WT mice. (D) Performance in foot slip test shows significant improvement in TG+Cx32/Cx47dKO mice with reduced number of missteps compared

with the Cx32/Cx47dKO reaching the level of the WT and Cx47KO mice. (E) Results of rotarod test show that TG+Cx32/Cx47dKO mice performed significantly better

than Cx32/Cx47dKO, although they did not reach the performance of WT and Cx47KO mice. (F) Kaplan–Meier curve showing the survival rates of Cx32/Cx47dKO

versus. TG+Cx32/Cx47dKO mice, clearly documenting a rescue of the early mortality seen in the Cx32/Cx47dKO group, TG+Cx32/Cx47dKO show a normal life span.
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Figure 5. Rescue of demyelination, inflammation and astrogliosis in transgenic Cx32/Cx47dKO mice. Spinal cord including white matter and gray matter (A and B)
and optic nerve (C and D) sections from Cx32/Cx47dKO and TG+Cx32/Cx47dKO mice as indicated double labeled for myelin oligodendrocyte protein (MOG, red) and

macrophage marker (CD68, green) show improved myelin immunoreactivity and absence of macrophages (arrowheads) in TG+Cx32/Cx47dKO as opposed to Cx32/

Cx47dKO mice. (E and F) Double labeling of optic nerve sections with astrocytic marker GFAP and microglial marker IbaI (arrowheads), shows astrogliosis and

microglial activation in the Cx32/Cx47dKO which are absent in the TG+Cx32/Cx47dKO. (G and H) Optic nerve sections double labeling with apoptosis marker caspase-3
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intra-myelin GJs, we double labeled for Cx32 and all other major
astrocyte and oligodendrocyte connexins including Cx30, Cx43
and Cx29, comparing TG+Cx32/Cx47dKO with Cx32/Cx47dKO
andCx47KOmice. The latter should have comparable GJ connect-
ivity to the TG+ since they endogenously express Cx32 but not
Cx47 in oligodendrocytes. In all TG+Cx32/Cx47dKO CNS regions
examined including the spinal cord, cerebrum and cerebellum,
Cx32 showed the same localization in cell bodies and alongmye-
linated fibers in all subpopulations of oligodendrocytes as in
TG+Cx32KO CNS (Fig. 2).

Double staining of Cx32 with astrocytic Cx30, known to part-
ner with Cx32 (15) showed that Cx30 was diffusely expressed
mostly in the gray matter forming GJ-like plaques, which coloca-
lized with Cx32 GJ plaques around oligodendrocytes in TG+Cx32/
Cx47dKO similar to Cx47KO mice. In contrast, Cx30 showed no
colocalization with oligodendrocytes in Cx32/Cx47dKO mice in
which Cx32 was absent (Fig. 7A–C). Double staining with Cx43
showed the typical expression of Cx43 forming diffuse GJ plaques
in gray matter with weak colocalization with Cx32 GJ plaques
around oligodendrocytes in TG+Cx32/Cx47dKO and even less in
Cx47KO mice. Cx32/Cx47dKOmice showed stronger Cx43 immu-
noreactivity in gray matter areas, likely reflecting astrogliosis,
with absence of Cx32 (Fig. 7D–F). Cx29 was normally localized
along thinly myelinated fibers in the spinal cord gray matter, in
the cerebellum and in the cerebrum in all three genotypes with-
out apparent differences. Cx32was expressed alongmedium and
large myelinated fibers mostly without colocalization with Cx29
in TG+Cx32/Cx47dKO and Cx47KO mice, while it was absent in
Cx32/Cx47dKO (Fig. 7G–I).

Counts of GJ plaques surrounding oligodendrocytes in con-
focal images of spinal cord graymatter revealed similar numbers
of Cx30 GJ plaques in all genotypes, while Cx32 GJ plaques were
increased in TG+Cx32/Cx47dKO compared with Cx47KO mice
and showed higher overlap ratios with Cx30 GJ plaques (Fig. 7J).
Counts of Cx43 plaques were significantly increased in Cx32/
Cx47dKO compared with TG+Cx32/Cx47dKO or Cx47KO mice,
likely reflecting astrogliosis. Also with this double labeling Cx32
GJ plaques showed higher counts in transgenic compared with
Cx47KO mice, as well as increasing overlap with Cx43 (Fig. 7K).
However, Cx32 GJ plaques around TG+Cx32/Cx47dKO oligoden-
drocytes showed significantly lower overlap levels with Cx43
than with Cx30 (P < 0.0001), indicating that transgenically ex-
pressed Cx32 forms O/A GJs mainly through coupling with Cx30.

Transgenic expression of Cx32 was also examined in different
WM areas of TG+Cx32/Cx47dKO compared with Cx32/Cx47dKO
and Cx47KO mice, including the spinal cord WM, cerebellum,
optic nerve and cerebrum at the CC level. In the spinal cord
and cerebellar WM of TG+Cx32/Cx47dKO and Cx47KO mice Cx32
was expressed along large diameter myelinated fibers, but
TG+Cx32/Cx47dKO mice additionally showed Cx32 GJ plaques at
oligodendrocyte cell bodies. Cx32 did not colocalize with Cx43
GJ plaques that were diffusely present in all WM areas (Supple-
mentary Material, Fig. S1A–C). While Cx47KO mice showed the
expected mutually exclusive expression of Cx29 along thin
fibers and of Cx32 along large fibers (8), in TG+Cx32/Cx47dKO
there was some expression of Cx32 also along thin fibers

colocalizing with Cx29 (Supplementary Material, Fig. S1D–F).
Similar expression pattern was found in cerebellum, in which
Cx32 formed GJ plaques in WM fibers in both Cx47KO and
TG+Cx32/Cx47dKO mice, but in addition there was expression
along thin fibers of the molecular layer only in the TG+ (Supple-
mentary Material, Fig. S1G–L). In WM areas were Cx32 is not
physiologically expressed, including the optic nerve and CC (11),
Cx47KO showed no Cx32 expression, while TG+Cx32/Cx47dKO
showed Cx32 forming GJ plaques at oligodendrocyte cell bodies
with partial colocalizationwith Cx43, aswell as along thinlymye-
linated fibers colocalizing with Cx29. In Cx47KO and Cx32/
Cx47dKO optic nerve and CC Cx32 was absent (Supplementary
Material, Fig. S1M–R; and data not shown).

In conclusion, these findings suggest that transgenic expres-
sion of hCx32 in GJ-deficient oligodendrocytes of Cx32/Cx47dKO
leads to strong GJ formation along the myelinated fibers, with
some ectopic expression along thin fibers as well, as well as re-
establishment of O/A heterotypic connections mainly between
Cx32 and Cx30 in the GM, and in the WM also by homotypic
O/O GJs, similar to the connectivity in Cx47KO CNS. However,
Cx32 does not appear to be able to replace Cx47 in O/A connec-
tions with Cx43.

Discussion
Phenotypic and pathological rescue of the
Cx32/Cx47dKO mice

Wehave successfully generated transgenic lines strongly expres-
sing hCx32 specifically in oligodendrocytes throughout the CNS,
as confirmed by our expression analysis on Cx32KO background.
Reestablishment of GJ connectivity in oligodendrocytes rescued
the severe phenotype of early CNS demyelination and death
in Cx32/Cx47dKO mice. Furthermore, expression of Cx32 in
Schwann cells prevented the peripheral neuropathy in Cx32KO
mice, confirming that connexin loss in both central and periph-
eral myelinating cells causes disease through cell autonomous
effects.

The Plp promoter has been shown to drive expression specif-
ically in oligodendrocytes (23–25). Interestingly, our results con-
firm that the Plp promoter is also active in Schwann cells,
although at lower levels compared with oligodendrocytes, as
also reported in previous studies. Our transgene expression levels
in the CNS were overall higher, up to 3-fold, compared with WT
Cx32 expression. This is both due to higher expression in each
oligodendrocyte, as shown by the increased number of Cx32 GJ
plaques per cell compared with the Cx47KO (Fig. 7), as well as
due to the extra-physiological expression in all oligodendrocytes,
such as those in the CC and optic nerves, in contrast to restricted
Cx32 expression in specific subpopulations in WT CNS (11). Plp-
driven expression levels were higher compared with CNP-driven
expression in previously generatedmutants, reflecting the higher
expression per cell, since CNP promoter also provided expression
in all subsets of oligodendrocytes (7).

There was no obvious adverse effect of Cx32 expression
beyond the known subsets of oligodendrocytes, and these

and oligodendrocyte marker CC-1 confirms that many oligodendrocytes undergo apoptosis in Cx32/Cx47dKO (arrowheads) but none in TG+Cx32/Cx47dKO. Nuclei are

labeled with DAPI (blue). (I) Quantification of optic nerve GFAP and Iba1 immunoreactivity in groups of mice (n = 4 per genotype) confirms significant improvement of

astrogliosis and inflammation in TG+Cx32/Cx47dKO compared with Cx32/Cx47dKO. (J) Counts of caspase-3 positive apoptotic oligodendrocytes are significantly

reduced in TG+Cx32/Cx47dKO compared with Cx32/Cx47dKO. (K) Quantitative immunoblot analysis of MBP and MOG in spinal cord lysates of Cx32/Cx47dKO and

TG+Cx32/Cx47dKO mice (n = 3 per genotype) at 1 month of age shows that the levels of both myelin proteins normalized for loading are significantly increased in

transgenic tissues. GAPDH blots are shown as loading control. Scale bars: (A–B) 200 μm; (C–H) 20 μm; in insets: 10 μm.
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expression levels were sufficient to rescue the CNS phenotype
of Cx32/Cx47dKO mice, similar to what has been achieved in
the PNS using the P0 promoter transgene (20). Interestingly,
peripheral neuropathy was also rescued in this model, even
with expression levels slightly below the WT levels, while P0

promoter-driven transgenic Cx32 expression levels in Schwann
cells were much higher than WT levels (20).

The main goal of this project was to rescue the Cx32/
Cx47dKO leukodystrophy model by replacing one of the two
missing oligodendrocyte connexins, in this case hCx32. Cx32/

Figure 6. Prevention of CNS demyelination in TG+Cx32/Cx47dKOmice. Photomicrographs of semithin (A–J) and ultrathin (K–N) sections from spinal cord and optic nerves

from 1-month-oldmice. Overview of transverse sections fromCx32/Cx47dKO and TG+Cx32/Cx47dKO spinal cords (A and B) and optic nerves (C andD), as indicated aswell

higher magnification images of Cx32/Cx47dKO anterior and posterior spinal cord (E, I and M) reveal that many axons appear thinly myelinated and some demyelinated

with extensive vacuolation (V) whereas in TG+Cx32/Cx47dKO mice (F, J and N) axons appear normally myelinated. A marked loss of myelinated axons and vacuole

formation in the myelin sheaths are also noticed in Cx32/Cx47dKO optic nerves whereas in TG+Cx32/Cx47dKO most optic nerve axons are normally myelinated (C–D,

G–H, K–L). Scale bars: (A and B) 200 μm; (C–F, I, J) 10 μm; (G, H, K, L) 2 μm; (M and N) 2.5 μm. (O) Myelin volume density measured in semithin sections from anterior and

posterior spinal cord funiculus as well as optic nerves (n = 4mice in each group) reveals thatmyelin density is significantly increased in TG+Cx32/Cx47dKO comparedwith

Cx32/Cx47dKO in both spinal cord and optic nerve.
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Cx47dKOmice have been characterized in detail (12,13) and pro-
vide a relevantmodel of hypomyelinating leukodystrophy offer-
ing an opportunity to study possible therapeutic interventions.
In our hands, Cx32/Cx47dKO mice presented the previously

reported phenotype of action tremor followed by tonic seizures
during the fourth to fifth postnatal week, which increased in fre-
quency and severity leading to death by the sixth postnatal
week. Pathological analysis at 1 month of age showed the

Figure 7.Gap junction formation by hCx32 in TG+Cx32/Cx47dKOgraymatter oligodendrocytes. These are images of transverse sections from the indicatedCNS graymatter

(GM) regions of Cx32/Cx47dKO, TG+Cx32/Cx47dKO and Cx47KO mice. Sections were double labeled with anti-Cx32 (green) and either anti-Cx30 (A–C), anti-Cx43 (D–F) or
anti-Cx29 (G–I) antibodies (red). Cell nuclei are visualized with DAPI (blue). Note that due to the replacement of Cx47 ORF with EGFP in Cx47KOmice oligodendrocyte cell

bodies are green fluorescent in all three genotypes (asterisks). (A–C) Cx30 forms GJ plaques (open arrowheads) diffusely in the gray matter in all genotypes, but shows

colocalization with Cx32 GJ plaques around oligodendrocytes only in TG+Cx32/Cx47dKO and Cx47KO mice indicating the formation of O/A channels, but not in Cx32/

Cx47dKO mice in which Cx32 is absent. In TG+Cx32/Cx47dKO and Cx47KO mice, Cx32 forms GJ plaques also along medium size myelinated fibers (green open

arrowheads). (D–F) Cx43 forms diffusely GJ plaques that appear increased in Cx32/Cx47dKO in which Cx32 is absent, compared with TG+Cx32/Cx47dKO and Cx47KO.

Some Cx43 GJ plaques colocalize with Cx32 around oligodendrocytes in TG+Cx32/Cx47dKO and Cx47KO mice but less than Cx30. (G–I) Cx29 shows expression along

thin myelinated fibers in all three genotypes (red open arrowheads), while Cx32 is expressed along larger fibers (green open arrowheads) only in Cx47KO and

TG+Cx32/Cx47dKO mice without colocalization with Cx29. Scale bars, 20 μm; in insets, 10 μm. Counts of GJ plaques formed by Cx30 and Cx32 (J) or by Cx43 and Cx32

(K) around individual spinal cord GM oligodendrocytes show that Cx32 GJs are significantly increased in TG+Cx32/Cx47dKO compared with Cx47KO mice and are

absent from Cx32/Cx47dKO. Moreover, the percentage of Cx32 GJ plaques overlapping with Cx30 as well as with Cx43 is increased in TG+Cx32/Cx47dKO compared with

Cx47KO. Cx30 GJ plaque counts do not differ between genotypes, while Cx43 GJ plaque counts are significantly increased in Cx32/Cx47dKO mice.
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expected severe demyelination, axonal degeneration and apop-
tosis of oligodendrocytes in the spinal cord funiculi and in the
optic nerve. Both the behavioral aswell as the pathological com-
parison of Cx32/Cx47dKO with TG+Cx32/Cx47dKO mice clearly
demonstrated that Plp-driven Cx32 replacement rescued the
Cx32/Cx47dKO phenotype.

TG+Cx32/Cx47dKOmice outperformed Cx32/Cx47dKOmice in
all tests of motor performance reaching the performance level of
Cx47KO and WT mice. Only in the rotarod test, although clearly
improved compared with Cx32/Cx47dKO littermates, TG+Cx32/
Cx47dKO mice remained below the performance of Cx47KO and
WT mice. The reason for this discrepancy is unclear. In contrast
to Cx47KO orWTmice with normal Cx32 expression in Schwann
cells, lower than physiological Cx32 expression in TG+Cx32/
Cx47dKO Schwann cells could have caused a degree of peripheral
neuropathy at 1 month of age, contributing to the lower rotarod
performance. Finally, examining the survival rates between the
two groups confirmed that transgenic Cx32 expression rescued
the early mortality in Cx32/Cx47dKO mice and allowed a normal
life span.

The behavioral correction of TG+Cx32/Cx47dKO mice was ac-
companied by a complete rescue of the pathological changes that
are typical for Cx32/Cx47dKO mice (12,13). Immunostaining and
immunoblot analysis of myelin proteins, as well as electron mi-
croscopy with morphometric analysis demonstrated that the se-
vere demyelination and vacuole formation in spinal cord gray
and WM, cerebrum, cerebellum and optic nerve were prevented,
while oligodendrocyte apoptosis was significantly reduced. Fur-
thermore, secondary inflammatory changes that have been de-
scribed in PMLD models with GJ-deficient oligodendrocytes (5),
including activation ofmicroglial cells and recruitment ofmacro-
phages, as well as astrogliosis, reflected in increased GFAP and
Cx43 immunoreactivity, were prevented in our TG+Cx32/
Cx47KO mice. These inflammatory changes are likely to play a
role in disease progression similar to what has been shown for
Cx32KO mice in the PNS (26,27), as well as in experimental mod-
els of CNS myelin gene defects (28–30).

Oligodendrocyte GJs in TG+Cx32/Cx47dKO mice

Our analysis of GJ formation in oligodendrocytes in TG+Cx32/
Cx47dKO mice revealed that Cx32 was extensively expressed
along myelinated fibers, forming the homotypic intracellular
channels, and also along fibers that normally express only
Cx29, such as the CC and optic nerves (11,14). Furthermore,
numerous Cx32 GJ plaques were formed around the cell bodies
and were overall increased compared with Cx47KO mice, coloca-
lizing mostly with Cx30 and to a much lesser degree with Cx43.
Thus, transgenic replacement of Cx32 in the Cx32/Cx47dKO
mouse appears to reestablish in part oligodendrocyte GJ connect-
ivity, but does not replace Cx47 in O/A GJs, the majority
of which are formed by Cx47 paired with Cx43 (10,14,17,31).
Therefore, the TG+Cx32/Cx47dKO phenotype resembles that of
Cx47KO mice. Even with the high levels of Cx32 expression
achieved in all oligodendrocytes, Cx32 is likely to form only het-
erotypic O/A GJs with astrocytic Cx30, and homotypic O/O GJs
with itself. This is in keeping with previous studies showing
lack of coupling between transfected cells where one expresses
Cx32 and the other Cx47 (15,32). Furthermore, Cx32 is unlikely
to replace Cx47 in pairing with Cx43, since the available literature
indicates that no functional Cx32/Cx43 channels can be formed
(15,32,33).

Mice that lack Cx32 or express Cx32 mutants on Cx32KO
background, such as T55I and R75W develop a progressive

demyelinating peripheral neuropathy after 3 month of age (21)
with subtle changes in the CNS myelin (7,34). Cx47KO mice
show sporadic vacuolation of CNS myelinated fibers starting
from the optic nerve. Myelination of the peripheral nerves is
not affected by the deletion of Cx47 (12,13). In humans, unlike
mice, loss of Cx47 function leads to PMLD or spastic paraparesis
(1,16), while loss of Cx32 only rarely (35), suggesting that Cx47 is
more crucial for oligodendrocyte function and survival. Cx47
may play more important roles during development and
oligodendrocyte differentiation and myelination (13): its ex-
pression in developing oligodendrocytes precedes those of
Cx32 and Cx29 (36). Moreover, oligodendrocytes throughout
the CNS express Cx47 but only certain subpopulations express
Cx32 (11,14).

Supporting these findings from rodent models, oligodendro-
cyte precursor cells in postmortem human brain studies were
shown to express Cx47 but not Cx32, while mature oligodendro-
cytes express Cx47 throughout the human brain, similar to the
expression pattern in rodents (37,38). Taken together, while our
study provides the proof of principle for amelioration of pheno-
type by replacing—at least in part—GJ connectivity in oligoden-
drocytes in this PMLD model, it may be necessary to replace
Cx47 in future clinical studies, since the presence of Cx32 in
PMLD patients does not prevent the disease. Interestingly, a
GJC2 mutation affecting O/O but not O/A GJ connectivity was
found in a subclinical leukodystrophy patient (39), indicating
that even partial restoration of oligodendrocyte connectivity as
described in ourmodelmay be sufficient to ameliorate the clinic-
al phenotype, also in the human disease.

Why the loss of Cx47 is more detrimental for humans
with PMLD as opposed to Cx47 KO mice is not clear, but may
be related to several factors operating in humans that are
not present in mice. Greater life span and brain size is a consid-
eration, as well as stressful conditions that increase metabolic
demand and requirements on GJ connectivity in oligodendro-
cytes, as also recognized for the CNS phenotypes resulting
from Cx32 mutations (3,35). This metabolic stress occurs only
under experimental conditions in laboratory mice and has in-
deed caused increased myelin vacuolation flowing increased
axonal activity in Cx47 KO mice (40). Another consideration is
that Cx32/Cx30 channels can compensate for the loss of Cx47/
Cx43 channels in mice more effectively than in humans,
although the overall distribution of glial connexin expression
appears to be similar between human and rodent brain
(11,19,37,38).

Oligodendrocyte connectivity to panglial network

Oligodendrocytes are closely connected to astrocytes via GJs.
Both human disorders such as occulodental digital dysplasia
syndrome resulting from GJA1/Cx43 mutations (41), as well as
mouse models with astrocyte connexin deletions may cause de-
myelination, highlighting the importance of the panglial net-
work connectivity for oligodendrocytes. Besides the Cx32/
Cx47dKOmodel, various other double connexin mutants includ-
ing astrocytic connexins have sown similar phenotypes: The de-
letion of two astrocytic connexins in Cx30/Cx43AstrodKO resulted
in early onset vacuolation, edema, astrogliosis and oligodendro-
cyte apoptosis in the brain, aswell asmultiple behavioral deficits,
although life span was normal (31,42). Overall, the WM abnor-
malities in these mutants resembled the ones in Cx32/Cx47dKO
mice, but their milder phenotype highlighted the importance of
O/O GJs (43,44) that were preserved as opposed to the Cx32/
Cx47dKO.
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Deletion of one astrocytic and one oligodendrocytic connexin
proved to bemore pathogenic than the loss of two astrocytic con-
nexins, and resembledmore the loss of two oligodendrocyte con-
nexins. Cx32/Cx43AstroKO mice (with mGFAP-cre driven deletion
of Cx43) developed WM vacuolation by the fifth week and sei-
zures by the eighth week with early mortality by 20 weeks (45).
However,mGFAP-cre drivenCx43AstroKOmight have been incom-
plete and subsequent generation of another Cx32/Cx43AstrodKO
(with nestin-cre driven deletion of Cx43) resulting in complete
deletion of Cx43 in astrocytes demonstrated loss of oligodendro-
cytes with demyelination and more phenotypic similarities to
Cx32/Cx47dKO (46). Furthermore, Cx47 expression in oligoden-
drocytes and stability on the cell membrane was shown to de-
pend in the presence of Cx43 in astrocytes, indicating that in
the Cx32/Cx43dKOCx47:Cx30 O/A are also lost, and only homoty-
pic O/O Cx47 GJs may be preserved, explaining the severity of the
phenotype resembling Cx32/Cx47dKO. Likewise, Cx30/Cx47dKO
mice showed early onset myelin pathology, severe vacuolation
in the WM and activation of microglia and astrocytes, leading
to early mortality (47). As described in our study, this double
mutant demonstrates that Cx32 cannot replace Cx47 in O/A GJs,
but can only form channels with Cx30 in astrocytes. Overall, the
results of glial connexin mutants highlight the importance of
both O/O and O/A GJs for CNS myelination and homeostasis.

In conclusion, we show that the severe phenotype of the
hypomyelinating leukodystrophy model with GJ-deficient oligo-
dendrocytes can be rescued by replacement of one, in this
case Cx32, oligodendrocyte connexins, by reestablishing, at
least in part, the O/O and O/A connectivity. This study has impli-
cations for future therapeutic trials targeting CNS and PNS disor-
ders resulting from connexin mutations, including PMLD and
CMT1X.

Materials and Methods
Cloning of the transgenic construct

The transgenic construct was generated using the ∼11 kb mouse
Plp promoter cloned in pBluescript SK+ vector (a gift from Prof.
Karagogeos laboratory, University of Crete) previously used suc-
cessfully to generate transgenicmice driving expression specific-
ally in oligodendrocytes (24,48–50) and downstream cloning of
the human GJB1/Cx32 open reading frame (ORF) obtained from
the pSLN1180 vector (7). To have compatible sites with the MCS
of the pBluescript SK+ vector, two new restriction sites, AscI
and PacI, were introduced in pSLN1180 vector by PCR amplifi-
cation using the following primers: AscI-F1 (5-′TACGCGTACG
GCGCGCCCGCGGACA-3′) and PacI-R (5′CCTTAATTAAGGGGCG
GATCCTCAGCAGGCCGAGCA-3′). The hCx32 ORF was isolated
from pSLN1180 vector using AscI and PacI restriction enzymes,
purified and ligated downstream of the PLP promoter in pBlue-
script SK+. Colonies were screened by PCR using two pri-
mer sets: Plp-F1 (5′-TGGGTGTTGGTTTTTGGAGA-3′) and Cx32-R
(5-CGCTFTTGCAGCCAGGCTGG-3′) resulting in a 824 bp PCR
product (94°C for 5 min 40 cycles of 94°C × 30 s, 60°C × 30 s, 72°C ×
30 s and then 72°C for 7 min), as well as withPlp-F2 (5′CTGAG-
TATTGTAGGCAAGGG-3′) and Cx32-R resulting in a 528 bp prod-
uct. The transgenic cassette (PLP promoter with hCx32) (Fig. 1A)
was then released from pBluescript SK+ by double digestion
with ApaI and NotI. The ∼12 kb band was isolated and purified
using Qiagen Gel extraction kit and finally eluted in micro-
injection buffer (Millipore, MR-095-F). The orientation and the
in-frame positioning of the transgenic construct was further con-
firmed by direct sequencing analysis, including the entire ORF.

Animal strains and procedures

For this studywe used C57BL/6mice (Harlan Laboratories) for gen-
erationof transgenic lines, aswell asGjb1-null/Cx32 knockout (KO)
mice (C57BL/6_129) (51) and Gjc2/Cx47 KO mice (C57BL/6;129P2/
OlaHsd) (13), both obtained from the European Mouse Mutant
Archieve Monterotondo, Italy (originally generated by Prof. Klaus
Willecke, University of Bonn). For all studies mice received anes-
thesia with intraperitoneal Avertin injection and then were either
transcardially perfused and tissues were fixed for immunostain-
ing analysis or electron microscopy, or tissues were removed
unfixed for immunoblot and RNA analysis. All experimental pro-
cedureswere conducted in accordancewith the animal care proto-
cols approved by the Cyprus Government’s Chief Veterinary
Officer according to EU guidelines (EC Directive 86/609/EEC).

Generation of transgenic mice expressing the WT
human Cx32

The purified fragment was microinjected into the male pro-
nucleus of fertilized oocytes obtained from C57BL/6mice accord-
ing to standard protocols at the Mouse Facility of the Cyprus
Institute of Neurology andGenetics. After successful pregnancies
and offspring delivery, founders were PCR screened by genomic
tail DNA with specific primer sets for Plp promoter and Cx32
gene. Two primer sets were used for the promoter region (prox-
imal ligation site) and one for the distal ligation site to the mul-
tiple cloning site: (i) Plp-F1 and Cx32-R (as above) (ii) PlpF2 and
Cx32-R (as above) and (iii) PlpMCS-F (5′-AGGTTTAAACAGTC
GACTCTAG-3′) and Cx32-F2 (5′-GGCTCACCAGCAACACATAG-3′)
resulting a 600 bp product (Fig. 1B). Founders (TG+) were bred
with Gjb1-null/Cx32 KO mice in order to obtain mice expressing
the transgene on a Cx32KO background (TG+Cx32KO).

Generation of TG+Cx32/Cx47dKO
and Cx32/Cx47dKO mice

Cx47KO mice were crossed with transgenic mice on a Cx32KO
background (TG+Cx32KO). The mouse Cx47 coding region has
been replaced with enhanced green fluorescent protein (EGFP)
reporter gene in these mice. The Cx32 gene is located on the X
chromosome and Cx47 gene is autosomal. F1 offspring was
then crossed again to obtain males TG+Cx32KO/Cx47Het and
Cx32KO/Cx47Het. Offspring of F2 generation were breed again
to obtain TG+Cx32KO/Cx47dKO and Cx32KO/Cx47dKO. Cx32
genotype was tested by PCR screening using primers mentioned
above. Cx47 genotype was screened bymultiplex-PCR using sim-
ultaneously three primers. One primer is Cx47 intron-specific
(P1-5′-CAGGATCAATGGAAGATTCTCGGTCCC-3′), the second is
exon-specific (P3-5′-GCCAAGCGGTGGACTGCSTSGCCCAGG-3′)
and the last EGFP-specific (P4) under conditions 95°C for 5 min
40 cycles of 94°C × 45 s, 64°C × 45 s, 72°C × 1 min and then 72°C
for 7 min. A band at 530 bp represents the WT allele and at
340 bp the Cx47KO allele (13) (Fig. 1B).

Reverse transcription PCR

Snap-frozen brain and spinal cord tissue from TG+Cx32KO,
Cx32KO and WT mice were collected. RNA was isolated with
the RNeasy Lipid Tissue Mini Kit (QIAGEN) following manufac-
turer’s protocol. DNase treatment was performed and RNA was
quantified by spectrophotometry. Of note, 0.5 μg of RNA was
used to synthesize cDNA using Taqman Reverse transcription
reagents (Applied Biosystems). cDNA was amplified using Cx32-
F (5′-TGAGGCAGGATGAACTGGACAGGT-3′) and Cx32-R (5′-CAC
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GAAGCAGTCCACTGT-3′) primers. cDNA was then digested
with MscI or HhaI as well as with both enzymes. MscI cuts the
human cDNA into two fragments (280 and 273 bp); HhaI cuts
the mouse cDNA product into two fragments (230 and 323 bp).
Digestions were run on 1.5% agarose gel to estimate the relative
levels of transgene/human and endogenous/mouse mRNAs
(Fig. 1C).

Immunoblot analysis

Freshmouse tissueswere collected and lysed in ice cold RIPA buf-
fer (10 m sodium phosphate, pH 7.0, 150 m NaCl, 2 m EDTA,
50 m sodium fluoride, 1% NP-40, 1% sodium deoxycholate and
0.1% SDS) containing a cocktail protease inhibitors (Roche,
Basel, Switzerland). Tissues were sonicated and protein concen-
trations were measured on NanoDrop. Fifty micrograms of pro-
tein from each tissue lysate were loaded into each well and
fractioned by 12% SDS-PAGE gel. Then proteins were transferred
to a Hybond-C extra membrane (GE Healthcare Bio-Sciences),
using semidry transfer unit. Nonspecific sites on the membrane
were blocked with 5% non-fat milk in Tris-buffered saline con-
taining 0.1% Tween 20 (TBS-T) for 1 h (h) at room temperature
(RT). Immunoblots were then incubated with rabbit antiserum
against Cx32 (Clone 918, 1 : 5000; (18) in 5% milk and TBS-T, at
4°C overnight. After washing away excess primary antibody, im-
munoblots were incubated with anti-rabbit or anti-mouse horse-
radish peroxidase-conjugated secondary antiserum (Jackson
ImmunoResearch Laboratories, 1 : 3000) in 5% milk-TBS-T, for
1 h. GAPDH antibody (Santa Cruz, 1 : 4000) was then incubated
on the same membranes and used as a loading control. The
bound antibodywas visualized byenhanced chemiluminescence
system (ECL Plus, GE Healthcare Bio-Sciences, Amersham). Band
intensity was measured and quantified using TinaScan software
version 2.07d.

Immunohistochemistry

Following transcardial perfusion with 4% paraformaldehyde,
brain, spinal cord, optic and sciatic nerves were post fixed for
30 min in the same fixative and then cryoprotected in 20%
sucrose in 0.1  PB buffer overnight. Tissues were then embed-
ded in OCT and placed in ice cold-acetone and stored in −80°C.
Ten micrograms of thick sections were thaw-mounted onto
glass slides. Tissues were permeabilized in cold acetone (−20°C)
for 10 min and incubated at RT with blocking solution of 5% bo-
vine serum albumin containing 0.5% Triton X-100 for 1 h followed
by incubation overnight at 4°C with various combinations of pri-
mary antibodies: mouse anti-Cx32 (Zymed, 1 : 50), rabbit Cx32
(Zymed, 1 : 50), Cx29 (Zymed, 1 : 300), Cx30 (Invitrogen 1 : 500),
Cx43 (Cell signaling, 1 : 50), CC-1 (Calbiochem, 1 : 50), Glial fibrillary
acidic protein (GFAP) (Invitrogen, 1 : 400), NeuN (Chemicon, 1 : 400),
MBP (Abcam, 1 : 50), CD68 (Serotec, 1 : 100), Caspase-3 (Millipore,
1 : 20), Iba-1 (Biocare medical, 1 : 300), MOG (UK, 1 : 50). Sections
were washed in PBS and incubated with rhodamine (TRITC) con-
jugated Affinity Pure Goat Anti-rabbit IgG and Fluorescin (FITC)
conjugated AffiniPure Goat Anti-Mouse IgG secondary antibodies
(Jackson ImmunoResearch Laboratories, 1 : 500) for 1 h at RT. Cell
nuclei were visualized with 4′,6′-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich). Slides weremounted Fluorescent Mount-
ing Medium (Dako). Images were photographed under a Zeiss
fluorescence microscope with a digital camera using the Zeiss
Axiovision software (Carl Zeiss MicroImaging) at magnifications
×50, ×100, ×200 and ×400. Images with comparable exposure
times were obtained to allow better comparison between

different tissues. Selected images for GJ plaque counts were cap-
tured on a TCSL confocal microscope (Leica, Germany).

Quantitative analysis of pathology and GJ plaque
formation

The fluorescent intensity of positive GFAP and IbaI from micro-
scope pictures was calculated using ImageJ software. For quanti-
fication of GJ formation by oligodendrocytes, we randomly
captured at least 20 individual oligodendrocytes within an area
of 20 × 20 μm from spinal cord gray matter from three different
mice per genotype. Pictures from the three genotypes were cap-
tured at ×400 magnification. The total number of Cx32, Cx30 and
Cx43 GJ plaques in each image were counted using Adobe photo-
shop 6. In addition, we counted the number of GJ plaques in
which Cx32 colocalized with either Cx30 or with Cx43 immunor-
eactivity and the overlap ratio was calculated in Microsoft Excel.

Electron microscopy and morphometric analysis

For electron microscopy, 1-month-old litters of G+Cx32/Cx47dKO
and Cx32/Cx47dKO mice (n = 4 per genotype) were transcardially
perfused with 2.5% glutaraldehyde in 0.1  PB. Brain, spinal cord,
optic nerve and sciatic nerve were dissected and further fixed
overnight at 4°C, then osmicated, dehydrated and embedded in
Araldite resin. Transverse semithin sections (1 μm) were ob-
tained and stained with alkaline toluidine blue. Ultrathin sec-
tions (80–100 nm) were counterstained with lead citrate and
uranyl acetate before being examined in a JEOL JEM-1010 trans-
mission electron microscope.

The CNS myelin fraction was calculated in semithin sections
of the spinal cord dorsal and ventral funiculus and the optic
nerve using amodifiedmethod to estimate the density ofmyelin-
ated fibers andmyelin sheaths (34,52,53). Images of semithin sec-
tions captured at ×630 final magnification following the same
processing and microscopy settings were imported into Photo-
shop (Adobe Systems) and a transparent counting grid was
placed on the image. All intersections of the grid lines hitting
WM, myelinated fibers and myelin sheaths were counted separ-
ately. The volume density of themyelinated fibers in theWMwas
calculated by the total number of points hittingmyelinated fibers
in the WM over the total number of points hitting WM.

Behavioral analysis

Foot slip test
To explore themotor behavior ofmice amodifiedmethod of Britt
(54) was used, which is considered sensitive for CNS demyelin-
ation models. One-month-old mice were placed in a 15 × 15 × 15
cm clear plexiglass boxwith afloor consisting of ametal wire grid
with 1.25 cm spacing with a 1.25 cm grid suspended 1.25 cm
above the floor. Mice were acclimated in the box for 1 h before
each session. The trial consisted of 50 steps. If a misstep results
in the hindlimb or forelimb falling through the grid but the
limb is withdrawn prior to touching the floor is scored 1; if the
limb touches the floor it is scored 2. A video camera was used
to film the mice to ensure accurate counts, and video recordings
were evaluated in slow motion. TG+ Cx32/Cx47dKO mice were
compared with Cx32/Cx47dKO littermates using the Student’s
t-test. Significance was defined as P < 0.05 in all comparisons.

Rotarod analysis
This apparatus consists of a computer-controlled, motor-driven
rotating spindle and four lanes for four mice. One-month-old
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mice were habituated to the apparatus the first day for 180 s ses-
sions twice at constant speeds of 12 and 20 rpm. The second day
mice exert four trials with accelerating speed from 4 to 40 rpm.
The mean latency to fall off the rotarod is calculated.

Foot print analysis
Footprints were obtained by painting the paws with nontoxic
colored inks and the mouse was allowed to walk down a narrow,
open-top runway covered with white paper. The runway length
was 22 cm long 10 cm wide. Furthermore, the open-top runway
was flanked by two walls at each side that were 11 cm high.
The mice were acclimatized to the environment for at least
60 min, and were allowed two practice runs before coloring the
paws. To facilitate subsequent analysis, forelimbs and hindlimbs
were colored with different colors: blue for the front and red for
the hindlimbs. Each mouse was subjected to a total of nine trials
(three trials per day for 3 days). Once the footprints had dried, the
following parameters were measured: overlap width, forelimb
stride length, and hindlimb stride length for the left and right
limbs separately.

Survival rates
The Kaplan–Meier survival curve was used to compare the sur-
vival rates of TG+Cx32/Cx47dKO with those of Cx32/Cx47dKO lit-
termates. Two groups of 10 mice were used for this analysis and
followed until they became severely ill and preterminal, but be-
fore they died of seizures. A graph was plotted for the percentage
of surviving animals over time in weeks.

Supplementary Material
Supplementary Material is available at HMG online.
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